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Elez t rochemiaa l  r e a c t i o n s  a t  semiconductor  e l e c t r o d e s  have been 
s t u d i e d  i n  d e t a i l  on ly  r e c e n t l y .  Beginning wi th  t h e  c l a s s i c  paper  
of B r a t t a i n  and Garrett’ i n  1955 which l a i d  down many of  t h e  b a s i c  
P r i n c i p l e s ,  o u r  unde r s t and ing  of t h e  s u b j e c t  developed ve ry  r a p i d l y .  
Exce l l en t  survey papers  and o r i g i n a l  c o n t r i b u t i o n s  t o  semiconductor  
e l e c t r o c h e m i s t r y  a r e  a t t r i b u t e d  t o  Dewald’, Green , and Ger i sche r  . 
Elec t rochemica l  p rocesses  are  now w e l l  understood on s i n g l e - c r y s t a l  
e lementa l  semiconductors  such as Ge and Si5 j6 .  
semiconductor  compounds such as G a A s  have been s t u d i e d  and, wh i l e  
t h e  chemis t ry  of t h e  r e a c t i o n s  i s  d i f f e r e n t ,  t h e i r  e l e c t r o n i c  
behavior  i s  t h e  same as f o r  Ge and Si. 

Elec t rochemica l  r e a c t i o n s  a t  semiconductor  e l e c t r o d e s  a r e  unique i n  
e l ec t rochemis t ry  i n  t h a t  t h e  k i n e t i c s  of e l e c t r o d e  p rocesses  may be 
determined by phenomena which occur  w i t h i n  t h e  e l e c t r o d e  i t s e l f .  
I n  o r d e r  t o  unders tand  e l ec t rochemica l  r e a c t i o n s  a t  semiconductor  
e l e c t r o d e s ,  i t  i s  necessa ry  f i r s t  t o  recognize  how semiconductors  
d i f f e r  from meta ls  i n  t h e i r  e l e c t r i c a l  p r o p e r t i e s .  I n  metals, 
t h e r e  i s  always a l a r g e  number of e l e c t r o n s  a s s o c i a t e d  w i t h  va lence  
bonds which  have s u f f i c i e n t  energy t o  become conduct ion  e l e c t r o n s .  
Another way of s ay ing  t h i s  i s  t h a t  t h e  va lence  band of e l e c t r o n  
energy l e v e l s  ove r l ap  wi th  t h e  conduct ion  band. I n  semiconductors ,  
t h e r e  i s  an  a p p r e c i a b l e  energy gap between t h e  t o p  of t h e  va lence  
band and t h e  bottom of t h e  conduct ion  band. This  r e s u l t s  i n  a 
r e l a t i v e l y  low e l e c t r o n i c  c o n d u c t i v i t y  s i n c e  t h e  number of e l e c t r o n s  
which have enough thermal  energy t o  b r i d g e  t h e  gap and p rov ide  
c u r r e n t  c a r r i e r s  is r e l a t i v e l y  low. Cur ren t  c a r r i e r s  i n  semicon- 
d u c t o r s  are of two types--conduct ion band e l e c t r o n s  ( e l e c t r o n s  f r e e  
t o  move through t h e  c r y s t a l  l a t t i c e )  and va lence  band h o l e s  
( e l e c t r o n s  miss ing  from cova len t  bonds) .  E l e c t r o n  motion from bond 
t o  bond g i v e s  t h e  e f f e c t  of p o s i t i v e  charges  moving i n  t h e  oppos i t e  
d i r e c t i o n .  These p o s i t i v e  charges  a r e  c a l l e d  e l e c t r o n  h o l e s  o r  
s imply ho le s .  Each e l e c t r o n  t h a t  b r i d g e s  t h e  energy gap  produces 
one h o l e  and one e l e c t r o n  c u r r e n t  c a r r i e r .  The product  of t h e  
concen t r a t ions  of  h o l e s  and e l e c t r o n s  i s  a c o n s t a n t  a t  a g iven  
tempera ture .  The ana logy  between t h e  hydrogen ion--hydroxyl  i o n  
e q u i l i b r i u m  i n  water and t h e  h o l e  ( e + ) - - e l e c t r o n  (e - )  e q u i l i b r i u m  
i n  semiconductors  i s  o f t e n  made. Both e q u i l i b r i a  are c o n t r o l l e d  by 
t h e  law of mass a c t i o n .  I n c r e a s i n g  one c a r r i e r  t ype  d e p r e s s e s  t h e  
concen t r a t ion  of t h e  o t h e r .  The r e l a t i v e  c o n c e n t r a t i o n s  of h o l e s  
and e l e c t r o n s  i n  semiconductors  are  c o n t r o l l e d  by doping  w i t h  small 
amounts of i m p u r i t i e s  which provide  energy l e v e l s  l y i n g  c l o s e  t o  
t h e  va lence  band ( t h e s e  accep t  e l e c t r o n s  from t h e  semiconductor  and 
produce p- type material) o r  c l o s e  t o  t h e  conduct ion  band ( t h e s e  
donate  e l e c t r o n s  t o  t h e  semiconductor  and make n- type  semiconductors). 
The terminology n- and p- type i n d i c a t e s  t h e  p o l a r i t y  O f  t h e  major  
c u r r e n t  c a r r i e r  i n  t h e  semiconductor--n s i g n i f i e s  n e g a t i v e  charges  
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( e l e c t r o n s )  wh i l e  p i s  f o r  p o s i t i v e  charges  ( h o l e s ) .  
e l e c t r o c h e m i c a l  r e a c t i o n s  r e q u i r e  s p e c i f i c a l l y  h o l e s  o r  e l e c t r o n s  
from t h e  semiconductor .  Hence, r eac t to r !  r a t e s  may become l i m i t e d  
by t h e  supply  of h o l e s  o r  e l e c t r o n s  when they  are t h e  minor i ty  
c u r r e n t  c a r r i e r  i n  t h e  semiconductor .  A compl i ca t ion  i n  c l e a r l y  
d e f i n i n g  t h e  z o n c e n t r a t i o n  of  h o l e s  and e l e c t r o n s  i n  t h e  s u r f a c e  
r e g i o n  of semiconductors  is s u r f a c e  s t a t e s .  These a r e  o r t e n  ill- 
d e f i n e d  s u r f a c e  phenomena which g i v e  r i se  t o  a l lowed energy l e v e l s  
i n  t h e  normally f o r b i d d e n  region-- the energy gap. Su r face  s t a t e s  
zan t r a p  e l e z t r o n s  and/or ho le s .  They may a l s o  a c t  as a source  of 
c u r r e n t  c a r r i e r s .  A comprehensive review of t h e  s t r u c t u r e  of t h e  
semiconduc to r -e l ec t ro ly t e  i n t e r f a c e  has  been prepared  by Boddy7. 

C e r t a i n  

Elec t rochemi-a1  Techniques 

A wide v a r i e t y  of  exper imenta l  t echn iques  has  been used t o  s tudy  
e l e c t r o z h e m i c a l  r e a c t i o n s  on semiconductor  e l e c t r o d e s .  Many o f  
t h e s e  techniques  t a k e  advantage of t h e  semiconduct ing p r o p e r t i e s  
of t h e  e l e c t r o d e .  Photo e f f e c t s ,  capac i t ance  measurements, and 
s o l i d - s t a t e  pn j u n c t i o n  i n d i c a t o r  e l e c t r o d e s  g i v e  in fo rma t ion  about 
t h e  zharge d i s t r i b u t i o n  and/or t h e  charge  t r a n s f e r  mechanism a t  t he  
s e m i c o n d u c t o r - e l e c t r o l y t e  i n t e r f a c e .  

Anode Reac t ions  

The impor tan t  anodic  r e a : t i o n s  a r e  sea i conduc to r  d i s s o l u t i o n ,  f i l m  
format ion ,  and o x i d a t i o n  of i o n s  i n  3ol i I t ion.  

Germanium i s  d i s s o l v e d  a n o d i c a l l y  i n  most e l e c t r o l y t e  
s o l u t i o n s  whereas s i l i c o n  may be e l e c t r o l y t i c a l l y  
d i s s o l v e d  on ly  i n  f l u o r i d e  s o l u t i o n s .  B r a t t a i n  and 
Garret t '  showed t h a t  t h e  Ge d i s s o l u t i o n  r e a c t i o n  
consumes h o l e s  a t  t h e  anode s u r f a c e .  The same 
phenomenon h a s  s i n c e  been demonstrated for t h e  anddic  
d i s s o l u t i o n  of a l l  semiconductors .  S a t u r a t i o n  anodic  
c u r r e n t s  are observed w i t h  n- type semiconductors .  
The l i m i t i n g  anod ic  c u r r e n t  i s  i n c r e a s e d  when t h e  
s u r f a c e  c o n c e n t r a t i o n  o f  h o l e s  i s  i n c r e a s e d  by any 
means. I l l u m i n a t i o n  of t h e  anode s u r f a c e  wi th  l i g h t  
of  s u f f i c i e n t  energy  t o  e x c i t e  e l e c t r o n s  from t h e  
va l ence  t o  t h e  conduct ion  band thus  c r e a t i n g  hole-  
e l e c t r o n  p a i r s  i s  t h e  most e f f e c t i v e  method of 
i n c r e a s i n g  t h e  h o l e  c o n c e n t r a t i o n  i n  t h e  semicon- 
d u c t o r  s u r f a c e .  The Ge d i s s o l u t i o n  va lence  i s  f o u r  
a t  low c u r r e n t  d e n s i t i e s  and between two and f o u r  
h o l e s  p e r  Ge atom are consumed i n  t h e  anodic  r e a c t i o n  
depending on t h e  s u r f a c e  h o l e  concen t r a t ion .  A t  h igh  
c u r r e n t  d e n s i t i e s ,  t h e  G e  d i s s o l u t i o n  va lence  becomes 
two. The anodic  s o l u t i o n  of S i  i n ' f l u o r i d e  s o l u t i o n s  
Is  q u i t e  d i f f e r e n t  from Ge. The S i  d i s s o l u t i o n  
va lence  is two a t  low c u r r e n t  d e n s i t i e s  and becomes 
about  f o u r  when t h e  c u r r e n t  d e n s i t y  exceeds a 
2 r i t i c a l  v a l u e  a t  which f l u o r i d e  i o n s  are  consumed 
i n  tne  anodic  r e a c t i o n  as f a s t  as they  r each  t h e  
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s u r f a c e  by mass t r a n s p o r t .  D iva len t  s i l i c o n  i s  u n s t a b l e  
and d i s p r o p o r t i o n a t e s  t o  t e t r a v a l e n t  S i  and amorphous Si. 
A t h i c k  f i l m  of amorphous S i  can be b u i l t  up below t h e  
c r i t i c a l  c u r r e n t  d e n s i t y .  The t h i c k  f i l m  comes o f f  a t  
t h e  e r i t i c a l  c u r r e n t  d e n s i t y  and Si d i s s o l u t i o n  va lence  
becomes f o u r .  E l e c t r o p o l i s h i n g  a l s o  occurs  under  t h e  

- Film Formation - 

cond i t ions  of t e t r a v a l e n t  d i s s o l u t i o n .  I 

S t a b l e  uniform f i l m s  o f  ox ides  o r  o t h e r  m a t e r i a l s  
cannot  be formed a n o d i c a l l y  on G e  i n  aqueous s o l u t i o n s  
because of t h e i r  excess ive  s o l u b i l i t y  i n  water. Non- 
aqueous s o l u t i o n s  may be used t o  produce f i l m s  on G e .  
Anodical ly  formed oxide  f i l m s  are produced on Si i n  
f l u o r i d e - f r e e  e l e c t r o l y t e s .  

Cathodic  React ions 

Cathodic  r e a c t i o n s  of i n t e r e s t  a t  semiconductor  e l e c t r o d e s  a r e  re- 
d u c t i o n  of s u r f a c e  f i l m s ,  ca thod ic  d i s s o l u t i o n  of Ge, and r educ t ion  
of  i o n s  i n  s o l u t i o n .  Many ca thod ic  r e a c t i o n s  on semiconductor  
e l e c t r o d e s  r e q u i r e  conduct ion  band e l e c t r o n s .  The re fo re ,  l i m i t i n g  
c u r r e n t s  a r e  observed a t  p- type semiconductors  where conduct ion  
band e l e c t r o n s  are t h e  minor i ty  c u r r e n t  c a r r i e r .  

Su r face  f i l m s  such as oxides  may be c a t h o d i c a l l y  
reduced on Ge but  no t  on Si. This  is of p r a c t i c a l  
i n t e r e s t  when metal c o n t a c t s  must be e l e c t r o d e p o s i t e d  
d i r e c t l y  on a n  ox ide - f r ee  semiconductor  s u r f a c e .  The 
p l a t i n g  s o l u t i o n  composi t ion and t h e  method of app ly ing  
c u r r e n t  t o  t h e  c e l l  i s  impor tan t  i n  de te rmining  whether  
o r  n o t  a n  i n t i m a t e  c o n t a c t  between depos i t ed  metal and 
semiconductor  is formed. 

The d i scha rge  of hydrogen i o n s  on e l e c t r o d e s  has  been 
s t u d i e d  more t h a n  any o t h e r  e l ec t rochemica l  r e a c t i o n .  
This  r e a c t i o n  on semiconductor  e l e c t r o d e s  i s  unique  i n  
two r e s p e c t s :  (1) conduct ion  band e l e c t r o n s  are  
r equ i r ed  f o r  t h e  e l e c t r o n  t r a n s f e r  p rocess  and ( 2 )  a t  
ve ry  h igh  c u r r e n t  d e n s i t i e s  ( > l o 0  A/cm2), germane 
( G e H 4 )  is formed a t  n e a r l y  100% c u r r e n t  e f f i c i e n c y .  

Redox React ions 

The r educ t ion  and o x i d a t i o n  of i o n s  i n  s o l u t i o n  a t  semiconductor  
e l e c t r o d e s  a r e  e s p e c i a l l y  i n t e r e s t i n g  s i n c e  t h e  e l e c t r o n  t r a n s f e r  
p rocess  is predominant ly  w i t h  va lence  band o r  e l e c t r o q  band e l e c -  
t r o n s  depending on t h e  p o t e n t i a l  of t h e  redox system. I n  g e n e r a l ,  
t h e  s t r o n g e r  t h e  o x i d i z i n g  agent  formed o r  reduced a t  t h e  semi- 
conductor  e l e c t r o d e ,  t h e  more l i k e l y  t h a t  t h e  r e a c t i o n  w i l l  i nvo lve  
t h e  i n j e c t i o n  o r  e x t r a c t i o n  of h o l e s .  Conversely,  t h e  s t r o n g e r  t h e  
reducing  agent  produced o r  oxid ized  on a semiconductor ,  t h e  g r e a t e r  
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is t h e  f r a c t i o n  of t h e  c u r r e n t  from e l e c t r o n s  e x t r a c t e d  from o r  
i n j e c t e d  i n t o  t h e  conduc t ion  band. P r a c t i c a l l y  a l l  t h e  expe r i -  
mental  work concern ing  redox r e a c t i o n s  a t  semiconductor  e l e c t r o d e s  
has  been done wi th  Ge. A pn j u n c t i o n  i n d i c a t o r  e l e c t r o d e  i s  t h e  
most convenient  method of de t e rmin ing  t h e  r e l a t i v e  amount of each 
k ind  of e l e c t r o n  i n  t h e  redox r e a c t i o n .  

I 
P r a c t i c a l  App l i ca t ions  

An unders tanding  of t h e  b a s i c  e l e c t r o c h e m i c a l  r e a c t i o n s  a t  semi- 
conductor  e l e c t r o d e s  h a s  l e d  t o  improvements o f  many e l e c t r o -  
chemical  processes  f o r  s e p c o n d u c t t r  m a t e r i a l s .  
impor t an t  of  t h e s e  a r e :  chemical  e t c h i n g  and p o l i s h i n g ,  
e l e c t r o p o l i s h i n g ,  metal d e p o s i t i o n ,  metal d isp lacement  p l a t i n g ,  
and s t a i n i n g  pn j u n c t i o n s .  

The most 

Oxide Semiconductors 

Oxide semiconductors  were known long  b e f o r e  e lementa l  semicon- 
d u c t o r s  y e t  t h e  oxide  m a t e r i a l s  a r e  no t  n e a r l y  a s  we l l  unders tood .  
T h e i r  semiconduct ing p r o p e r t i e s  stem l a r g e l y  from s t r u c t u r a l  
d e f e c t s  i n  ox ides  t h a t  would be i n s u l a t o r s  i f  t h e  c r y s t a l s  were 
d e f e c t - f r e e .  These ox ides  are of c o n s i d e r a b l e  p r a c t i c a l  s i g n i f i -  
cance;  f o r  example, many b a t t e r y  e l e c t r o d e s  and c o r r o s i o n  f i l m s  
are composed of semiconduct ing  oxides .  Attempts have been made i n  
r e c e n t  yea r s  t o  i n t e r p r e t  b a t t e r y  and c o r r o s i o n  r e a c t i o n s  i n  terms 
of semiconductor  phenomena w i t h  l i m i t e d  success .  
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