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large influence of pH on the transient behavior, i l -  
lustrated in Fig. 3. 

Conclusions 
:Ferric oxide shows a ra ther  complex photoelectro- 

chemical behavior which is displayed by different 
types of transient behavior. This factor complicates its 
use as an electrode for semiconductor-liquid junction 
so/mr cells. However evidently the transient behavior 
is modified by sample preparation, and this provides 
an opportunity to suppress the back-reaction of the 
intermediate which is par t ly  responsible for the low 
measured quantum yields. 

Electrodes prepared by sintering very pure ferric 
oxide show the best results in this respect. The use of 
ferric oxide in solar cells is made par t icular ly  at trac-  
tive by the fact that  it  can display exceptionally low 
flatband potentials. 
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Semiconductor Electrodes 
XVI. The Characterization and Photoelectrochemical Behavior of 

n- and p-GaAs Electrodes in Acetonitrile Solutions 

P. A. Kohl* and A. J. Bard** 
Department o/Chemistry, University oJ Texas at Austin, Austin, Texas 78712 

ABSTRACT 

The photoelectrochemical behavior of n-type and p- type GaAs is in- 
vestigated in acetonitrile solutions containing various redox couples. The 
cyclic voltammograms of the semiconductor electrodes in the dark and 
illuminated with red light are compared to the Nernstian behavior at a Pt 
disk electrode. The photodissolution of the semiconductors was surpressed and 
did not occur until potentials well positive of the flatband potential. An under-  
potential (negative overpotential) was developed on the photoassisted oxida- 
tion (n-type semiconductor) and reduction (p- type material)  of solution 
species, intermediate levels or surface states are shown to be capable of 
mediating electron transfer and limiting the magnitude of the underpotential 
produced. It is also shown that the production of surface films at potentials 
negative of the conduction bandedge can produce a photovoltaic effect with 
the GaAs assisting in electron transfer. Thus, photoassisted electron transfer 
with electroactive solution species is observed spanning a potential range 
greater than 2.5V utilizing a 1.35 eV photon. 

Although the nature of charge transfer reactions at 
the semiconductor liquid interface can be broadly de- 
scribed by the Gerischer band theory (1), studies on 
a number of semiconductor electrodes immersed in 
both aqueous and nonaqueous solutions have shown 
that account must also be taken of surface states and 
intermediate levels, as well as changes in the nature of 

* E l e c t r o c h e m i c a l  S oc i e ty  S tu d e n t  M e m b e r .  
* �9 ~ . l ec trochemica l  S oc i e ty  A c t i v e  M e m b e r .  

the surface during electrochemical studies that are 
specific to the semiconductor material  and solvent. The 
latter effects are part icularly important  with small  
bandgap semiconductors which tend to be rather 
easily reduced or oxidized. Such surface effects are 
also of importance in photoelectrochemical cells (PEC} 
for the conversion of light energy to chemical and/or  
electrical energy and result in quantum efficiencies 
which vary with time, photocorrosion, passivation of 
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the  e lec t rode  surface, and  deve lopment  of surface 
layers  which can affect the  observed  photopotentiaI .  
Surface  p re t r ea tmen t s  (e.g., polishing, chemical  e tch-  
ing)  have been shown to affect the photoe lec t rochemi-  
cal behavior  of semiconductor  electrodes,  e.g., GaAs 
(2, 3) and CdS (4), and  hence can change the quan-  
t um and power  efficiencies for the  conversion of l ight  
in PEC's. 

In  this work  the  photoelec t rochemical  behavior  of 
n -  and p - G a A s  in acetoni t r i le  (ACN) solutions con- 
ta ining var ious  one-e lec t ron  revers ib le  redox  couples 
is described. A n  aprot ic  solvent  is pa r t i cu l a r ly  useful, 
as discussed in previous  papers  (5, 8), because i t  has 
a large  work ing  potent ia l  range (or effective solvent  
bandgap)  compared  to wa te r  and can be employed  to 
inves t iga te  po ten t ia l  regions which  cannot  be probed  
in aqueous solutions. Moreover,  m a n y  s table  redox  
couples exis t  in ACN, which show revers ib le  e lect ro-  
chemical  behavior  over  a wide  range  of redox poten-  
t ials  (E~ The ra te  of photodecomposi t ion of semi-  
conductors  in ACN is of ten smal le r  because of the  de -  
crease in solvat ion of the products  of photodissolution.  
Thus, n-CdS,  n -GaP,  and n-ZnO have been shown to 
be s table  photoanodes in ACN and the results  in ACN 
have also produced possible mechanist ic  informat ion  
on factors affecting the s tab i l i ty  of these mate r ia l s  
when used as photoanodes in aqueous solutions (5). A 
previous  paper  f rom this l abo ra to ry  (7) showed that  
the ex ten t  of pass ivat ion  of n-  and p -S i  caused by  film 
format ion  in aqueous solutions can be decreased in 
ACN. However ,  on ly  smal l  and t rans ien t  underpo ten-  
t ials  (negat ive  overpotent ia l s )  were  developed under  
i r r ad ia t ion  for e lect ron t ransfe r  wi th  solut ion species 
(7). 

Previous  studies of GaAs (9-12), whose smal l  band-  
gap (Eg), 1.35 eV, al lows absorpt ion  of an apprec iable  
por t ion  of the solar  spectrum, have  shown tha t  photo-  
assisted e lec t ron t ransfe r  react ions can occur in aque-  
ous solutions. We descr ibe  here  the e lect rochemical  
behavior  of both  n-  and p - t y p e  GaAs in ACN solu- 
tions in the da rk  and under  i r radiat ion.  The location of 
the conduct ion band (CB) and valence band (VB) 
edge energies by  de te rmina t ion  of the f latband poten-  
t ia l  (Vfb) and the mapping  of the bandgap  region are  
described.  We show tha t  the  behavior  can be discussed 
in  te rms of the  prev ious ly  proposed model  but  that  
specific surface effects also p lay  a ma jo r  role. 

Experimental 
The high conduct iv i ty  single c rys ta l  semiconductors  

used were  provided  wi th  ohmic contacts (13) and 
mounted  in glass tubes wi th  the  back and sides of 
the  crystals  insula ted  f rom solution as descr ibed p r e -  
viously (14). The n -GaAs  obta ined from Monsanto 
Corpora t ion  (St. Louis, Missouri) ,  and p-GaAs,  pu r -  
chased from Atomergic  Chemicals (Long Island, New 
York) ,  were  or iented  wi th  the (111) face exposed to 
solution. High pur i ty  polycrys ta l l ine  GaAs slices (ROC/ 
RIC, Sun Valley,  California)  were  hea ted  in a n i t ro-  
gen a tmosphere  at  450~ for  4 h r  wi th  In  and Ga vapor  
passed over  the  crystal .  Electrodes of the resul t ing p -  
type  conduct iv i ty  ma te r i a l  (1 X 2 X 0.1 cm) were  
p repa red  by  the p rocedure  used for the  single crystals .  
The semiconductors  were  first mechanica l ly  polished 
wi th  0.5 ~m a lumina  and then etched by  one of the 
fol lowing procedures  ( the effect of the different  p re -  
t rea tments  is discussed in the nex t  sect ion):  (A) No 
chemical  etchant;  (B) 6M HC1 for 30 sec; (C) H2SO4: 
H202:H20 (3: 1:1 by  volume)  for  10 sec; (D) the e tch-  
ant  in (C) for 5 sec fol lowed by  6M HC1 for 25 sec; 
(E) 5% Br2 in methanol  for 30 sec. 

The ACN and compounds used were  purified, dried, 
and character ized as descr ibed previous ly  (5, 6). Po-  
l a rographic  grade  tetra-n-butylammonium perchlora te  
(TBAP) ,  which was dr ied  for three  days  under  vac-  
uum, was used as the suppor t ing  electrolyte .  A cyclic 
vo l t ammogram at a P t  disk electrode was obta ined  at  
the  beginning and end of each exper imen t  to insure  

the  pu r i t y  of al l  chemicals  used and ca l ib ra te  the  r e f -  
erence e lect rode potent ial .  

A t h r e e - c ompa r tme n t  e lect rochemical  cell  of p re -  
vious design (6) was used. The countere lec t rode  was 
a coiled P t  wi re  separa ted  by  a med ium poros i ty  glass 
f l i t .  The quas i reference  e lec t rode  was a s i lver  wire  
immersed  in the solut ion and separa ted  f rom it  by  a 
med ium poros i ty  glass frit .  Al l  values are  r epor ted  vs. 
the  aqueous sa tu ra t ed  calomel  e lect rode (SCE).  The 

+ 
ha l f -wave  potent ia l  of the TMPD/TMPD " redox  cou- 
ple was found in this s tudy  to be s l ight ly  negat ive  of 
that  repor ted  prev ious ly  (5, 6) when compared  to 
the  posit ions of the o ther  redox  couples. A large a rea  
(14 cm 2) P t  foil  countere lec t rode was used wi thout  a 
glass f r i t  for  capaci tance measurements .  

A PAR 173 potent ios ta t  and PAR 175 Universal  p ro -  
g r a mme r  (Pr inceton Appl ied  Research Corporat ion,  
Princeton,  N. J.) were  used to obta in  the  cyclic vol-  
tammograms.  Posi t ive  feedback was used to compen-  
sate for solut ion resis tance and the in te rna l  resis tance 
of the semiconductors.  The i-V curves were  recorded 
on a Houston Model  2000 X - Y  recorder  (Houston In-  
s t ruments ,  Aust in,  Texas)  for sweep rates less than  or  
equal  to 1 V/sec. For  sweep rates g rea te r  than  1 V/sec 
a Model  1090A digi ta l  oscil loscope (Nicolet, Madison, 
Wisconsin) was used. The l ight  source was a 450W 
xenon l amp  (Oriel  Corporat ion,  Stamford,  Connect i -  
cut) equipped wi th  a red  filter. The solutions were  
p repa red  and sealed in a he l ium-f i l led  Vacuum A~mo- 
sphere  Corpora t ion  (Hawthorne ,  Cal i fornia)  glove box. 

Results 
Capacitance measurements.--The product ion  of a 

deplet ion l aye r  wi th in  the  semiconductor  leads to a 
change in the  space charge  capaci tance as given by  
the Schot tky-Mot t  (S-M)  equat ion (Eq. [1]) 

1/Csc 2 = 2 (A~s --  kT/e)  / (eeoeno) [1] 

where  Csc is the space charge  capaci tance of the  semi-  
conductor,  e is the dielectr ic  constant  of the  semi-  
conductor,  ~o is the  pe rmi t t i v i t y  of free space, no is the 
dopant  concentrat ion,  and A~s is the  amount  of band 
bending  wi th in  the  semiconductor .  A plot  of 1/Csc 2 
vs. V should have a s lope re la ted  to the donor (n-  
type)  or  acceptor  (p - type)  dens i ty  and an x - in t e rcep t  
corresponding to Vfb. However ,  numerous  studies of 
the  var ia t ion  of Csr wi th  V at  different  frequencies,  
such as those by  Gomes et al. (15-17), have shown 
that  nonl inear i t ies  and var ia t ions  in the x - in t e rcep t  of 
the  S-M plots occur as a function of frequency.  These 
f r equency-dependen t  deviat ions in t roduce  uncer ta in -  
ties in the  ex t rapo la t ed  V~b values  and the s lope-  
der ived  dopant  densities.  However ,  GaAs appeared  to 
be pa r t i cu la r ly  w e l l - be ha ve d  in S-M plots at  differ-  
ent  frequencies in aqueous solutions and reasonable  
values of Vfb have been obta ined  with  both the  p -  
and n - t y p e  dopants  (16-18). S imi la r  consistent  and  
we l l -behaved  1/Csc 2 vs. V plots were  found in ACN 
wi th  0.SM TBAP as the  suppor t ing  electrolyte .  The 
total  cell  capaci tance was measured  f rom the charging 
cur ren t  in the cyclic vo l t ammograms  at  scan rates  from 
0.2 to 1000 V/sec as in Eq. [2] (14) 

Csc ~ CTOTAL = i /vA [2] 

where CTOTAL is the  to ta l  capaci tance measured,  i is 
the nonfaradaic  charging current ,  v is the  scan rate,  
and A is the e lect rode area. The  faradaic  cur ren t  was 
less than  1 ~A/cm 2 and Vfb was found to be --1.0 and 
+0.1V (_+0.2V) for n-  and p-GaAs,  respect ively,  etched 
by  procedure  (D) as shown in Fig. l ( a  and b) .  The  
donor concentra t ion (no) for n -GaAs  and acceptor  
concentra t ion (Po) for p - G a A s  were  found to be 2 X 
101S/cm 3 (compared  to manufac tu red  specifications of 
1.34 • 101S/cm 3) and 3 X 1018/cm 3, respect ively .  How~ 
ever, it  was found tha t  af ter  r epea ted  etchings by  
procedure  (C) the  Vfb shif ted in a negat ive  di rect ion 
as shown in Fig. 1 (c and d) .  Pro longed  t r ea tmen t  in 
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Fig. 1. $chottky-Mott plot in acetonitrile solution of 0.5M TBAP 
supporting electrolyte from cyclic voltamm~ogram at 100 V/sec. (a) 
p-GaAs etched by procedure D, (b) n-GaAs etched by procedure D, 
(c) p-GaAs etched by method C, and (d) n-GaAs etched by proce- 
dure C. 

the H2SO4/H202/H~:) e tchant  p roduced  a mul t ico lored  
s t r e aky  looking surface which gave rise to nonl inear  
1/Csc ~ vs. V plots. 

F requency  dependence,  or  in this case scan ra te  de -  
pendence,  was observed  in the  1/Csc 2 vs. 1/ plots wi th  
h igher  sweep rates  producing  s teeper  slopes and in 
most  cases d i f f e ren t  x- in te rcepts .  The f r equency-de -  
penden t  devia t ions  were  qui te  reproduc ib le  for a given 
e tchant  p rocedure  and r e l a t ive ly  smal l  compared  to 
the  devia t ions  observed wi th  surface pre t rea tment .  
The e t chan t - r e l a t ed  deviat ions in the  Scho t tky-Mot t  
plots  cor re la ted  closely wi th  the  redox behavior  of the 
crysta ls  as wil l  be discussed. 

The Vfb was also es t imated  f rom the open-c i rcu i t  
photovol tage  (19). If  the  poten t ia l  of an n - t y p e  semi-  
conductor  e lect rode is ad jus ted  posi t ive  of Vfb p ro -  
ducing posi t ive  band  bending,  and then  i l lumina ted  
wi th  l ight  of energy  grea te r  than  the bandgap,  the  
pho togenera ted  holes and electrons are  separa ted  in 
such a w a y  as to decrease  the  electr ic  field in the space 
charge  layer .  The net  effect is tha t  the open-c i rcu i t  
potent ia l  pulses in a negat ive  di rect ion toward  Vtb 
under  pulsed i l luminat ion.  Exper iments  of this type  
wi th  n -GaAs ,  using a ba t t e ry  to set the  ex ten t  of band  
bending,  p roduced  negat ive  potent ia l  pulse  at  al l  po-  
tent ia ls  f rom 0 to --2.6V. The  p - t y p e  semiconductors  
should produce  pos i t ive-going  potent ia l  pulses when 
i l lumina ted  at potent ia ls  negat ive  of Vfb. Wi th  p - G a A s  
posi t ive pulses  were  seen f rom --2.6 to -~0.2V. 

Redone behavior . - -The  cyclic vo l tammet r ic  (cv) be -  
hav ior  of the  semiconductors  was examined  in the 
ACN solutions conta ining var ious  redox  couples. The 
da rk  peak  currents ,  ip, were  d i rec t ly  propor t iona l  to 
vV2 in al l  cases for  the  scan ra tes  (0.05-2 V/sec)  and 
concentrat ions (0.2-5 mmole)  employed.  The cur ren t  
decay fol lowing the cv peaks  showed app rox ima te ly  
t-~/2 decay.  Thus the  d a r k  currerl ts  in' these cv ex-  
per iments  was in al l  cases l imi ted  by  the  diffusion 
of the e lec t roact ive  species in solution. 

n - G a A s . - - T h e  elect rochemical  behavior  of n -GaAs  
in ACN in the  absence of added  redox  couples is shown 
in ]Fig. 2. The  GaAs was etched by  procedure  (D) as 
descr ibed  in  the expe r imen ta l  sect ion for  a l l  cv exper i -  

i 

l 
! 

J 

/ g-.aA~ f 
, _ j  

j 
J I I 
0 -1  - 2  

Potential ,V,vs SCE 

Fig. 2. The cyclic voltammogram in 0.1M TBAP solution at 0.2 
V/see in the dark ( - - )  and illuminoted ( . . . .  ) of (a) n-GaAs and 
(b) p-GaAs. 

ments  unless noted otherwise.  The ini t ia l  scan f rom 
0.0V to negat ive  potent ia ls  shows a reduct ion peak  at  
- - 1 . 5 V  which was not observed  on a P t  disk electrode.  
The oxida t ion  of the  n - G a A s  d id  not  occur unt i l  the  
potent ia l  was posi t ive of the  valence bandedge  both in 
the  clark and when i l lumina ted  wi th  red  l ight  even 
though the photodissolut ion of n -GaAs  occurs posi t ive 
of --0.7V in aqueous solutions. Smal l  anodic cur ren t  
spikes ( <  20 #A/cm~), which decayed  quickly  wi th  
time, were  observed  when  the e lect rode was i l lumin-  
a ted wi th  pulsed l ight  a t  potent ia ls  posi t ive of Vtb 
( - -1V) .  The reduct ion of the  solvent  on n - G a A s  elec-  
t rode  in  the  da rk  and when  i l lumina ted  occurred  at  
potent ia ls  more  negat ive  (--3.0V) than  observed on a 
P t  disk e lect rode (--2 .5V).  

Electron t rans fe r  be tween  a n  n - t y p e  semiconductor  
and  redox  couples located at  potent ia ls  nega t ive  of 
the CB edge should idea l ly  resemble  tha t  at a metal ,  
since the  da rk  redox processes occur under  accumula-  
t ion l aye r  condit ions and no photoeffects (o ther  than  
those a t t r ibu tab le  to heat ing and convection) a re  ex-  
pected at  these potentials .  Such behavior  has been ob-  
served prev ious ly  wi th  n-CdS,  n-ZnO (5), and n-TiO2 
(6). However ,  deviat ions f rom this m e t a l - l i k e  behav ior  
were  found for n - G a A s  for al l  r edox  couples wi th  
s t andard  potent ia ls  negat ive  of Vfb. The da rk  reduc-  
tions occurred at more  negat ive  po ten t i a l s  than  at  P t  
and the anodic peak  on reversa l  was located at more  
posi t ive values  wi th  the difference in peak  potentials ,  
AEp, being much  l a rge r  than  tha t  expected  for  a re -  
vers ib le  cv wave. For  example ,  ~Ep for the reduct ion 
of 9 ,10-diphenylanthracene (DPA) in the  da rk  (Fig. 
3) is much l a rge r  than  on Pt. Under  i l lumina t ion  the 
reduct ion and oxida t ion  waves  are  both shif ted to 
more  negat ive  potent ia ls  wi th  a decrease in ~Ep. The 
negat ive  shift  of the anodic wave  under  i l lumina t ion  
resul ts  in the  oxida t ion  of the  reduced  forms occurr ing  
more  easi ly (i.e., at less posi t ive potent ia ls)  at  the  
i l lumina ted  n -GaAs  than  on Pt. The i n t ens i t y -depen -  
dent  reoxida t ion  peak  could be shif ted to potent ia ls  
even more  negat ive  than  that  of the reduct ion peak  on 
n -GaAs ,  when  the switching p o t e n t i a l w a s  sufficiently 
negat ive  as shown. Etching procedure  (B) produced 
a smal le r  photoeffect  and y ie lded  about  the  same peak  
potent ia ls  in the  da rk  and under  i l luminat ion.  Peak  
potent ia ls  for var ious  couples at  P t  and GaAs are  
summar ized  in Table  I. 

The cv reduct ion of o ther  couples wi th  reduct ions 
occurr ing negat ive  of Vfb showed s imi lar  behavior .  
An th racene  (A) reduct ion  occurs in the  d a r k  wi th  Epc 
wel l  negat ive  of its va lue  on P t  (Fig. 4). The oxidat ion  
of the  radical  anion in the da rk  on scan reversa l  occurs 
at  much more  posi t ive potentials ,  i.e., about  --0.06 
(-+-0.3)V. If  the  scan is again  reversed  fol lowing this 
anodic peak, the  anodic cur ren t  remains  la rger  than  
that  dur ing  the first r eversa l  scan. This resul ts  in a 
crossing of the  i -V  curves (or hys te res i s ) .  Such be -  
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Fig. 3. Cyclic voltammogram of dlphenylanthracene at o Pt disk 
electrode and single crystal n- end p-GaAs electrode in the dark 
and illuminated with red light. The DPA concentration was 2.3 
mmoles and the scan rate was 0,2 V/see. 

havior in cv scans usual ly  signals a change in the na-  
ture  of the electrode surface. I r radiat ion of the n-GaAs 

with red l ight  causes the reoxidation peak for A - to 
be shifted to potentials more negative than  those ob- 
served on a Pt  disk (Fig. 4). An  open-circui t  photo- 
potential  of 500 mV was measured between the i l lu-  
minated n-GaAs and a Pt  electrode in  an equimolar  

A/A"  solution. The anodic peak potential  was depen- 
dent  on the l ight in tens i ty  with the higher intensities 
shift ing the peak to more negative potentials. Repeti-  
t ive scans of the reduct ion and photooxidation peaks 
produced identical  i-V curves for at least 100 scans. 
The reduct ion of the solvent was again shifted from 
its value on Pt  to more negative potentials (i.e., --3V).  
Such negative overpotentials  under  i l luminat ion  have 
not been observed previously at an n - type  semicon- 
ductor for couples negat ive of Vfb. They occur with a 
number  of couples at n-GaAs,  however, as shown by 
the data summarized in  Fig. 5. The observed hysteresis 

I I I ] I 

2mA/cm 2 

T 
 L~176 

~ _L _~  

n - - -  Dark/V* / ~ . ~  
p_~aas Ilium / / / / ? 

I i I I I A 
-1 - 2  

Potent  ia l ,  V,vs SCE 

Fig. 4. Cyclic voltmmmogram of a 2.7 mmoles solution of anthra- 
cene at a Pt disk electrode and single crystal n-GaAs electrode in 
the dark and illuminated with red light. The scan rate was 0.2 
V/sec. 

and influence of etching procedure on the results 
s trongly suggest that  this effect is associated with 
changes in  the GaAs surface in  this potent ial  region. 

The three-step reversible reduct ion of Ru(bipy)3  +2 
to the anion provides fur ther  evidence o$ the changes 
in the n-GaAs surface. The reoxidation of Ru(b ipy)z  + 
appears more reversible (i.e., E p a  o c c u r s  at more nega-  
t ive potentials) when  the potential  scan is reversed 
directly after the first reduct ion peak and the scan is 
not  extended to include the remaining  two reduction 
waves. In  this case Epa for Ru(bipy)~ + occurs at 
--1.26V with a switching potential  (Ex) of --1.47V and 
not  the --0.93V shown in  Table I (obtained with E~ = 
--2.2V). A similar effect is observed for the Epa of 
Ru (bipy) 3 ~ where Ep~ is -- 1.44V, when Ex = -- 1.62V. 
Each of the three in tens i ty-dependent  photooxidations 
were shifted to potentials negative of where they oc- 
cur on a Pt  disk electrode. Just  as a more negative 
switching potential  produced a more irreversible dark 
oxidation, it also produced a negative shift in the pho- 
tooxidation peak potential. Each of the three photooxi- 
dation peaks for the ox i da t i on  of R u ( b i p y ) a -  to 
Ru(b ipy)a  2+ was shifted ,~0.4 negative of their value 
on a Pt  disk electrode. Thus, a similar  underpotent iaI  
was observed covering about a 1V range. The dark 

Table I. Peak potentials for reductions and reoxidations of the compounds used in this study 
at the semiconductor electrodes in the dark and illuminated with red light. All potentials 

are vs. SCE and at a scan rate of 0.2 V/see* 

n - G a A s  p - G a A s  

D a r k  I l l u m i n a t e d  D a r k  I l l u m i n a t e d  

E t  E p ~  E v a  E p c  Epa Epc  E p a  E v e  E p t  

B a n d g a p  
Vtb 
A 
D P A  
R u  ( b i p y  ) s § 

Ru(TPTZ)= +8 

A Q  
B Q  

O x . i  .~ 

T M P D  +. 

1 . 3 5 e V  1 . 3 5 e V  
- 1 . O V  (-----0.2) + 0 . 1 V  ( •  

- 1 . 9 4  - 2 . 4 5  - 0 . 0 6  - 2 . 3 2  - 2 . 2 9  - -  - 1 . 3  - 1 . 6  - 1 . 4 2  
- 1 . 3 4  - 1 . 9 7  - 1 . 6 9  - 2 . 0 9  - 2 . 2 7  - 1 . 6  - 1 . 5 9  - 1 . 5 8  
- -  1 . 3 0  - -  1 . 3 8  - - 0 . 9 3  - -  1 . 4 4  - -  1 . 6 5  - - 2 . 1 2  - - 0 . 7 9  - - 0 . 7 2 .  - - 0 . 7 4  
- -  1 . 4 9  - 1 . 5 5  - -  1 . 3 7  - 1 . 6 2  - -  1 . 7 9  - -  2 . 2 7  - -  - 0 . 6 5  - 0 . 8 9  
- -  1 . 7 3  - -  1 . 6 4  - 1 . 7 9  - 2 . 0 6  - -  2 . 0 8  - 1 . 0 8  - -  1 . 0 4  
- - 0 . 8 1  - 0 . 8 8  - - 0 . 9 9  - - 1 . 2 3  - -  2"..06 - ~ . .62  - 0 . 3 7  - - 0 . 5 2  
- - 0 . 9 7  - -  1 . 0 5  0 . 5  - -  1 . 1 7  - -  1 . 3 8  - -  ~ - 0 . 5 3  - - 0 . 7 0  
- 1 .63  - -  1 .73  - 1 .59  - 1 .38  - -  1 .92  - -  - -  - -  1 .07  - 1 . 1 5  
- 1 .88  - 2 . 0  - 1 .88  - 2 . 1 8  - - 2 . 1 2  - 1 . 2 7  - 1 . 2 7  
- 0 . 9 4  - -  1 . 6 4  0 . 9  - 1 . 5 4  - 1 . 4 4  - - 2 . 4  - 0 . 6 2  - -  0 . 6 5  - 0 . 5 2  
- 0 . 5 2  - 1 . 4 7  - -  - 1 . 4 5  - - 0 . 9 8  - -  2 . 4  - -  0 . 1 7  - -  0 . 6 8  - -  0 . 4 2  

- 0 . 4 2  - 0 . 7 5  - -  - - 0 . 9 3  - - 0 . 9 8  - - 0 . 6 0  - - 0 . 3 5  - 0 . 3  - 0 . 2 5  
- 1 . 6 6  ~ - 1 . 6 9  - -  1 . 7 4  - - 2 . 4  - 1 . 0 5  - -  1 , 0  - - 0 . 9 5  

0 . 1  - - 0 . 6 2  - -  - - 0 . 6 1  - - 0 . 4 2  0 . 0 2  0 . 1 6  0 . 1 2  0 . 2 4  
0 . 6 1  0 , 7 0  0 . 6 3  0 . 7 8  

* A b b r e v i a t i o n s  u s e d  i n  t h i s  t a b l e :  A ,  a n t h r a c e n e ;  D P A ,  d i p h e n y l a n t h r a c e n e ;  b i p y ,  b i p y r i d i n e ;  T P T Z ,  2 , 4 , 6 . t r i p y r i d y l - s - t r i a z e n e ;  A Q ,  
a n t h r a q u i r ,  o n e ;  B Q ,  b e n z o q u i n o n e ;  O x - 1 ,  o x a z i n e - 1 ;  T M P D ,  N , N ,  N ' ,  N ' ,  t e t r a m e t h y l - p - p h e ~ y l e n e d i a m i n e .  

t T h e  r e v e r s i b l e  r e d o x  p o t e n t i a l  o n  a P T  d ~ s k  e l e c t r o d e .  
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Fig. 6. Cyclic voltammogram of a 3 mmoles AQ, 3 mmoles AQ �9 
solution at a Pt disk electrode and at a n- and p-GaAs single 
crystal electrode in the dark and illuminated with red light. The 
scan rate was 0.2 V/sec. 

Fig. 5. The peak potentials of the photooxidations on n-GaAs 
and[ phatareductions on p-GaAs from Table I. 

reduct ion  peaks  of Ru(b ipy)~+~ were  shif ted to more  
nega t ive  potent ia l s  a f te r  p r e t r ea tmen t  (C),  however ,  
no underpo ten t ia l  was observed  for  the  pho toox ida -  
t ion peaks.  The photooxida t ion  peaks  a f te r  p r e t r e a t -  
ment  (E) were  not  shif ted to as nega t ive  potent ia ls  
as wi th  t r ea tmen t  (D) .  

S imi la r  cv behavior  in the  da rk  and under  i l l umina -  
t ion was observed wi th  an thraqu inone  (AQ) and 
Ru(TPTZ)28+,  both  of which  a re  reduced  at  P t  at 
potent ia ls  near  Vfb of n-GaAs.  The cv da rk  reduct ion 
of AQ to the  red  radica l  anion occurred at  potent ia ls  
about  0.TV negat ive  of the  reduct ion  at  P t  (Fig. 6) 
and the  i -V curves showed some hysteres is  at  scan 
ra tes  g rea te r  t han  0.5 V/sec  (i.e., the  reduct ion  cu r -  
rent  a t  the  foot of the  reduct ion  peak  was sma l l e r  than  
the reduct ion  cur ren t  at  the  same poten t ia l  fol lowing 
scan reversa l  a f te r  the  cathodic peak ) .  On an ini t ia l  
scan, the  photooxida t ion  peak  poten t ia l  occurred at 
about  --1.23V, when E~ was more  negat ive  than  --1.5V. 
However ,  if Ex was ex tended  to --2.8V, then the da rk  
cathodic  peak  and photoanodic  peaks  were  shif ted to 
more  nega t ive  potent ia ls  shown in Fig. 6. The na ture  
of the  i -V curves depended  s t rong ly  on the e lec t rode  
p re t rea tment .  P rocedure  (B) produced  more  reve r s i -  
b le  peaks  in the  da rk  and a smal le r  underpotent ia l .  
Etchant  (C) caused the reduct ion  to shif t  to more  
negat ive  potent ia ls  (,-, --1.9V) and decreased the pho-  
tooxida t ion  cur ren t  at potent ia ls  nega t ive  of --1V, 
whi le  t r ea tmen t  (E) produced i -V curves s imi lar  to 
those found wi th  (B),  wi th  Epc and Epa at  --1.36 and 
--1.18V, respect ively,  under  i l luminat ion.  

The revers ib le  four - s t ep  reduct ion of Ru(TPTZ)2  +~ 
to the  anion appea red  more  revers ib le  on n - G a A s  
when the Ex was set at  more  posi t ive potent ials ,  s imi-  
l a r  to the  behav ior  found wi th  Ru (bipy)3 +2. Photooxi -  
dat ions of each oxida t ion  s ta te  were  observed wi th  
photoeffects observed over  a potent ia l  range  l a rge r  
than  Eg (Fig. 5). 

o 

T 
P t tOmA/c m 2 

n-GaAs ~ 7- 
Dark 5mA/cm2 

n-GaAs 

. ~  
l i I I I , I  

-1 -2  -3 
Petent ia I ,V,  vs SCE 

Fig. 7. Cyclic voltammogram of a 10 tamales BQ, 10 tamales BQ �9 
solution at o Pt disk el~-ctrode and n-GaAs single crystal electrode 
in the dark and illuminated with red light. The scan rate was 0.2 
V/sac. 

Couples wi th  potent ia ls  located wi th in  the  bandgap  
showed cv behavior  closer to that  observed wi th  o ther  
semiconductor  electrodes,  a l though the etching p r e -  
t r ea tmen t  st i l l  was of importance.  The cv curves for 
the  i r revers ib le  reduct ion  of BQ to the  radica l  anion 
on n - G a A s  are  shown in Fig. 7. The wave  is shif ted a l -  
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Fig. 8. Potential sweep of a 2.25 tamales BQ solution at a single 
crystal n-GaAs electrode pulsed with red light as shown in inset. 
The sweep toward positive potentials at 10 mV/sec. 

most 1V negative of its position at Pt  and no oxidation 
wave on reversal  is seen in the dark. Under  i l lumina-  
tion a photoanodic current  following reversal  at 
--0.98V was observed. The effect of periodic i l lumina-  
t ion dur ing a l inear  scan toward positive potentials is 
shown in  Fig. 8. Note that  in  this case, as opposed to 
similar experiments  reported at other semieonductors 
(5), a photoeffect is observed at potentials wel l  nega-  
tive of Vfb. In  the region of the BQ reduction wave the 
photocurrent  decay is proportional to t-v2 and cathodic 
overshoots dur ing the dark periods, represent ing re-  
duction of BQ photogenerated dur ing  the l ight pulse, 
are observed. At  potentials positive of --1.1V the 
height of these overshoots decreases because BQ re-  
duction no longer occurs as readily and the oxidized 
form (BQ) builds up at the electrode surface. How- 
ever small  cathodic overshoots are still observed up 
to the foot of the BQ reduction wave. The magni tude  
of the cathodic overshoots decreased to the background 
levels observed without  BQ present at potentials posi- 
t ive of --0.5V where reduction of BQ does not occur 
on Pt. The steady-state  current  observed under  con- 
t inuous i r radiat ion at a given potential  is a funct ion 
of photon flux at the electrode surface, and the rate of 
back-reduct ion reaction which produces a specific con- 
centrat ion profile is discussed in the next  section. Etch- 
ant  (B) produced more reversible dark currents and 
t rea tment  (C) produced more irreversible peak sepa- 
rations; smaller photoeffects were observed with both 
of these treatments.  Etchant (E) produced results simi- 
lar  to (D) but  the photoanodic peak potential  was 
slightly more positive (--0.84V). The dark reduction of 

+ 
O x - l '  (E ~ -- --0.42V) was also i r reversible  on n-  
GaAs positive of Vfb. The reduct ion and photooxida- 
t ion peak potentials, given in Table I, depended on 

+ "  

the electrode pre t rea tment  procedure. TMPD - was also 
i r revers ibly reduced on n-GaAs positive of Vfb as 
shown in Fig. 9. The photooxidation of TMPD to the 
blue radical cation also occurred with Ep well positive 
of Vfb and with an underpotent ia l  of ~0.5V. When the 
flux of photogenerated holes exceeded the flux of 
TMPD to the electrode surface, a current  peak was 
observed which shifted to more positive potentials on 
subsequent  scans. However, when the flux of TMPD 
exceeded the flux of holes, a photoanodic current  
plateau at a given potential  was observed which was 
stable for several hours of continuous current  flow. 

The reduction and reoxidation peak potentials of 
solution species whose E ~ lies wi thin  the bandgap thus 
show redox behavior  similar to that previously ob- 
served in  ACN where electron transfer  via in te rmedi -  
ate energy levels was proposed (5-7). A model ne-  
glecting states in the gap (1) predicts that  the reduc-  
t ion current  should be proportional to the concentra-  
t ion of electrons at the CB edge and density of states 
of oxidized species at that  energy in solution. How- 

' I  I J I 

__ n-GaAs O, 0 J I A " D a r k . - -  

o ; ~ T m A / c ~  

I J l I 
0 -1 

Polent ia l ,  vs SCE 

Fig. 9. Cyclic valtammogram of a 15 tamales TMPD, 10 tamales 
+ 

TMPD' solution at a Pt disk electrode and n-GoAs single crystal 
electrode in the dark and illuminated with red light. The scan rate 
was 0.2 V/sec. 

ever, the potent ia l -dependent  reduct ion which oc- 
curred at the most positive potential  was that  of 

+ 
TMPD" whose overlap with the CB energy levels is 
the smallest of those species lying below the CB edge. 

+ 
The reduction of T M P D '  occurred at potentials well 
positive of V~ (--  IV),  probably  via some intermediate  
level mechanism. Thus, the magni tude  of the under -  
potential  for the photooxidation of TMPD is l imited 
by the rate of reduct ion (or back-react ion) .  

p-GaAs.--The cv curves of p-GaAs in  an ACN solu- 
t ion containing only support ing electrolyte, shown in 
Fig. 2b, show currents  a t t r ibutable  to dissolution of 
the electrode at potentials positive of 0V both in  the 
dark and under  i l luminat ion.  A small  dark cathodic 
peak was observed at --1V while the background pho- 
toreduction occurred at about --2V compared to --2.5V 
on a Pt  disk electrode. For a p- type  semiconductor, in  
the absence of surface states or intermediate  levels, 
redox couples ly ing wi th in  the bandgap region should 
be oxidized in the dark at potentials more positive 
than Vfb (near  the valence bandedge) while  photore- 
ductions should occur at potentials negative of Vfb. 
Those redox couples located above the CB edge (i.e., 
at potentials more negative than about  --1.0V), which 
have significant overlap of the reduced species with the 
CB energy levels, are not  expected to undergo photo- 
reduction at potentials more positive than at a Pt  elec- 
trode, because (i) the potential  or reducing power of 
the photogenerated electron in the CB is not  great 
enough to fill a vacant  energy level in  such a solu- 
t ion species and (ii) the rate of oxidation (i.e. back- 
reaction) of the photogenerated species should be po- 
tent ial  independent  and rapid under  these conditions. 
However, photoreductions of solution species were ob- 
served for solution species lying negative of the CB 
edge; the data are summarized in  Fig. 5 and Table I. 
Consider the behavior  of anthracene (A) (Fig. 4). The 
small  rise in the reduction cur ren t  of A on p-GaAs 
starts at about --1.9V in the dark and on scan reversal  
a small  anodic peak was observed at about --1.3V. 
When i l luminated  with red light a photoreduction cur-  
rent  was observed at  --1.6V with the appearance of 

the blue radical anion, A T , at the electrode surface. 
Thus the photoreduction peak potential  is about 370 
mV positive of its value on Pt. The background pho- 
toreduction of the solvent was also shifted from the 
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--2.5V observed on P t  to about  --2V. The redox be-  
hav ior  of D P A  was s imi lar  to tha t  of  A, wi th  the  
oxida t ion  of  the  radica l  anion shif ted wel l  posi t ive of 
i ts E ~ on Pt. The photoreduct ion  peak  potent ia l  was 
inl~ensity dependent ;  at  h igher  intensi t ies  both  the  
cathodic and anodic peaks  were  shif ted to more  posi-  
t ive potentials .  The  cyclic vo l t ammogram of DPA at 
the p -GaAs  under  a constant  photon  flux remained  un -  
changed af te r  more  than  100 repe t i t ive  scans. 

The cv behavior  of Ru (bipy)3 +2 on p - G a A s  is shown 
in Fig. 10. The da rk  reduct ion  occurs at ve ry  negat ive  
potent ia ls  wi th  a smal l  b road  oxida t ion  peak  on re -  
versal  at  potent ia ls  posi t ive of Vro.'The photoreduct ion  
occurs wel l  posi t ive of its va lue  on Pt. The  r eox ida -  
t ion peak  potent ia ls  under  i l lumina t ion  were  depen-  
dent  on the switching potential .  A more  negat ive  Ex 
produced a l a rge r  concentra t ion  bu i ldup  of the  reduced  
species and the  reox ida t ion  peak  occurred at  more  
negat ive  potent ials .  Po lycrys ta l l ine  p -GaAs  electrodes 
showed s imi lar  behav ior  to the  single crysta l  wi th  an 
observed underpo ten t ia l  on photoreduct ion  of s imi lar  
magni tude.  

A hysteres is  was observed  in the i -V curves for  the 
reduct ion  of AQ on p-GaAs,  which  occurred  in the  
da rk  1.5V negat ive  of its va lue  on Pt. The oxidat ion  of 

A Q :  was ve ry  sensi t ive to surface conditions and the 
anodic peak  height  on reversal ,  in the  dark,  decreased 
on repe t i t ive  scans. The anodic peak  height  increased,  
however ,  when the e lect rode was i l lumina ted  for 2-3 
sec be tween  scans. The photoreduct ion  peak  potent ia l  
occurred at  potent ia ls  posi t ive of its E~c at  P t  wi th  
etching procedure  (D) (Fig. 6). No underpo ten t ia l  
was observed,  however,  for e tchants  (B) and (C).  

The unexpec ted  photoeffects at  p -GaAs  found for 
reduct ions of couples wi th  redox energies  located 
above the  conduct ion bandedge  is analogous to the 
photoeffects observed wi th  these couples at  n-GaAs.  
Aga in  the  s t rong effect of e tching p re t r ea tmen t  p ro -  
cedure, the  observed crossing of the  i -V curves, and 
effect of E~ on Epa al l  suggest  tha t  a surface l aye r  is 
responsible  for  this behavior .  

The behavior  of p - G a A s  wi th  Ru(TPTZ)2  +z was 
s imi lar  to that  of Ru(b ipy )3  +2 wi th  the  reoxida t ion  
peak  potent ia l  of Ru (TPTZ)2 +2 ve ry  posi t ive of where  
the  reduct ion  of the + 3  species occurs, and ~0.2V 
posi t ive of Epa on Pt. The photoreduct ion  of the  + 3  
state s ta r ted  at  about  +0.1V and the reoxida t ion  peak  
potent ia ls  depended  on Ex as p rev ious ly  described.  A 
hysteresis  of crossing of the i-V curve was observed 
dur ing  the da rk  cv reduct ion  of BQ on reversal .  A l -  
though the photoreduct ion  cur ren t  s ta r ted  at  -0 .2V,  

I pt _ ~ ' T  

p GaAs 
O~ ~ Dark ~ / _  

~1 / / X ~  ) / 10:4 rnA/cm2 

F-'/// 
0~__~~ I [ 

-1.0 Potential,V, vs SC ~ -2.0 

Fig. 10. Cyclic voltammogram at 0.2 V/sec of Ru(bip~)a +2 at a 
Pt disk electrode and single crystal p-GaAs electrode in the dark 
and illuminated with red light. The Ru(bipy)3 +2 concentration 
was 1.2 mmoles. 

Epc under  i l lumina t ion  was negat ive  of E ~  of BQ on 
Pt. A l though  the  peak  potent ia l  for the  reduct ion  of 
Ox-1 + on p - G a A s  occur red  at potent ia ls  more  posi t ive 
than  e i ther  BQ or Ru(TPTZ)2  § the  subsequent  po-  
tent ia l  scans in the  da rk  produced  a more  negat ive  
peak  with  a hysteresis  observed.  The photoreduct ion 
peak, as shown in Fig. 3, was observed on single c rys-  
tal  and po lycrys ta l l ine  in p-GaAs.  

The i -V curve for the  reduct ion  of Ox-1 to the  r ad i -  
cal anion and the underpo ten t ia l  developed on photo-  
reduct ion are  s imi lar  to the  behavior  p rev ious ly  de -  
scr ibed for redox  couples wi th  s imi la r  s t andard  po-  
tent ia ls  as shown in Fig .  5. 

+ 
The T M PD /T M PD "  redox  potent ia l  l ies ve ry  near  

the  valence band of GaAs so that  the re  is over lap  of 
the oxidized species wi th  the  VB and hole in ject ion 
into the  VB is possible.  Nea r ly  revers ib le  e lec t ron 
t ransfe r  occurs in the  da rk  and only a ve ry  small  pho-  
toreduct ion cur ren t  is seen, when  the e lec t rode  is i l -  
lumina ted  wi th  red  light.  

Discussion 
An impor t an t  f ea tu re  of the behav ior  of GaAs elec-  

t rodes which differs f rom other  electrodes s tudied p re -  
viously in ACN is the  occurrence of specific surface 
effects. When  the GaAs e lec t rode  is b rought  to nega-  
t ive potent ials ,  reduct ion  of the  e lect rode surface oc- 
curs. The surface l aye r  so produced leads to shifts in 
the  potent ia ls  for  da rk  reduct ions of couples wi th  
s tandard  potent ia ls  located negat ive  of --1.0V (Vfb on 
n -GaAs)  as wel l  as photoeffects in the  oxida t ion  of 
these couples at  n - t y p e  GaAs and in the  reduct ion  of 
these couples on p - t y p e  GaAs. Moreover,  whi le  the  
potent ia l  range  at  which photoeffects are  observed is 
usua l ly  somewhat  smal le r  t han  the semiconductor  
bandgap,  for GaAs photoeffects occur over  a potent ia l  
range  of a t  least  2.5V. For  example ,  photooxidat ions  of 
both  an thracene  radica l  anion (E1/2(Pt) _-- --1.9V) 
and TMPD (E1/2(Pt) ---- +0.1V) take  place at n - G a A s  
(see Fig. 5); s imi la r ly  photoreduct ions  at p - G a A s  over  
a region l a rge r  than  Eg are  found. Clear  addi t ional  
evidence tha t  this effect involves fo rmat ion  of a sur -  
face l aye r  is the occurrence for first scans toward  neg-  
a t ive  potent ia ls  of f reshly  etched GaAs electrodes of 
a reduct ion wave  with  an in tegra ted  area  cor respond-  
ing to g rea te r  than  mono laye r  coverage (i.e. > 15 ~C), 
as well  as the  hys teres is  observed in the  i -V curves 
and the dependence  of Ep on switching potent ia l  wi th  
severa l  couples. Surface  layers  were  proposed wi th  the  
I I I -V  ga l l ium-conta in ing  semiconductor  n - G a P  (5, 
20); however,  n - G a P  photoeffects were  different  than  
those found wi th  n -GaAs  wi th  underpoten t ia l s  ob-  
served  wi th  only a few redox species (5). Aqueous  
studies of the  reduct ion  process of n -GaAs  have shown 
the product ion of AsH3 when  H~ was evolved at  the  
surface (21, 23). 

The  observed effects can be expla ined  if this surface 
l aye r  is assumed to form a Schot tky  junct ion  wi th  the  
under ly ing  semiconductor  analogous to a m e t a l / s e m i -  
conductor  junction.  Such a junct ion  on the surface of 
the  semiconductor  could produce  a ba r r i e r  to e lec t ron 
flow in the da rk  and aid in e lect ron t ransfe r  th rough  
the  deve lopment  of a photopotent ia l  when the junct ion 
is i l lumina ted  (Fig. 11). The  photopoten t ia l  would add 
in ser ies  to the  appl ied  potential ,  in such a di rect ion as 
to assist reduct ions for p - t y p e  GaAs and assist  ox ida -  
tions at  n - t y p e  GaAs. We a t t empted  to obta in  d i rec t  
evidence for  the existence of such a surface l aye r  by  
comparison of the  x - r a y  photoelec t ron and A u g e r  
e lect ron spectroscopy of f reshly  etched and reduced 
GaAs elect rode surfaces. The  resul ts  were  ambiguous,  
however ,  because la rge  oxygen  and carbon peaks  were  
found on al l  surfaces making  quant i t a t ive  surface ana l -  
ysis difficult. S imi la r  effects have prev ious ly  been 
found in the  e lect ron spectroscopy of GaAs (24). A l -  
though s l igh t ly  h igher  atomic rat ios  of G a / A s  were  
found wi th  the reduced  ma te r i a l  compared  to etched 
GaAs, the  la rge  re la t ive  e r ror  in the  analysis  makes  
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Fig. 11. Illustration of semiconductor in contact with solution and 
Pt counterelectrode (A) in equilibrium where the Fermi level ( - - - )  
in each phase is equal. (B) Illumination o.f the semiconductor surface 
and photovoltage, V, between the semiconductor and surface layer 
and (C) equivalent electrochemical representation. 

this finding inconclusive.  The rat ios of G a / A s  on 
f reshly  etched G aAs surfaces [procedure (B)]  were  
s imi lar  to those repor ted  prev ious ly  (0.78-0.85) (24), 
however .  

A quant i ta t ive  t r ea tmen t  of the  observed e lec t ro-  
chemical  behavior  is pa r t i cu l a r ly  difficult for GaAs, 
since the  observed cur ren t  depends  not  only  on the 
usual  mass t ransfe r  rates  and e lect rode kinetics but  
also on the changing e lec t rode  surface. Thus the cv 
potent ia ls  were  dependent  on scan rate,  l ight  intensi ty,  
sweep direction,  switching potential ,  and previous  his-  
tory  of the  e lectrode surface. The  redox  behavior  of 
DPA, Ru(b ipy )3  +2, and Ru(TPTZ)~  +8 on n-GaAs,  
where  the  peak  potent ia ls  changed wi th  switching po-  
tential ,  can be a t t r ibu ted  to a decreased ra te  of reduc-  
t ion th rough  the surface b a r r i e r  and an increase of the  
anodic photocur ren t  under  i l luminat ion.  Abnorma l  
peak  potent ia ls  and peak  separat ions  are  found, for 
example ,  wi th  DPA (Fig. 3) where  the increase of the  
anodic pho tocur ren t  and the decrease  of cathodic cur -  
ren t  when a surface l aye r  is formed at  negat ive  po ten-  
t ials  produces  the  unusua l  s i tuat ion of Epa which is 
more  negat ive  than  E~. 

A second aspect  of this inves t igat ion is a comparison 
of the e lectrochemical  behavior  a t  n - t ype  and p - t y p e  
mate r i a l  of couples whose solut ion energy  levels are  
located wi th in  the gap region. In  the absence of sur -  
face states or in t e rmed ia te  levels,  which  can cause 
deviat ions f rom the  pred ic ted  charge  t ransfer  behavior  
across an ideal  semiconductor  l iquid in ter face  ( I ) ,  the 
ra te  of charge t ransfe r  from one phase to another  is 
p ropor t iona l  to the  dens i ty  of filled states in one phase 
and acceptor  states in the other. Ideal ly,  in the  absence 
of concentra t ion polar iza t ion  the ra te  of charge t r ans -  
fer  across the  semiconductor-solu t ion  in ter face  to 
couples in the gap region is p ropor t iona l  to the sur -  
face concentra t ion of electrons (in the  CB), ns, or holes 
(in the  VB),  p~, given under  equ i l ib r ium condit ions 

by  (1) 
ns --  Nc exp{ (EF --  E c ) / k T }  [3] 

Ps ---- Nv exp {-- (EF --  Ev) /kT}  [4] 

where  ns and Ps are  the surface  concentrat ion of elec-  
t rons at  the  CB edge and holes at the VB edge, respec-  
t ively;  Nc and Nv are  the  effective dens i ty  of states in 
the CB and VB, respect ively;  EF is the posi t ion of the  
Fe rmi  level;  k is the  Bol tzmann constant;  T is the ab-  
solute t empera ture .  When  EF is wi th in  the bandgap  
region, then nc and Ps are  independent  of the  type  (n-  
or  p - )  and amount  of dopant.  Thus, the ra te  of elec-  
t ron  t ransfe r  in the  absence of degeneracy  across a 
chemical ly  s table  semiconductor-solu t ion  in ter face  

would be dopant  independent  ( I ) .  However ,  the  peak  
potent ia ls  for reduct ion  and reoxida t ion  of solut ion 
species whose E~ l ie  wi th in  the  bandgap,  such as BQ, 

@ 
O x - I  +, and TMPD" a re  different  for n -  and p -GaAs .  
Severa l  sources of devia t ions  f rom the  s imple model  
a re  possible which  m a y  expla in  the expe r imen ta l  r e -  
sults. First ,  the rmal  equi l ibr ium,  which  is assumed 
wi th in  the  semiconductor ,  m a y  not  exis t  at  al l  cu r -  
ren t  densit ies.  The equ i l ib r ium concentra t ion of minor -  
i ty  carr iers ,  as g iven by  the Fe rmi  d is t r ibut ion  func-  
tion, must  be  t he rma l ly  genera ted  and main ta ined  at  
al l  potent ia ls  and cur ren t  densities.  I t  is genera l ly  ac-  
cepted tha t  t he rma l  equ i l ib r ium cannot  be  main ta ined  
in  l a rge r  bandgap  semiconductors ,  such as n-TiO2, 
when  the e lect rode potent ia l  is made  more  posi t ive 
than  the midd le  of the  bandgap  ( i ) .  Second, e lect ron 
t ransfe r  via  in te rmedia te  levels  (5) m a y  occur  th rough  
popula t ion  of such levels by  e i ther  the  CB (in n - type )  
or  VB (in p - t y p e ) .  Thus, the  involvement  of the  CB or  
VB, where  the  concentra t ions  of e lectrons and holes 
a re  dopant  dependent  would  produce  different  cur rents  
for n-  and p -GaAs .  We might  note tha t  analogous 
studies showed the photodissolut ion of the  n -GaAs  in 
aqueous solutions at  potent ia ls  ve ry  nea r  those found 

+ 
here  for the reduct ion  of TMPD ' (via  an in te rmedia te  
level)  (i.e., --0.7V vs. SCE) (I0, 12). The photore -  
duct ion and da rk  oxidat ions on p - G a A s  were  also 
shif ted near  this potent ial .  

F ina l ly ,  note (Table  I) tha t  l a rge  differences in Epc 
were  observed both in  the da rk  and under  i l l umina -  

+ 
tion, for redox systems wi th  a s imi lar  E ~ (e.g., Ox-1 �9 
and BQ).  Such la rge  differences a re  not usua l ly  ob-  
served and the reasons for the  effect are  not clear. 
Possibly  a specific in terac t ion  of the  radical  anions 
and cations wi th  the  GaAs occurs. 

In  agreement  wi th  previous  studies of smal l  bandgap  
n-  and p - t y p e  Si electrodes in ACN, we found that  
mechanical  pol ishing of the  e lec t rode  surface wi thout  
subsequent  etching produced an e lect rode which 
showed metal l ic  character is t ics  and g rea t ly  reduced 
photoeffects. P r e suma b ly  this po l i sh ing  produces  a 
grea t  many  surface states which can media te  e lect ron 
t ransfer  to solut ion species in the da rk  and act as 
recombinat ion  centers  for photogenera ted  e lec t ron-  
hole pairs.  

Clearly,  the  surface effects observed complicate  the  
behavior  of GaAs electrodes.  We might  note, how-  
ever, that  these surface films can be s table  and make  
possible the construct ion of r a the r  efficient solar  cells 
using n-  and p - t y p e  GaAs (25), as wel l  as systems 
for l ight  energy  up-convers ion  (26). 

Acknowledgment 
The suppor t  of this research  by  the Nat ional  Science 

Founda t ion  and The Elect rochemical  Society  (by  an 
Edward  Weston Fel lowship  to P.K.) is g ra te fu l ly  ac-  
knowledged.  

Manuscr ip t  received June  5, 1978. 

Any  discussion of this paper  will  appear  in a Dis-  
cussion Section to be publ i shed  in the December  1979 
JOURNAL. All  discussions for the  December  1979 Dis-  
cussion Section should be submi t ted  by Aug. l, 1979. 

Publication costs of this article were assisted by 
The University o] Texas at Austin. 

REFERENCES 
1. (a) H. Gerischer,  in "Physical  Chemis t ry :  An Ad-  

vanced Treatise,"  Vol. ~A, H. Eyring,  D. Hender -  
son, and W. Jost, Editors, Academic  Press, New 
York  (1970); (b) H. Gerischer,  Adv.  Electro- 
chem. Eng., 1, 139 (1961). 

2. M. Tomkiewicz,  in "Semiconductor  L iqu id - Junc t ion  
Solar  Cells," A. Heller,  Editor,  p. 92, The Elect ro-  
chemical  Society  Sof tbound Sympos ium Series, 
Princeton,  l~.j. ~19'~7). 

Downloaded 16 Feb 2009 to 146.6.143.190. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp



Vol. 126, No. 1 S E M I C O N D U C T O R  E L E C T R O D E S  67 

3o A. Yamamoto  and S. Yano, This Journal, 122, 260 
(1975). 

4. R. A. L. Vanden  Berghe,  W. P. Gomes, and F. Car-  
don, (a) Ber. Bunsenges. Phys. Chem., 77, 289 
(1973), (b) ibid., 78, 331 (1974). 

5. P. A. Kohl  and A. J. Bard, J. Am. Chem. Soc., 99, 
7531 (1977). 

6. S. N. F r a n k  and A. J. Bard,  ibid., 97, 7427 (1975). 
7. D. Laser  and A. J. Bard,  J. Phys. Chem., 8~}, 459 

(1976). 
8. A. J. Ba rd  and P. A. Kohl,  in "Semiconductor  

L iqu id - Junc t ion  Solar  Cells," A. Heller,  Editor,  
p. 222, The Elect rochemical  Society  Sof tbound 
Sympos ium Series, Princeton,  N.J. (1977). 

9. K. C. Chang, A. Heller,  B. Schwartz,  S. Menezes, 
and B. Miller,  Science, 196, 1097 (1977). 

10. A. B. Ellis, J. M. Bolts, S. W. Kaiser ,  and M. S. 
Wrighton,.  J. Am. Chem. Soc., 99, 2848 (1977). 

11. K. Nobe, G. L. Bauerle,  and M. Braun, J. Appl. 
Electrochem., 7, 379 (1977). 

12. S. Gourgaud  and D. Elliott ,  This Journal, 124, 102 
(1977). 

13. P. A. Kohl,  S. N. Frank,  and A. J. Bard, ibid., 124, 
225 (1977). 

14. R. N. Noufi, P. A. Kohl, S. N. Frank ,  and A. J. 
Bard,  ibid., 125, 246 (1978). 

15. E. C. Dutoit ,  R. L. Van Meirhaeghe,  F. Cardon, and 
W. P. Gomes, Bet. Bunsenges. Phys. Chem., 79, 
1206 (1975). 

16. W. H. Laflere, R. L. Van Meirhaeghe,  lV. Cardon, 
and W. P. Gomes, Surf. Sci., 59, 401 (1976). 

17. W. H. Laflere, F. Cardon, and W. P. Gomes, ibid., 
44, 541 (1974). 

18. T. Ambr idge  and M. M. Fak tor ,  J. Appl. Electro- 
chem., 4, 135 (1974). 

19. V. A. Myaml in  and Y. V. Pleskov,  "Elec t rochem- 
i s t ry  of Semiconductors ,"  P lenum Press, New 
York  (1967). 

20. (a) R. Landsberg,  P. Janietz,  and R. Dehmlow, Z. 
Phys. Chem. (Leipzig), 257, 657 (1976); (b) J. 
Electroanal. Chem., 65, 115 (1957); (c) Z. Chem., 
15, 38, 106 (1975); (d)  ibid., 14, 363 (1974). 

21. H. Gerischer,  and I. Mattes,  Z. Phys. Chem. N.F., 
49, 112 (1966). 

22. H. Gerischer,  Ber. Bunsenges. Phys. Chem., 69, 578 
(1965). 

23. H. Gerischer ,  Electrochim. Acta, 13, 1329 (1968). 
24. C. C. Chang, P. H. Citrin, and B. Schwartz,  J. Vac. 

Sci. Technol., 14, 943 (1977). 
25. P. A. Kohl  and A. J. Bard,  Unpubl i shed  data. 
26. J. D. L u t tme r  and A. J. Bard, Unpubl i shed  data. 

Structure Sensitivity in the Electrocatalytic 
Properties of Pt 

I. Hydrogen Adsorption on Low Index Single Crystals and the Role of Steps 

Philip N. Ross, Jr. I 
United Technologies Research Center, East  Hartford, Connecticut 06108 

ABSTRACT 

Single  crys ta l  surfaces were  used to examine  the s t ruc ture  sens i t iv i ty  of 
hydrogen  chemisorpt ion on Pt  in .dilute acid electrolyte .  An  e lect rochemical  
cell was coupled d i rec t ly  wi th  an u l t rah igh  vacuum system, and low energy  
e lect ron diffraction (LEED) and Auger  e lec t ron spectroscopy (AES) were  
used to de te rmine  the s t ructure  and composit ion of the  e lectrode surfaces. 
Hydrogen  adsorpt ion was examined  by  t r i angu la r  sweep cyclic vo l tammetry .  
Contr ibut ions  to the  mul t ip le  peaks  observed in vo l t ammograms  of P t  due 
specifically to anions were  deduced and the effects of surface geomet ry  alone 
were  determined.  A difference in hydrogen  bond energy (3.4 kca l /mole )  was 
observed for hydrogen  on the (111)-(1 X 1) and the (100)-(1  X 1) surface. 
Hydrogen  was also found to be more  s t rongly  bound at  ( ~ 4  kca l /mole )  at 
(100) steps than on the a tomica l ly  flat (100) surface. Hydrogen  adsorpt ion  on 
h ighly  ordered  surfaces could be described quan t i t a t ive ly  by  the classical 
model  for single site adsorpt ion  on a homogeneous surface wi th  a weak  
in terac t ion  be tween  neares t  ne ighbor  pairs.  This repuls ive  in terac t ion  lowers  
the coverage at 0V (NHE) of hydrogen  on a perfect  (111) surface to less than  
a monolayer .  Some evidence is p resented  suggest ing tha t  anion adsorpt ion  is 
also s t ruc ture  sensi t ive and tha t  the  " th i rd"  anodic peak  observed  on Pt  po ly -  
crysta ls  in 1N H~SO4 is due to s t ruc ture -sens i t ive  anion adsorpt ion.  

Single crys ta l  surfaces of control led and known 
s t ruc ture  can be used to isolate the effect of site geom- 
e t ry  on the e lec t roca ta ly t ic  proper t ies  of e lect rode sur -  
faces. Of pa r t i cu la r  prac t ica l  impor tance  is the  de te r -  
ruination of site specificity in the e lec t rocata ly t ic  p rop -  
er t ies  of smal l  (,~ 1 rim) clusters  of meta l  atoms, such 
as one has in the  case of h ighly  dispersed P t  on carbon 
(1). The geomet ry  of the  surface atoms in these 
clusters  depends  on the packing geometry,  the number  
of a toms in  the cluster,  and the shape of the  clusters, 
e.g., octahedrons,  cubo-octahedrons ,  icosohedrons, etc. 
Various the rmodynamic  calculat ions have been  p ro -  
posed (2-4) to predic t  the equ i l ib r ium cluster  geom- 

1 P r e s e n t  address: Lawrence Berkeley  Labora to r ies ,  Mater ia ls  
and Molecular Research Division, Berkeley,  California  94730. 

Key words: Auger  e lectron spectroscopy, low e n e r g y  e lec t ron  
diffraction, s toiehiometry of hydrogen on Pt.  

et ry  as a function of the  number  of atoms per cluster, 
but  there  is at  this t ime no exper imen ta l  confirmation 
of any  of these models. I t  is possible, however ,  to 
s imulate  nea r ly  all  of the  different  surface coordina-  
tions which may  occur on clusters by  the use of single 
crystals  and to l ea rn  a priori whethe r  cluster  geom- 
e t ry  has an impor t an t  effect on ca ta ly t ic  proper t ies .  

In  this work,  single crys ta ls  are  used to isolate  
s t ructure  sens i t iv i ty  in the  e lec t roca ta ly t ic  proper t ies  
of P t  surfaces in aqueous acid electrolyte .  In  Pa r t  I, 
the sensi t iv i ty  of the Pt-Hads bond energy  to the  sur -  
face s t ruc ture  is s tudied using the low index  surfaces 
of (111) and (100) or ientat ions and a stepped surface 
with  a high per iodic i ty  of monatomic  steps prepared 
from a single crys ta l  of (211) orientat ion.  These same 
surfaces a re  used in  P a r t  I I  (5) in the  s tudy  of the 
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