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CRITICAL RE-EVALUATION OF THE PHOTOEMISSION RATE L A W  

AT THE p-GaAsIAQUEOUS ELECTROLYTE INTERFACE 

RICARDO BORJAS SEVEREYN and ROBERT J. GALE 

Chemistry Department, Louis iana  S t a t e  U n i v e r s i t y ,  

Baton Rouge, LA 70803, U.S.A. 

A b s t r a c t  Threshold photoemiss ion’  c u r r e n t s  at  365 nm 

from e tched  s i n g l e  c r y s t a l  p-GaAs t o  0.1M KC1 

e l e c t r o l y t e s  fo l low a 312 rate l a w  i n  t h e  presence  of 

N20 scavenger.  

e f f i c i e n c i e s  wi th  t i m e  and t o g e t h e r  wi th  a d s o r b a t e s ,  

may cause  s c a t t e r i n g  of e l e c t r o n s  produced by d i r e c t  

bu lk  e x c i t a t i o n .  T h e o r e t i c a l  models are d i s c u s s e d  and 

compared t o  known photoemission behavior  a t  

semiconductor/vacuum i n t e r f a c e s .  

Sur face  f i l m  format ion  d e c r e a s e s  

INTRODUCTION 

Photoemission of e l e c t r o n s  from m e t a l l i c  e l e c t r o d e s  i n t o  

aqueous s o l u t i o n s  has been widely s t u d i e d  and expe r imen ta l  
1- t echn iques  developed t o  demonst ra te  a 5 1 2  rate l a w ,  e.g. 

6,10. However, f o r  t he  case of semiconductor e l e c t r o d e s  
ve ry  l i t t l e  work has  been done i n  s p i t e  of t h e  f a c t  t h a t  

t h e  energy (wavelength,  v o 1 t a g e ) l c u r r e n t  t h e o r e t i c a l  form 

i s  equivoca l .  Photoemission spec t roscopy  has  been proposed 

f o r  t h e  s tudy  of s u r f a c e  states as w e l l  as f o r  r a d i c a l  

r e a c t i o n  s t u d i e s  wi th  semiconductors 98910. I n  1972, 

Gurevich proposed t h e  “3 /2- ra te  law” f o r  photo- 

e l e c t r o n  emiss ion  from semiconductors i n t o  e l e c t r o l y t e s ,  
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228 R. BORJAS SEVEREYN AND R.  J .  GALE 

w i t h  t h e  fo l lowing  t h e o r e t i c a l  e x p r e s s i o n  f o r  t h e  

photoemission c u r r e n t ,  

(1) 
m + m  

)X 
v c  i = C(hv-E - x ) ~ / ~  f o r  hv>E + (- m 

V 
P g g 

i n  which h i s  Planck ' s  c o n s t a n t ,  v i s  t h e  f requency  of 

e x c i t a t i o n ,  E is t h e  semiconductor band gap, x is  t h e  

e l e c t r o n  a f f i n i t y  wi th  r e s p e c t  t o  a s o l v a t e d  e l e c t r o n  i n  

t h e  e l e c t r o l y t e ,  C i s  independent of t h e  energy 

d i f f e r e n c e ,  % i s  t h e  e f f e c t i v e  mass of t h e  i n i t i a l  

e l e c t r o n s  i n  t h e  va lence  band, and mc is t h e  e f f e c t i v e  

e l e c t r o n  mass in t h e  conduct ion  band. Subsquent ly ,  

Pleskov and coworkers p re sen ted  expe r imen ta l  r e s u l t s  t o  

suppor t  t h i s  l a w  f o r  t h e  cases of p-Ge and p-GaAs i n  KC1 

and L i C l  e l e c t r o l y t e s  1 2 , 1 3 .  Never the l e s s ,  t h e s e  

p ionee r ing  s t u d i e s  made no a t t empt  t o  assew ,exper i rnenta l lv  

c o n t r i b u t i o n s  from s u r f a c e  s ta tes  o r  from i n d i r e c t  

t r a n s i t i o n s , a n d  no e v a l u a t i o n  of t h e  c o n d i t i o n s  of t h e  

semiconductor s u r f a c e s  w a s  a t tempted .  It should be noted 

t h a t  t h e  form of the  three-ha lves  rate l a w  from Gurevich's 

quantum-mechanical approach c o i n c i d e s  wi th  a s p e c i a l  case 

f o r  t h e  photoemission from semiconductors i n t o  vacuum 
1 4  presented  by Kane i n  1962 . 

g 

Gurevich a l s o  has  de r ived  a t h e o r e t i c a l  expres s ion  

f o r  photoemission from s u r f a c e  states which p r e d i c t s  t h a t  

t h e s e  pho tocur ren t s  w i l l  obey a "3/2-law". 

Bockr i s  and Uosaki15'16,17y18 have proposed a g e n e r a l i z e d  

pho toe lec t rochemica l  k i n e t i c  t heo ry  i n  which t h e  charge  

t r a n s f e r  from a semiconductor t o  an accep to r  i n  t h e  

e l e c t r o l y t e  is  t h e  ra te -de termining  s t e p  and t h e  p r e d i c t e d  

rate law f o r  c l a s s i c a l  photoemission i s  g iven  by 

More r e c e n t l y ,  
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PHOTOEMISSION AT p-GaAdO. 1 M KCI 229 

( 2 )  

i n  which CA and % a r e  t h e  t o t a l  number of accep to r s  and 

si tes r e s p e c t i v e l y  pe r  u n i t  arez of t h e  ou te r  Helmholtz 

p l ane ,  N ( E )  is  the  number func t ion  f o r  photoexci ted  e- 

l e e t r o n s  decreased by e l ec t ron -e l ec t ron  or  electron-phonon 

s c a t t e r i n g  and modified by the  d e n s i t y  of states 

d i s t r i b u t i o n  and o p t i c a l  a t t e n u a t i o n ,  and Um i s  t h e  

maximum value  of the  b a r r i e r  he ight  ( co r rec t ed  f o r  

s o l v a t i o n  energy, image f o r c e s ,  and o p t i c a l  Born 

cha rg ing ) .  The c o n t r i b u t i o n  of photocurren ts  due t o  

e l e c t r o n  tunnel ing  through the  b a r r i e r  may cause an 

a d d i t i o n a l  c o n t r i b u t i o n  t o  t h e  photocurren ts .  There have 

been some o the r  recent  i n v e s t i g a t i o n s  of photoe lec t ron  

i n j e c t i o n  i n t o  e l e c t r o l y t e s , b u t  t hese  examine the  f a t e  and 

e n e r g e t i c s  of the  so lva ted  e l e c t r o n s  r a t h e r  than t h e  

process rate 1 a w s ' 9 * * ~ , ~ 1 .  

e 

The o b j e c t i v e  of t h i s  s tudy  is  to  examine c r i t i c a l l y  

t h e  experimental  r a t e  law f o r  photoemission from p-GaAs 

i n t o  aqueous e l e c t r o l y t e  us ing  n e a r - u l t r a v i o l e t  

r a d i a t i o n .  I f  t h e  bulk (volume) e x c i t a t i o n  follows t h e  

same rate l a w  as t h a t  of s u r f a c e s  s ta tes ,  then  t h e  

s e p a r a t i o n  of t h e s e  two p rocesses  w i l l  become more 

complex. 

EXPERIMENTAL 

To ob ta in  ohmic c o n t a c t ,  t h e  Zn-doped (100) p-GaAs s i n g l e  

c r y s t a l s  (ND=1.7x1018cm-3) were e l e c t r o p l a t e d  wi th  Cu on 

an  exposed face .  Masking of t he  non-exposed f aces  was 
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230 R.  BORJAS SEVEREYN AND R. J .  GALE 

achieved  wi th  a s o l u b l e  va rn i sh .  Wires were a t t a c h e d  

us ing  a Ag-based conduct ive  cement (Johnson Mathey). 

I n s u l a t i o n  w a s  provided wi th  a t h i n  v a r n i s h  f i l m  coa ted  

wi th  p a r a f f i n  wax. Before each exper iment ,  the  e l e c t r o d e s  

were e tched  chemica l ly  by immersion f o r  5 min. i n  5 w t  % 

NaOH: 30 v o l  % H 2 0 2  i n  volume r a t i o  5:1, followed by 30 

secs i n  c.HF:c.HN03:H20 i n  volume r a t i o  1:3:2, thorough 

r i n s i n g  i n  water, and f i n a l l y  a r i n s e  i n  the  e l e c t r o l y t e  

0.1M K C 1 .  E l e c t r o l y t e s  were prepared from doubly 

r e c r y s t a l l i z e d  sa l t  and d i s t i l l e d  water from a cont inuous  

Gilmont s t i l l  (MOD V ) .  A combination pH/SCE e l e c t r o d e  was 

used f o r  r e fe rence  wi th  a small P t  wire coun te r  e l e c t r o d e  

d i s t a n c e d  from t h e  working e l e c t r o d e .  The q u a r t z  c e l l ,  

f i t t e d  wi th  s tandard  t ape r  j o i n t s  f o r  e l e c t r o d e s  and gas  

p o r t s ,  was leached i n  20% HC1/HN03/H20 s o l u t i o n  f o r  a t  

least  24 hours t o  d imin i sh  trace i m p u r i t i e s .  Argon w a s  

used t o  deoxygenate the  e l e c t r o l y t e  and w a s  p u r i f i e d  wi th  

vanadous ion  sc rubbe r s .  The e l i m i n a t i o n  of traces of 

oxygen and a d v e n t i t i o u s  i m p u r i t i e s  is  impor t an t ,  as they 

r e a c t  wi th  the  photoemitted e l e c t r o n s .  Experiments were 

made a t  pH 7.4 and 11.4 t o  minimize hydrogen i o n  

photocurren ts .  

O p t i c a l  r a d i a t i o n  w a s  ob ta ined  us ing  a 250W Hg lamp 

(Ea l ing  Corp.). The wavelength was s e l e c t e d  i n  some c a s e s  

wi th  a b lue  f i l t e r  (Corning 5543-7-51), which is  

t r a n s p a r e n t  between 300-400 nm wi th  %T max a t  about 360 

nm. A l t e r n a t i v e l y ,  a Jar re l l -Ash  monochromator model Mark 

X set a t  365 nm w a s  used to  provide lower l i g h t  

i n t e n s i t i e s .  Quoted i n t e n s i t i e s  are e s t ima ted  from 

measurements wi th  a UDT l l l A  Photometer/Radiometer 

( u n c a l i b r a t e d ) .  
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PHOTOEMISSION AT p-GaAslO. 1 M KCI 23 1 

Typica l  exper iments  were performed as fo l lows .  

Immediately a f t e r  e t c h i n g ,  a c r y s t a l  w a s  immersed i n t o  an 

e l e c t r o l y t e  thoroughly  degassed wi th  Ar. A f t e r  5 min, t h e  

gas  bubbl ing  was stopped and s e v e r a l  c y c l i c  scans  were 

made u n t i l  r ep roduc ib le  waveforms were ob ta ined  ( t h i s  

removes r e d u c i b l e  oxide f i l m  o r  adsorbed oxygen). 

Degassing was cont inued  and subsequent scans  r epea ted  a t  

i n t e r v a l s .  

t h e  system of Ar and scan  exper iments  were made on t h e  

aged p-GaAs s u b s t r a t e .  I n  o t h e r s ,  t h e  c r y s t a l s  were re- 

e t c h e d  and p a r a l l e l  sets of measurements were t aken  i n  

t i m e  . 

In  some exper iments ,  N20 was bubbled t o  f l u s h  

A schemat ic  of t h e  appa ra tus  t o  r eco rd  photoemission 

c u r r e n t s  i s  shown i n  F igure  1. L inear  sweeps from a PAR 

Model 175 Un ive r sa l  programmer were imposed t o  t h e  three-  

e l e c t r o d e  c e l l  wi th  a PAR model 173/179 p o t e n t i o s t a t /  

d i g i t a l  coulometer.  Pho tocur ren t s  were d i g i t a l i z e d  wi th  a 

Tek t ron ix  468 o s c i l l o s c o p e  and/or  recorded  by X-Y r eco rde r  

(PAR model 9002A). The o s c i l l o s c o p e  was i n t e r f a c e d  v i a  

its IEEE 488 bus t o  an IBM Ins t ruments  CS/9000 

microcomputer. Software f o r  d a t a  i n p u t  made use of t h e  

extended 1 / 0  f a c i l i t i e s  f o r  BASIC. Leas t  square  i t e r a t i v e  

c a l c u l a t i o n s  a l s o  were programmed i n  BASIC. The b e s t  f i t s  

t o  t he  l i n e a r i z e d  form of t h e  pho tocur ren t s  were 

determined from the  c a l c u l a t e d  c o r r e l a t i o n  c o e f f i c i e n t s .  

RESULTS 

F igure  2 i l l u s t r a t e s  a t y p i c a l  exper iment ,  i n  which t h e  

lower curve r e p r e s e n t s  t he  onse t  of pho tocur ren t s  ob ta ined  

i n  t h e  presence  of Ar. These c u r r e n t s  comprise r e a c t i o n s  
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232 R. BORJAS SEVEREYN AND R. J. GALE 

UNIVERSAL 

PAR 9 0 0 2 A  

X-Y PLOTTER TEKTRONIX 
468 
DIGITAL 
osclLLoscopE 

-:TRIGGER 

10M c/s 9000 
IEEE488 (MC68000 w PROCESSOR) u 

*HARDCOPY PRINTER 

FIGURE 1. Electrochemical and Data Acquisition Equipment 

at the band edge (photofaradaic) and reactions of 

impurities (and proton) with solvated electrons. The 

first scan under illumination causes a photoassisted 

irreversible reaction of surface compound. The upper 

curve includes the former contributions, together with 

photocurrents obtained by the irreversible reactions of 
solvated electrons with dissolved N20.  

the photoemission rates are proportional to this current 
density difference, as follow-up electron transfer 
reactions will be directly proportional to the 
irreversible scavenger reaction rate . 

It is assumed that 

10 

- 
e solv + N 2 0  + H20 
OH' + e-surf + OH- 

+ N 2  + OH- + OH' (3)  

( 4 )  D
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PHOTOEMISSION AT p-GaAs/O. 1 M KCI 233 

FIGURE 2 .  A r  f i r s t  s c a n  ( a ) ,  k r  second s c a n  ( b ) ,  N20 
s c a n  ( c )  a t  20 m V s - l ,  a r e a  0 . 7 1  em2,  365 nm 
i n t e n s i t y  1 8 ~ 1 0 ~  pbJ cm-2, pH 7 . 4 .  

VOLTAGE VS. SCE 

FIGURE 3. N O / A r  d i f f e r e n c e  c u r r e n t s  a t  s c a n  rates 
2 6 ( - . - . ) ,  50(-), and 200(----)mVs-1, 
pH 11.4 ( o t h e r  c o n d i t i o n s  as f i g u r e  2 ) .  
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234 R. BORJAS SEVEREYN AND R. J .  GALE 

It i s  assumed t h a t  c u r r e n t s  a r i s i n g  i n  chemical pathways 

( N 2 0  c a t a l y t i c  c u r r e n t s )  can  be ignored  under i l l u m i n a t i o n  

c o n d i t i o n s  . Figure  3 c o n t a i n s  t h e  n e t  pho tocur ren t s  i n  

0.1MKC1 e l e c t r o l y t e  as a f u n c t i o n  of scan  rate.  The 

s m a l l  c u r r e n t  d i f f e r e n c e s  wi th  scan  r a t e  may be due 

l a r g e l y  t o  cha rg ing  ( c a p a c i t i v e )  c u r r e n t  e f f e c t s .  

8 

The r e s u l t s  of a t t e m p t s  t o  f i t  t h e  c u r r e n t  

d i f f e r e n c e s  r a i s e d  t o  d i f f e r e n t  exponents ,  

(iN20-iAr)p are i l l u s t r a t e d  i n  F i g u r e  4,and much lower 

v a l u e s  of t he  r e g r e s s i o n  c o e f f i c i e n t  r e s u l t e d  f KOm 

a t t e m p t s  t o  f i t  a l o g a r i t h m i c  f u n c t i o n .  These 

c a l c u l a t  ons were made t o  i n c l u d e  foot- of- the- wave 

c u r r e n t s  t y p i c a l l y  f o r  t h e  v o l t a g e  range  -1.100 V t o  

-1.500 V vs  SCE. F igure  5 exempl i f i e s  t h e  dependence of 

t h e  r e g r e s s i o n  c o e f f i c i e n t  (I-) w i th  exponent ( p ) .  

Although t h e r e  may be p h y s i c a l  reasons  t o  ignore  t h e  f o o t  

of wave(vide infra) t h i s  r e p r e s e n t s  f i t  of d a t a  over  a 

wider  r an  e than  t h a t  r epor t ed  by earlier workers 
10911,121f3. The r e s u l t  of exper iments  ob ta ined  on t h e  
aged s u b s t r a t e s , (  5 min. AK f l u s h  and 25 min. N 2 0  f 1 u s h ) a r e  

as fo l lows ,  pH 7 4:p = 0.66 f 0.17 (15 expe r imen t s ) ,  pH 

1 1 . 4 : ~  = 0.60 f 0.09 (15 expe r imen t s ) .  The least  squa re  

i n t e r c e p t  was c a l c u l a t e d  t o  be 1.08 f 0.07 V(SCE). 

Experiments on e tched  s u r f a c e s  f o r  e q u i v a l e n t  s h o r t  

p e r i o d s  of immersion i n  e i t h e r  A r  o r  N20 s a t u r a t e d  

e l e c t r o l y t e s  are c o n s i s t e n t  w i th  t h e s e  r e s u l t s .  However, 

i n  cases where t h e  c r y s t a l  was l e f t  f o r  extended pe r iods  

of t i m e  i n  t h e  s o l u t i o n  ( > l h r ) ,  t h e  photoemission c u r r e n t s  

and b e s t  exponents are smaller and a whi te  f i l m  can be 

v i s u a l l y  observed t o  c o a t  t h e  s u r f a c e  (F igu re  6) .  
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FIGURE 4 .  Leas t  squa res  f i t  of exponents ,  D. 

FIGURE 5.  Regress ion  c o e f f i c i e n t  vs .  exponent,  n .  
S mln 

10 mln n 
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VOLTAGE vs. SCE 
FIGURE 6 ,  T i m e  dependence of d i f f e r e n c e  c u r r e n t s ,  pH 

1 1 . 4  ( o t h e r  cond i t ions  a s  F igu re  2 ) .  
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DISCUSSION 

Photoemission of electrons may be considered as a three 
step process - the absorption of an incident photon that 
has penetrated the bulk of the semiconductor, the escape 

of the excited electron into the electrolyte, and the 
subsequent capture of the solvated electron. 

There is no reason to believe,apart from threshold 
energy modifications, that the internal processes are 

different from those for the semiconductorlvacuum 
system. Although the absorption depth of light 
may be about 120 

electrons may be 

vacuum cases . 
depletion layer, 

22 

A in GaAs, the actual escape depth of 
small, about 25 if analogous to the 

This is of the order of magnitude of the 
about 30 A in this example,assuming an 

approximately 1 volt potential drop across the laver at 

threshold. 

experimentally that the threshold function must be 

modified for p-type materials whose bands are bent upwards 

with increasing penetration. This effect has not been 
accounted for in the theory of Gurevich, although our 

results obtained for photoemission from p-GaAs into 0.1M 
KC1 at pH 7.4 and 11.4 agree with those reported earlier, 
and are consistent with an overall “312 rate law,” cf. 
l2,I3. 

these result to support a theoretical 312 law for direct 
excitation of electrons from bulk crystal. It is well 

known that narrow band gap 111-V semiconductors form pH 
dependent surface compounds and films, 2 4 .  

studies of semiconductors have aemonstrated that 
nitrogen OK oxygen interactions on the “clean“ surfaces of 

Gobelli and Allen23 have demonstrated 

However, caution should be exercised in using 

Vacuum D
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c leaved  c r y s t a l s  can produce d r a s t i c  changes i n  the rate 

l a w  and e f f i c i e n c i e s  of photoemission. A t  p-GaAs/aqueous 

0.1M KC1 , measurements of pho tocur ren t s  provide  ev idence  

of t i m e  dependent s u r f a c e  e f f e c t s ,  (F iqu re  6 ) .  Undoubtedlv, 

i n t e r f a c i a l  compound format ion  and f i l m i n g  are p r e s e n t  a t  

t h e  semiconductor/aqueous e l e c t r o l y t e  j u n c t i o n s  

i n v e s t i g a t e d  thus  f a r .  The g e n e r a l  problems , t h e r e f o r e  , 
are t o  d i s t i n g u i s h  bulk  photoemission c u r r e n t s  from those  

a r i s i n g  i n  s u r f a c e  l a y e r s  or f i lms , and  t o  e s t a b l i s h  t h e  

i n f l u e n c e  of the s u r f a c e  on t h e  i n i t i a l  bu lk  c o n t r i b u t i o n  

t o  t h e  n e t  pho tocur ren t s .  In o t h e r  words, i t  is  impor tan t  

t o  de te rmine  t h e  e x t e n t  of e l e c t r o n  s c a t t e r i n g  by 

i n t e r f a c i a l  compounds and t h a t  of t h e  s o l u t i o n .  

Experiments i n  o t h e r  e l e c t r o l y t e s  [non-aqueous] may be 

h e l p f u l  i n  t h i s  regard  and necessa ry  b e f o r e  p rogres s  i n  

q u a n t i f y i n g  t h e s e  s u r f a c e  and double l a y e r  e f f e c t s  i s  

p o s s i b l e .  
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