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t h e  t h i c k n e s s  r a n g e  f rom 40 to 260 nm.  W h e n  anod ic  ox ide  
f i lms a re  g r o w n  at  c o n s t a n t  c u r r e n t  dens i ty ,  t h e  d e p e n d -  
e n c e  of  L on  o v e r p o t e n t i a l  c an  be  t e s t e d  as well. The  
g r o w t h  of  an  a n o d i c  ox ide  fi lm on  a va lve  m e t a l  is p r o b a b l y  
t h e  eas ies t  e l e c t r o c h e m i c a l  p r oce s s  to s t u d y  w i t h  a n  ellip- 
s o m e t e r  b e c a u s e  t he  s t r o n g  d e p e n d e n c e  of  c u r r e n t  d e n s i t y  
on  field se rves  to k e e p  t h e  f i lm t h i c k n e s s  un i fo rm.  I f  
g r o w t h  is c o n t i n u e d  in to  t he  r eg ion  w h e r e  b r e a k d o w n  ef- 
fec ts  b e c o m e  i m p o r t a n t ,  t h e  e l e c t r o c h e m i c a l  p roce s s  
c h a n g e s  a n d  b e g i n s  to m o d i f y  t he  s t r u c t u r e  of  t he  ox ide  
film. 

T h e  da ta  in  Tab le  II  a n d  p lo t t ed  in  Fig. 4 on  t he  a n o d i c  
o x i d a t i o n  of  t i t a n i u m  in  an  a c e t o n e - b a s e d  e lec t ro ly te  are  
typ ica l  of  op t ica l  m e a s u r e m e n t s  in  Such sys tems .  T i t a n i u m  
is k n o w n  to e x h i b i t  idea l  va lve -me ta l  b e h a v i o r  ove r  a rela- 
t ive ly  n a r r o w  t h i c k n e s s  r a n g e  be fo re  p roces se s  b e g i n  
w h i c h  e v e n t u a l l y  lead  to fi lm b r e a k d o w n ,  a n d  t he  opt ica l  
ana lys i s  m u s t  b e  ab le  to d e t e r m i n e  th i s  r a n g e  as wel l  as t he  
bes t - f i t  va lues  of  n a n d  k. T he  opt ica l  ana lys i s  is s impl i f i ed  
s o m e w h a t  in  th i s  case  b y  t he  k n o w l e d g e  t h a t  t he  ox ide  
f i lm is t r a n s p a r e n t  in  t he  r eg ion  of  idea l  behav io r .  

I f  we a p p l y  t he  S i m p l e x  a l g o r i t h m  to t he  en t i r e  da ta  se t  
t h e  r e su l t s  are  n o t  e n c o u r a g i n g ;  we  f ind t h a t  t he  c u r v e  t h a t  
m i n i m i z e s  t h e  r e s p o n s e  f u n c t i o n  ha s  a nega t i ve  e x t i n c t i o n  
coef f ic ien t  a n d  r a t h e r  large  dev i a t i ons  f rom t he  m e a s u r e d  
po in t s .  I f  we  a s s u m e  t h a t  t he  cause  for  th i s  lack of  fit is t h a t  
for  t h i c k e r  f i lms t h e  a s s u m p t i o n  of  a s ingle  u n i f o r m  film of  
c o n s t a n t  i n d e x  is n o t  val id,  t h e n  we can  a t t e m p t  to  ana lyze  
t h e  da ta  in  subse t s .  The  S i m p l e x  a l g o r i t h m  gives  n = 2.479 
for  t h e  i n d e x  of  t he  t r a n s p a r e n t  fi lm w h i c h  p r o v i d e s  t he  
b e s t  fit to po in t s  A-B in Fig. 4, a n d  t he  s t a n d a r d  dev i a t i on  
ca l cu l a t ed  for  n u n d e r  t h e  a s s u m p t i o n  t h a t  k = 0 is 0.010. 
D r o p p i n g  p o i n t  B f rom t he  ana lys i s  ha s  no  ef fec t  on  t h e  
s t a n d a r d  dev ia t ion ,  b u t  a d d i n g  t he  n e x t  p o i n t  i nc reases  i t  
to  0.018. B e y o n d  p o i n t  B t he  va lues  ca l cu la t ed  for n u n d e r  
t h e  a s s u m p t i o n  t h a t  k = 0 dec rea se  m o n o t o n i c a l l y  app rox -  
i m a t e l y  l inear ly  w i t h  fi lm t h i c k n e s s .  T he  c u r v e  in  r eg ion  
B-C of  Fig. 4 is ca l cu la t ed  for  a m o d e l  in  w h i c h  n dec rea se s  
l i nea r ly  w i t h  t h i c k n e s s  f rom a va lue  of  2.479 at  B to 2.039 at 
C. 

E l e c t r o c h e m i c a l  m e a s u r e m e n t s  are  pa r t i cu la r ly  use fu l  
in  e l l i p some t r i c  s tud ie s  of  a n o d i c  ox ida t ion .  Di rec t  meas -  
u r e m e n t  of  ba r e  sur face  P a n d  A va lues  for  t i t a n i u m  are  
n o t  pos s ib l e  u n d e r  our  e x p e r i m e n t a l  cond i t ions ,  a n d  
h e n c e  we  u se  e x t r a p o l a t e d  va lues  ca l cu la t ed  u s i n g  e lectro-  
c h e m i c a l  p a r a m e t e r s  w h i c h  are p r o p o r t i o n a l  to f i lm th ick-  
ness .  Fo r  va lve -me ta l  ox ides  e i t h e r  t he  r ec ip roca l  capaci-  
t a n c e  or  t he  Tafel  s lope  ( the  p a r a m e t e r  r e l a t i ng  
o v e r p o t e n t i a l  to  t he  l o g a r i t h m  of  t h e  c u r r e n t  dens i ty )  can  
b e  u s e d  in  t h e  ex t r apo la t ion .  T he  ba re  sur face  P a n d  A 
v a l u e s  in  Tab le  II  we re  ca lcu la ted  u s i n g  Tafel  s lope  a n d  re- 
c ip roca l  c a p a c i t a n c e  va lues  d e t e r m i n e d  f rom open -c i r cu i t  
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t r an s i en t s .  (All of  t he  o t h e r  en t r i e s  in  Tab le s  I a n d  II are  di- 
r ec t  m e a s u r e m e n t s . )  As expec t ed ,  t he  t h i c k n e s s  of  t h e  ti- 
t a n i u m  ox ide  fi lm inc rea se s  l inear ly  w i t h  t i m e  in  t he  ideal  
r eg ion  ( the  s t a n d a r d  dev i a t i on  is 0.1 n m  for  t h i c k n e s s e s  u p  
to 32 nm).  T h e r e  is e l e c t r o c h e m i c a l  e v i d e n c e  of  a c h a n g e  in 
t h e  r e l a t i on  b e t w e e n  c u r r e n t  d e n s i t y  a n d  field at  t h e  p o i n t  
w h e r e  n b e g i n s  to  decrease ,  b u t  t h a t  e v i d e n c e  invo lves  too 
m u c h  de ta i l  to  b e  i n c l u d e d  here .  I t  m a y  b e  t h a t  t he  s t ruc-  
t u r a l  mod i f i ca t ions  w h i c h  occu r  at  t h i c k n e s s e s  ove r  32 n m  
t a k e  p lace  suf f ic ien t ly  u n i f o r m l y  for t he  fi lm to be  t r e a t ed  
as a h o m o g e n e o u s  film wi th  a p rog res s ive ly  c h a n g i n g  
index ,  b u t  t h e r e  is l i t t le  e l e c t r o c h e m i c a l  e v i d e n c e  to sup-  
p o r t  t h i s  view.  W i t h o u t  s u c h  e v i d e n c e  a h o m o g e n e o u s  
t r a n s f o r m a t i o n  m o d e l  c a n n o t  be  r e g a r d e d  as m o r e  t h a n  a n  
i n t e r e s t i n g  poss ib i l i ty  no  m a t t e r  h o w  e l abo ra t e  t he  al- 
g o r i t h m  u s e d  in t he  opt ica l  analysis .  
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A B S T R A C T  

T h e  ga l l i um a r s en i de - ga l l i um - a r s en i c - w a t e r  e l e c t r o c h e m i c a l  e q u i l i b r i u m  d i a g r a m  is ca l cu la t ed  a n d  c o m p a r e d  w i t h  
s o m e  r e su l t s  o b t a i n e d  in e l e c t r o d e p o s i t i o n  e x p e r i m e n t s  of  ga l l ium-ar sen ide .  

A l t h o u g h  in  t h e  pas t  on ly  a few s e m i c o n d u c t o r s  h a v e  
b e e n  c o n s i d e r e d  for  p r e p a r a t i o n  b y  e l e c t r o d e p o s i t i o n  tech-  
n iques ,  a t t e m p t s  to depos i t  g e r m a n i u m  a n d  s i l icon h a v e  
b e e n  m a d e  as ear ly  as t he  n i n e t e e n t h  cen tu ry ,  a n d  severa l  
s t ud i e s  h a v e  b e e n  a i m e d  at  t he  e l e c t r o s y n t h e s i s  of  II-VI 
c o m p o u n d s  s u c h  as c a d m i u m  sulfide,  se len ide ,  or tel- 
lur ide .  

*Electrochemical Society Active Member. 

However ,  e l e c t r o c h e m i c a l  p r e p a r a t i o n  of  III-V com- 
p o u n d s  l ike ga l l ium a rsen ide ,  d id  no t  a rouse  m u c h  i n t e r e s t  
a m o n g  sc ien t i s t s  un t i l  recent ly .  H igh  t e m p e r a t u r e  tech-  
n i q u e s  s u c h  as v a c u u m  or p l a s m a  d e p o s i t i o n  y ie lded  t h i n  
layers  w i t h  ve ry  wel l -def ined  c o m p o s i t i o n  a n d  p rope r t i e s  
bu t ,  w h e n  c o n c e r n  a b o u t  t he  e n e r g y  c o n s u m p t i o n  a n d  
pr ices  of  t h e s e  t e c h n i q u e s  ar ise  f rom t h e  e n e r g y  cris is  of  
t h e  1970's, n e w  s tud ie s  to deve lop  t h i n  f i lm e l ec t rochemi -  
cal d e p o s i t i o n  t e c h n i q u e s  we re  s t a r t ed  in  m a n y  coun t r i es .  
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Table I. Standard free enthalpy of formation of some gallium 
compounds 

hG~ (kJ mol 1) 

Ga+3(aq) - 159.0 
GaOH+2(aq) -380 
Ga(OH)2+(aq) 597.4 
H2GaO3-(aq) -745 
HGaO3-2(aq) 686 
GaO3 3(aq) -619 

E lec t rodepos i t i on  of  the  e l e m e n t s  p r e s e n t  in the  usual  
b ina ry  s e m i c o n d u c t o r s  is very  difficult, and  for m a n y  of 
t h e m  not  poss ible ,  bu t  b e c o m e s  easier  as one  cons ide r s  
c o l u m n s  III, IV, V, and  VI of  the  per iodic  table.  

I n d e e d  it is very  difficult  to e l ec t rodepos i t  silicon. Ac- 
co rd ing  to l i terature,  it can  be ach ieved  only, e x c e p t  for a 
few repor t ed  e x p e r i m e n t s  tha t  n e e d  conf i rmat ion  (1), in or- 
ganic  so lvents  or m o l t en  salts  (2), while,  a l though  diffi- 
cul t ies  c o m e  f rom the  ex i s t ence  of  s econda ry  react ions ,  
the  e l ec t rodepos i t i on  of  several  II-VI c o m p o u n d s  can be  
ach ieved  [see for ins t ance  Ref. (3, 4)]. 

A few years  ago, we  began  r e sea rch ing  e lec t roprep-  
ara t ion  of  III-V c o m p o u n d s ,  and  our  a t t en t ion  was  mos t ly  
f o c u s e d  on gal l ium arsenide ,  k n o w n  for its pho toe lec t ro -  
chemica l  p rope r t i e s  (5). 

Two m e c h a n i s m s  could be  cons ide red  for its electro-  
syn thes i s :  (i) M e c h a n i s m  I: d i rec t  e l ec t rodepos i t i on  f rom 
a q u e o u s  solut ions.  ( i i)  M e c h a n i s m  II: e lec t roprec ip i ta t ion  
t h r o u g h  two  success ive  react ions:  e l ec t rochemica l  reduc-  
t ion  of  arsenic  c o m p o u n d  leading  to the  fo rma t ion  of  ar- 
sen ide  ASH3, fo l lowed by  chemica l  reac t ion  b e t w e e n  the  
gal l ium ions  and  the  hydr ide .  

Equilibrium Diagram 
The  p re l imina ry  e x p e r i m e n t s  we  m a d e  in aqueous  solu- 

t ion  gave, in m o s t  cases,  n o n h o m o g e n e o u s  deposi t s .  The 
c o m p o s i t i o n  var ied f rom pure  gal l ium or arsenic  to vari- 
able p ropo r t i ons  of  bo th  e lements ,  and  we c o n c l u d e d  tha t  
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Fig. 1. Gallium-water E-pH diagram 
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t he  reca lcula t ion  of  the  t h e r m o d y n a m i c a l  stabil i ty dia- 
g ram of  gal l ium a rsen ide  in con tac t  wi th  aqueous  solu- 
t ions  con ta in ing  gal l ium and  arsenic  c o m p o u n d s  was  nec-  
essa ry  to exp la in  the  resul ts  o b s e r v e d  e x p e r i me n t a l l y  and  
to se lect  the  bes t  poss ib le  cond i t ions  for its electro-  
synthes is .  

S u c h  calcula t ions  have  a l ready been  used  for II-VI sys- 
t e m s  (4), but,  as far as I know,  no t  for GaAs. 

For  equi l ibr ia  of  gal l ium a r sen ide  in con tac t  wi th  
a q u e o u s  solut ions,  it was  necessary ,  as a p re l iminary  step,  
to recalcula te  the  a rsenic-water  and  the  ga l l ium-water  
equ i l ib r ium diagrams,  wi th  cons ide ra t ion  of  the  la test  
avai lable data for t he  t h e r m o d y n a m i c a l  func t ions  of  the  
var ious  c o m p o u n d s  involved  in t hese  d iagrams,  part icu-  
larly t he  data p u b l i s h e d  in "oxyda t ion - r educ t i on  poten-  
tials in aqueous  so lu t ions"  (6), and  in the  U.S. Nat ional  Bu- 
reau of  S t a n d a r d s  tables  (7), w h i c h  gave hG~ s t anda rd  free 
en tha lpy ,  or Gibb ' s  energy,  of fo rma t ion  for the  var ious  
c o m p o u n d s  involved.  

For  each  e lec t rochemica l  equil ibria,  we  have  calcula ted  
the  equ i l ib r ium potential ,  r e f e renced  vs .  the  s t a n d a r d  hy- 
d r o g e n  e lec t rode  (SHE) and  the  s lope  of  its var ia t ions  wi th  
pH: d E / d p H ,  and  for the  ionic equil ibria,  the  s t anda rd  free 
e n t h a l p y  of  reac t ion  A G  ~ and  the  value pH ~ c o r r e s p o n d i n g  
to zero value  of  the  concen t r a t ion  term.  

G a l l i u m - w a t e r - d i a g r a m . - - O n l y  the  m o n o m e r i c  t h ree  
va len t  c o m p o u n d s ,  for w h i c h  we k n o w  values  of  t he  s tand-  
ard  free en tha lpy  of fo rma t ion  in aqueous  solut ions ,  were  
c o n s i d e r e d  (Table I). The n u m e r o u s  c o n d e n s e d  forms,  t he  
e x i s t e n c e  of w h i c h  has been  p r o p o s e d  in the  l i terature,  and  
the  gal l ium m o n o h y d r i d e ,  w h i c h  w o u l d  appea r  only  at 
ve ry  ca thod ic  potent ia ls ,  are not  cons ide red  in th is  s tudy.  

We can wr i te  the  fol lowing equi l ibr ia  

Eo(SHE) d E / d p H  
Ga 

= Ga § + 3e -0 .549V 0.0 m V  [1] 
Ga + H20 

= GaOH +2 + H + + 3e- -0 .494V -19.6 m V  [2] 
Ga + 2H20 

= Ga(OH)2 + + 2H + + 3e -0.424V -39.2 m V  [3] 
Ga + 3H20 

= H2GaO3- + 4H + + 3e -0 .115V -78.5 m V  [4] 
Ga + 3H20 

= HGaO3 2 + 5H + § 3e- +0.089V -98.1 m V  [5] 
Ga + 3H20 

= GaO3 -3 + 6H + + 3e +0.320V -117.8 m V  [6] 

Ga +3 + OH-  = GaOH +2 [7] 
A G  ~ = -64.14 kJ  mo1-1 pH ~ = 2.77 

GaOH +2 + OH = Ga(OH)~ + [8] 
A G  ~ = -60.04 k J  real  -1 pH ~ = 3.49 

Ga(OH)2 + + H20 = H2GaO3 + 2H + [9] 
AG ~ = 89.64 kJ  real-!  pH ~ = 7.85 

H2GaO3 = HGaO3 -2 + H + [10] 
AG ~ = 67 k J  mo1-1 pH ~ = 10.33 

HGaO3 -2 = GaO3 -3 + H + [11] 
AG ~ = 59 k J  mo1-1 pH ~ = 11.73 

The  equ i l ib r ium d iagram ob ta ined  (Fig. 1) shows  tha t  t he  
gal l ium is t h e r m o d y n a m i c a l l y  no t  s table  in con tac t  wi th  
a q u e o u s  so lu t ion  bu t  could  be e l ec t rodepos i t ed  at any pH, 
p r o v i d e d  tha t  the  h y d r o g e n  evolu t ion  reac t ion  (HER) over- 
vol tage  on the  w o r k i n g  e lec t rode  is h igh  enough ,  abou t  
500 m V  in the  pH range  0-14. Exper imen ta l ly ,  e l ec t rodep-  
os i t ion  is easier  in alkal ine solut ion.  

A r s e n i c - w a t e r  d i a g r a m . - - I n  th is  case, we  c o n s i d e r  only  
the  ox ida t ion  states:  -3 ,  0, +3; the  pen t ava l en t  c o m p o u n d s  

Table II. Standard free enthalpy of formation of some arsenic 
compounds 

AG~ (kJ mo1-1) 

AsH3(g) + 68.9 
AsO+(aq) - 163.80 
HAsO2(aq) -402.66 
AsO2 (aq) 350 
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Fig. 2. Arsenic-water E-pH diagram 

wil l  n o t  b e  c o n s i d e r e d  s i n c e  w e  a re  l o o k i n g  t o w a r d s  p r e p a -  
r a t i o n  o f  a r s e n i d e s .  T h e  s t a n d a r d  f ree  e n t h a l p y  o f  f o r m a -  
t i o n  o f  t h e s e  c o m p o u n d s  a re  g i v e n  in  T a b l e  II ,  a n d  w e  can  
w r i t e  t h e  f o l l o w i n g  e q u i l i b r i a  

Eo(SHE) dE/dpH 
AsH3 

= A s  + 3 H  + + 3e- - 0 . 2 3 7 V  -58 .9  m V  [12] 
A s  + H~O 

= A s O  + + 2H + + 3e +0.26V -39 .2  m V  [13] 
A s  + 2H20 

= HAsO2 + 3H § + 3e- +0.24V 58.9 m V  [14] 
A s  + 2H20 

= AsO2- + 4H § + 3e +0.430V -78 .5  m V  [15] 
AsH3 + H20 

= A s O  + + 5H § + 6e +0.008V -49 .1  m V  [16] 
AsH3 + 2H20 

= HAsO2 + 6H + + 6e- +0.005V -58 .9  m V  [17] 
AsH3 + 2H20 

= AsO2- + 7H § + 6e- +0.096V 68.7 m V  [18] 

A s O  + + O H -  = HAsO2 [19] 
AG ~ = -81 .80  k J  mo1-1 p H  ~ = 0.32 

HAsO2 = AsO2 + H + [20] 
AG ~ = +52.68 k J  mo1-1 p H  ~ = 9.23 

T h e  t h e o r e t i c a l  e q u i l i b r i u m  d i a g r a m  (Fig. 2) s h o w s  t h e  
various domains of stability for the arsenic compounds. 
Arsenic could be deposited from aqueous solutions at any 
pH value, but experimentally, this can be done easily only 
in acidic or neutral solutions, and cannot be achieved in 
alkaline solutions. Arsine can be formed by arsenic reduc- 
tion provided that the HER overvoltage is high enough, 
more than 240 inV. However, if we assumed that the over- 
voltage for the reduction of arsenious compounds into ar- 
senic is high enough, more than the differences between 
equilibria 14/15 and 12, in average approximately 480 mV, 
these compounds, which are in a metastable state, could 
be reduced directly into arsine. This reaction can be ob- 
served experimentally, particularly in acid solutions. By 
rapid bubbling of inert gas through the solution, an As 
mirror can be obtained by thermal decomposition or oxy- 

g e n  o x i d a t i o n  o f  AsH3 o u t s i d e  t h e  so lu t ion .  T h e  s a m e  re- 
s u l t s  c a n  be  o b t a i n e d  b y  c h e m i c a l  r e d u c t i o n  o f  an  ar- 
s e n i o u s  s o l u t i o n  a n d  h a s  b e e n  u s e d  for  d e t e r m i n a t i o n  o f  
a r s e n i c  c o n t e n t s .  I n  o u r  case,  a r s e n i c  p r e c i p i t a t i o n  in t h e  
s o l u t i o n  or  d e p o s i t i o n  at  t h e  e l e c t r o d e  c o u l d  o c c u r  t h r o u g h  
t h e  a n t i d i s p r o p o r t i o n a t i o n  reac t ion .  

I n  acid  or  in  n e u t r a l  s o l u t i o n s  

AsH3 + HAsO2 = 2As + 2H20 [21] 
AG ~ = -140.72  k J  tool  -1 

I n  a lka l ine  s o l u t i o n s  

AsH3 + AsO2 = 2As + H20 + O H  [22] 
AG ~ = -113 .2  k J  m o F  1 

I n d e e d ,  in s eve ra l  e x p e r i m e n t s ,  w e  h a v e  o b s e r v e d  f o r m a -  
t i o n  o f  a n  a r s e n i c  l aye r  o n t o  t h e  cell wa l l s  or  o f  v e r y  f ine 
p o w d e r  in t h e  so lu t ion .  

Gallium arsenide diagram.--Calculation of' t h e  c o m -  
p le t e  d i a g r a m  for  t h e  A s - G a - H 2 0  s y s t e m  r e q u i r e s  c o n s i d e r -  
a t ion  o f  t h e  e q u i l i b r i a  o f  g a l l i u m  a r sen ide ,  w h i c h  h a s  a 
s t a n d a r d  f ree  e n t h a l p y  o f  f o r m a t i o n  

AG% = -67 .8  k J  m o l  1 (7) 

w i t h  all t h e  c o m p o u n d s  i n v o l v e d  in t h e  As -H20  a n d  
Ga -H20  d i a g r a m s .  

Eo(SHE) dE/dpH 
G a A s  

= As  + Ga  +3 + 3e- - 0 . 315V 0.0 m V  [23] 
G a A s  + H20 

= A s  + G a O H  § 
+ H § + 3e- - 0 . 2 5 9 V  -19 .6  m V  [24] 

G a A s  + 2H20 
= As  + Ga(OH)2 + 
+ 2H § + 3e - 0 . 1 9 0 V  - 3 9 . 2 m V  [25] 

G a A s  + 3H20 
= As  + H2GaO3- 
+ 4H + + 3e 0.116V -78 .5  m V  [26] 

G a A s  + 3H20 
= As  + HGaO3 -2 
+ 5H + + 3e- 0.319V -98 .1  m V  [27] 

G a A s  + 3H20 
= As  + GaO3 3 
+ 6H § + 3e- 0.551V -117 .8  m V  [28] 

G a A s  + 3H + + 3e- 
= AsH3 + G a  -0 .472V -53 .9  m V  [29] 

G a A s  + H20 
= A s O  § + G a  +~ 
+ 2H § + 6e- - 0 . 030V -19 .6  m V  [30] 

G a A s  + 2H20 
- HAsO2 + G a  § 
+ 3H § + 6e - 0 . 0 3 4 V  -29 .4  m V  [31] 

G a A s  + 3H20 
= HAsO2 + G a O H  +2 
+ 4H + + 6e- - 0 . 0 0 5 V  -39 .2  m V  [32] 

G a A s  + 4H~O 
= HAsO2 + Ga(OH)2 § 
+ 5H § + 6e 0.028V -49 .0  m V  [33] 

G a A s  + 5H20 
= H A s Q  + H2GaOa 
+ 7H § + 6e- 0.181V -68 .7  m V  [34] 

G a A s  + 5H20 
= AsO2- + H2GaO3- 
+ 8H § + 6e 0.273V -78 .5  m V  [35] 

G a A s  + 5H20 
= AsO2- + HGaO3 2 
+ 9H § + 6e- 0.374V -88 .3  m V  [36] 

G a A s  + 5H20 
= AsO~- + GaO3 3 
+ 10 H § + 6e- 0.490V -98 .1  m V  [37] 

G a A s  + 3H § = AsH3 + G a  § [38] 
A G  ~ = -22 .3  k J  tool  -~ p H  ~ = 1.30 

G a A s  + 3H20 = AsH3 + GaO3 -3 + 3H + [39] 
AG ~ = -11 .12  k J  mo1-1 p H  ~ = 13.3 

T h e  d i a g r a m  o b t a i n e d  (Fig. 3) s h o w s  t h a t  t h e r e  e x i s t s  a n  
E-pH d o m a i n  b e t w e e n  p H  1.3 a n d  13.3 in  w h i c h  g a l l i u m  ar- 
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Alkaline solution.--In highly alkal ine solutions,  near  pH 
14, we have  obta ined  only ga l l ium deposi t ions.  First,  there  
is depos i t ion  of  a ve ry  thin  layer of  gall ium. When  the 
th ickness  of  the  depos i t  increases,  the  expe r imen t s  be ing  
pe r fo rmed  at t empera tu re  above  the  me l t ing  point  of  the 
metal ,  we observed  format ion  on the  surface of  drops of  
fused metal ,  easily observed  after cool ing of  the  work ing  
e lec t rode  outs ide  the solution. For  the  expe r imen t s  per- 
fo rmed  be low mel t ing  point  of  the  metal,  depos i t ion  could 
no t  be achieved.  This  is p robably  due  to m u c h  lower  reac- 
t ion rates. 

Only t races of  arsenic in the deposit ,  and ve ry  sl ight  
modif ica t ions  of  the  character is t ics  of  the  potential-cur-  
rent  and potent ios ta t ic  cur ren t - t ime curves  for the  sys tem 
can be  de tec ted  wi th  very  high concent ra t ions  of  arsenic  
c o m p o u n d s  in the  solution. 

-i.0. 

PH 

Fig. 3. Gallium orsenide-gallium-arsenic-water E-pH diagram 

14 

sen ide  could  be  stable in contac t  wi th  aqueous  solut ions 
conta in ing  both  arsenious and gal l ium compounds ,  pro- 
v ided  that  the  H E R  overvol tage  is h igh  enough  for a partic- 
ular set of  expe r imen ta l  condi t ions  (solid lines), and GaAs 
could  be  e lec t rodepos i ted  by s imul taneous  reduc t ion  of  
bo th  arsenic and gal l ium compounds .  This  stabil i ty do- 
main  will  be enlarged to less ca thodic  potent ia ls  i f  we con- 
sider  the  metas tab le  equi l ibr ia  be tween  arsine and ar- 
senious  c o m p o u n d s  in aqueous  solut ions (dotted lines). 

Indeed,  we  have  seen above  that, if  the  overpotent ia l  for 
arsenic  e tec t rodepos i t ion  is h igh enough,  the  soluble  ar- 
senious  compounds ,  which  are in a metas tab le  state, could 
be r educed  direct ly  to arsine, and we can as sume  that, 
unde r  the  same condit ions,  GaAs could  be e lec t rodepos-  
i ted direct ly  by s imul taneous  reduc t ion  of  both  gal l ium 
c o m p o u n d s  and arsenious  compounds ,  not  arsenic. 

Experimental  Results 
We have  pe r fo rmed  exper imen t s  in var ious  ranges  of  

pH, wi th  solut ions obta ined  by dissolut ion of  Ga203 and 
As203 in alkal ine media.  The  pH was adjus ted  by addi t ion  
of  e i ther  hydrochlor ic  or phosphor ic  acid. Working elec- 
t rodes  were  e i ther  pure  m o l y b d e n u m  sheets  or  thin films 
of  SnO2 vapor  depos i ted  onto glass. 

We observed  that  react ion rates show impor tan t  increase 
b e t ween  25 ~ and 60~ and mos t  expe r imen t s  were  per- 
fo rmed  wi th  a water  j acke ted  cell  at t empera tu re  ad jus ted  
b e t ween  50 ~ and 60~ Labora tory  buil t  water  thermos ta t ic  
e q u i p m e n t  p rov ided  a -+ 0.1~ the rmal  regulat ion.  

The  deposi ts  obta ined  were  s tudied  by e lect ronic  micro-  
p robe  analysis for ga l l ium and arsenic d is t r ibut ion  on the  
surface  of  the  electrode.  Unpolar ized  deposi ts  were  not  
stable in contac t  wi th  aqueous  solutions,  and rest  poten-  
tials could not  be obtained.  However ,  ins tant  potent ia l  
measurement s ,  immedia te ly  after  swi tching  off  the  elec- 
t ropolar izat ion current,  show values  close to the  Ga poten-  
tial in high alkal ine solut ions whi le  in acidic solut ions they  
could  not  be correla ted with  any theoret ical  potent ia l  
values.  

Alkal ine  and acid solut ion expe r imen t s  were  pe r fo rmed  
pr ior  to the  theore t ica l  d iagram calculat ion,  neutra l  solu- 
t ion expe r imen t s  later. 

Fig. 4. Deposit in acid solution, a, MEB image; b, As distribution; c, 
Ga distribution. The black segment in the upper left corner of each 
composite picture represents a length of 100 i~m. 
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No ga l l ium arsenide  format ion  was observed,  as can be  
exp la ined  wi th  the  E-pH diagram calcula ted above,  GaAs 
be ing  t he rmodynamica l l y  not  s table for these  pH  values.  

Acid solutions.--In very  acid solutions,  a round  pH 0 to 1, 
the  depos i t s  we  have  obtained,  exh ib i t  a ve ry  u n e v e n  tex-  
ture  and conta in  bo th  ga l l ium and arsenic in var ious  pro- 
port ions.  

In  mos t  cases, we  observed  segregat ion  be tween  gal l ium 
and arsenic,  the  second be ing  largely p redominan t .  I t  ap- 
pears  that  a re la t ively con t inuous  layer conta in ing  most ly  
arsenic  and a ve ry  smal l  a m o u n t  of  ga l l ium is fo rmed  first. 
On this layer, small  grains wi th  h igher  p ropor t ion  of  gal- 
l ium are formed,  and a lmos t  pure  ga l l ium dendr i te- l ike  
nodules  can deve lop  (Fig. 4). However ,  ga l l ium arsenide  
fo rmat ion  could  not  be  de tec ted  by x-ray analysis. 

F r o m  the  ca lcula ted  diagram,  it can  be  e x p e c t e d  that  no 
d i rec t  e lec t rodepos i t ion  will  occur  in this  p H  range,  s ince 
GaAs is not  t he rmodynamica l l y  stable, and we  can as- 
sume,  f rom our  expe r imen ta l  results,  that  e lectroprecipi-  
ta t ion of  GaAs cannot  be  ach ieved  in these  solutions.  

A m o r p h o u s  GaAs migh t  have  been  fo rmed  but, its pres- 
ence  could  not  be  tes ted  by mic rop robe  analysis,  the  de- 
posits  t ex tu re  be ing  very  rough  and i r regular  (Fig. 4a). 
Moreove r  no pho tocu r ren t  could  be  detected.  

Neutral solutions.--With the  theore t ica l  diagram,  we se- 
lec ted  a few par t icular  sets of  condi t ions  for wh ich  we 
migh t  expec t  ga l l ium arsenide  format ion  in the  pH range  
4-11. 

Fo r  solut ions above  pH 10, the  resul ts  are comparab le  
wi th  those  ob ta ined  at pH  14, whi le  near  pH  4 or  5 they  are  
s imilar  to those  obta ined  in very  acid solutions.  

In  neut ra l  solutions,  in the  pH  range 6-8, we  obse rved  the  
fo rmat ion  of  a ve ry  smooth,  mirror-l ike,  arsenic  deposit ,  
and  e lec t rodepos i t ion  of  GaAs could  not  be  achieved.  The  
arsenic  depos i t ion  observed  can tenta t ive ly  be  expla ined ,  
at least  in part,  by the  react ions  cons idered  in the  arsenic 
diagram.  Indeed ,  it migh t  be  inferred that  an overpotent ia l  
for the  arsenic  depos i t ion  exists,  a l lowing the  arsine to 
fo rm first. The  hydr ide  reacts  wi th  arsenious  c o m p o u n d s  
p re sen t  in the  solut ion leading to chemica l  fo rmat ion  of  ar- 
senic accord ing  to the  an t id i spropor t iona t ion  react ion [21] 
(see above).  

This  react ion migh t  also interfer  wi th  m e c h a n i s m  II of  
the  e lec t rosynthes is  of  GaAs descr ibed  above.  Indeed,  re- 
ac t ion  [21], accord ing  to its s tandard  free en tha lpy  

A G  ~ = -140.72 k J  mol  l 

will  be  p r e d o m i n a n t  over  the  var ious  chemica l  react ions  of  
ars ine lead ing  to GaAs formation.  

AsH3 + Ga +3 = GaAs + 3H + [38] 
AG ~ = +22.3 k J  tool 

AsH3 + GaOH +2 = GaAs + 2H § + H20 [40] 
5G ~ = +6.05 k J  mo1-1 

AsH3 + Ga(OH)2 + = GaAs + H + + 2H20 [41] 
AG ~ = -13.78 k J  mo1-1 

AsH3 + H2GaO3 = GaAs + 2H20 + OH-  [42] 
AG ~ = -23.24 k J  tool  

AsH3 + HGaO3 -2 = GaAs + H20 + 2 OH [43] 
A G  ~ = -2 .06 k J  mo1-1 

AsH3 + GaO3 -3 = GaAs + 3 O H -  [39] 
A G  ~ = +11.12 k J  mol  -~ 

Conclusion 
All the  resul ts  obta ined  in this s tudy  show clearly that  

the  e lec t rosynthes is  of  ga l l ium arsenide,  e i ther  by electro- 
depos i t ion  or by e lect roprecipi ta t ion,  cannot  be  ach ieved  
in aqueous  solut ions of  arsenious  compounds .  GaAs elec- 
t rodepos i t ion  will  require ,  e i ther  non  o x y g e n  conta in ing  
As-III  compounds ,  or  addi t ives  which,  by c o m p l e x i n g  the  
arsenious  compounds ,  could  p reven t  t h e m  f rom react ing 
wi th  arsine. 

Indeed,  the  hydride,  which  is ve ry  easily ob ta ined  by the  
reduc t ion  of  As-III  compounds ,  appears  to be  the  probable  
in t e rmed ia t e  in the  e lec t rochemica l  p repara t ion  of  gal l ium 
arsenide,  but  more  expe r imen ta l  work  wou ld  have  to be  
done  to conf i rm this point.  

The  same  theoret ica l  calculat ions  could  be done  for 
o ther  systems,  p rov ided  that  the  t h e r m o d y n a m i c a l  func- 
t ions of  all c o m p o u n d s  invo lved  are known,  and part icu- 
larly the  s tandard  free en tha lpy  of  fo rmat ion  of  the  III-V 
c o m p o u n d  concerned .  We have  a l ready done  the  calcula- 
t ion for AlAs, and it appears  that  this c o m p o u n d  has no 
t h e r m o d y n a m i c a l  stabil i ty doma in  in contac t  wi th  
aqueous  solutions.  Other  c o m p o u n d s  such  as GaSb,  InSb,  
InAs,  or  InP,  for wh ich  hG~ are known,  will  be  cons idered  
in the  future.  

Manuscr ip t  submi t t ed  Nov. 16, 1987; revised  manusc r ip t  
r ece ived  ca. Nov. 15, 1988. This  was Pape r  332 p resen ted  at 
t he  Boston,  MA, Meet ing  of  the  Society,  May 4-9, 1986. 
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