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Semiconductor Electrodes 
XVII. Electrochemical Behavior of n- and p-Type inP Electrodes in 

Acetonitrile Solutions 

Paul A. Kohl* and Allen J. Bard** 
Department oJ Chemistry, The University of Texas at Austin, Austin, Texas 78712 

ABSTRACT 

The photoelec t rochemical  behavior  of n -  and p - I n P  single crys taI  semi-  
conductors  was inves t iga ted  in acetoni t r i le  (ACN) solutions which contained 
var ious  e lect roact ive  compounds. The cyclic vo l t ammograms  of the  semicon-  
ductors  in the d a r k  and i l lumina ted  wi th  red  l ight  were  compared  to the 
Nerns t ian  behavior  at a P t  d isk  electrode.  The ex ten t  of photodissolut ion of 
the  semiconductors  was decreased in ACN compared  to aqueous solutions at  
s imi lar  potentials .  In t e rmed ia te  levels or  surface states located be tween  the 
conduct ion band and valence band which media te  e lect ron t ransfe r  wi th  solu-  
t ion redox  couples a re  proposed.  An  underpo ten t ia l  was developed for the pho-  
to assisted oxidat ions and reduct ions  wi th  n-  and  p - InP ,  respect ively ,  and the 
potent ia l  range  for photoreduct ions  on p - I n P  ex tended  negat ive  of the  con- 
duct ion bandedge.  The e lec t rochemical  behavior  and  magni tude  of the  unde r -  
potent ia ls  is compared  to resul ts  wi th  InP  in aqueous solutions and wi th  o ther  
semiconductors  in  ACN. 

The semiconductor -so lu t ion  interface  poses in t e r -  
est ing proper t ies  which can be employed  in the con- 
vers ion of l ight  energy  to e lect r ica l  and chemical  en-  
e rgy  by  photoassis t ing e lec t ron t ransfe r  be tween  the 
semiconductor  and  solut ion species. InP  is of pa r t i cu -  
l a r  in teres t  because its bandgap  of 1.25 eV is wel l  
sui ted for efficient use of solar  energy in a photovol-  
talc threshold  device (1). Al though  InP tends to be 
uns table  in aqueous solutions under  i r radia t ion,  p re -  
vious studies by  Wrighton  et al. (2) have shown tha t  
n - I n P  can be used as a s table  photoanode for the oxi -  
dat ion of Te 2-  in aqueous solutions. These authors  

* E lec t rochemica l  Society S tuden t  Member .  
** E lec t rochemica l  Society Ac t ive  Member .  
Key  words :  photoe lec t r ic i ty ,  solar ,  v o l t a m m e t r y ,  e n e r g y  c o n -  

v e r s i o n .  

found tha t  whi le  the  posit ions of the  bandedge  en-  
ergies and E s for  InP are  s imi la r  to o ther  semicon-  
ductors,  such as GaAs (3-5),  the  m a x i m u m  unde r -  
potent ia l  for  e lect ron t ransfe r  and the open-c i rcu i t  
photovol tage  (Voc) for  s table  r edox  systems,  which 
reflect the fract ion of the input  l ight  ava i lab le  as work  
was not iceably  smaller .  The basis of photoe lec t ro-  
chemical  s tabi l iza t ion and magni tude  of the unde r -  
potent ia l  appears  to include factors o ther  than  those 
pred ic ted  f rom simple semiconductor  band theory  and 
solut ion redox propert ies .  

We descr ibe here  the photoelec t rochemical  behavior  
of n-  and p - I n P  in acetoni t r i le  (ACN) solutions con- 
ta ining various one-e lec t ron  redox  couples. ACN has  
been shown to be wel l  sui ted to the  s tudy  of semicon-  
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ductor  e lec t rochemis t ry  because of i ts l a rge  solvent  
bandgap  (,.,5V vs. ,,,1.5V for wa te r )  and  the exis tence 
in i t  of a l a rge  n u m b e r  of revers ib le  one-e lec t ron  
redox  systems spanning  a wide potent ia I  range  (5-8).  
Previous  papers  in the  series have shown tha t  the  
ra te  of photodissolut ion of some semiconductors ,  
[GaAs (5~, CdS, GaP,  ZnO (6),  and Si (7)]  is de -  
c reased  in ACN and mechanis t ic  in format ion  about  
the  e lec t ron t ransfe r  and e lec t rode  s tabi l iza t ion can 
be obtained.  Such studies have also shown tha t  whi le  
semiconductor  band  theory  (9) can be used to in t e r -  
p re t  the  expe r imen ta l  results,  many  devia t ions  f rom 
ideal  behavior  a re  observed  which seem to be re la ted  
to the  specific chemical  p roper t i e s  of each mater ia l ;  
the  less stable,  smal le r  bandgap  mate r i a l s  such as 
GaAs (5) and Si (7) show large  devia t ions  f rom p re -  
d ic ted  behavior .  In  this pape r  the locat ion of the  band-  
edges, the  de te rmina t ion  of the  f latband potent ia l  
(Vfb), and mapp ing  of the  bandgap  region is discussed 
and the  resul ts  in t e rp re ted  wi th  respect  to semicon-  
ductor  band theory  and prev ious ly  proposed  models  
of e lec t ron  t ransfer .  

Experimental 
The low res i s t iv i ty  s ingle c rys ta l  semiconductors  

used (Nat ional  Lead,  Niagara  Fal ls ,  New York)  were  
polished,  p rov ided  wi th  ohmic contacts, and mounted  
as e lectrodes on glass rods as p rev ious ly  descr ibed 
(6, 8, 10). Af te r  the  e lectrodes were  mechan ica l ly  
pol ished wi th  0.5 #m a lumina  they  were  etched by  one 
of the  fol lowing procedures :  (A) pol ished only;  (B) 
etched in 6M HC1 for 30 sec; (C) etched in 3: 1:1 con- 
cen t ra ted  H2SO.~:H202(30%):H20 for 10 sec; (D) 
p rocedure  (C) for  5 sec fo l lowed b y  25 sec in l l M  
HC1 and (E) etched in 5% Br2 in methanol  for  30 
sec. The electrodes were  then r insed  wi th  dis t i l led 
w a t e r  and e thanol  and then  dr ied  under  vacuum for 
1 hr. The purification, drying,  and charac ter iza t ion  of 
al l  o ther  chemicals  fol lowed p rev ious ly  de te rmined  
procedures  (5-8).  

A convent ional  th ree -e lec t rode  e lec t rochemical  cell 
fitted wi th  an opt ical  window was used for all  e lec t ro-  
chemical  measurements .  The Pt  wire  countere lec t rode  
and Ag  wire  re ference  e lect rode were  each separa ted  
f rom the main  compar tmen t  by  a med ium poros i ty  
f r i t t ed  glass disk. The main  compar tmen t  also con- 
ta ined  a large  a rea  Pt  countere lec t rode  (>10 cm '~) for 
capaci tance measurements .  The cyclic vo l t ammograms  
were  obta ined  wi th  a PAR (Pr ince ton  Appl ied  Re-  
search,  Princeton,  New Je r sey)  Model 173 potent io-  
s tat  and Model  176 Universa l  P rogrammer .  The cur-  
r en t -vo l t age  curves were  recorded on a Houston In-  
s t ruments  (Austin,  Texas)  Model 2000 X-Y recorder  
or a Nicolet  (Madison, Wisconsin) Model 1090A digi-  
ta l  oscil loscope for  scan ra tes  g rea te r  t han  1 V/see.  
The open-c i rcu i t  vol tage was measured  wi th  t h e e l e c -  
t rome te r  output  of the  potent iostat .  The semiconduc-  
tors were  i l lumina ted  wi th  a 450W xenon lamp (Oriel  
Corporat ion,  Stamzord,  Connecticut)  which was fitted 
wi th  a red  filter (i.e., wave leng th  >600 rim). 

Results and Discussion 
Flatband potent~al .--The Vfb and energy  of the 

edges of the  conduct ion (Er and valence (Ev) bands 
for  the  n-  and p - I n P  were  de t e rmined  by three  in-  
dependent  methods.  Firs t ,  the cell capaci tance (C) 
was measured  for potent ia ls  consistent  wi th  a dep le -  
t ion l aye r  formed wi th in  the  semiconductor  e lec t rode  
f rom the charging cur ren t  in the cyclic vo l t ammo-  
grams for  scan rates,  v, of 0.5-500 V/sec  (11). A plot  
of C -2 vs. V produced  l inear  Scho t tky-Mot t  plots at 
a given v f rom --0.1 to --0.8V for n - I n P  and --0.1 to 
- 0 . 5 V  for p - InP ,  fol lowing Eq. [1] 

C -2  - -  (V --  Vrb --  kT/e)2/(eEEoND) [1] 

where  e is the  dielectr ic  constant  of the semiconduc-  
tor,  ~o, the  pe rmi t t i v i ty  of free space, ND, the  dopant  

density,  e, the  electronic charge, k, the  Bol tzmann 
constant,  and T, the  absolute  t empera tu re .  F requency  
dependency  of the  slopes and x - in t e rcep t s  were  ob-  
served  for  both  mate r ia l s  over  this range  of v as d is -  
cussed prev ious ly  (12), and this causes some unce r -  
ta int ies  in the  de r ived  Vf~ and ND values.  The donor  
and acceptor  densi t ies  were  es t imated  as 3 X 10 l'J 
cm -3 and 8 • 10 TM cm -3 for  the  n -  and p - InP ,  r e -  
spect ively,  and  Vfb was - - 1 ( _ 0 . 2 ) V  (n - InP)  and 
0.0 (_0 .2 )V  ( p - I n P ) .  

Vfb was also es t imated  f rom the open-c i rcu i t  photo-  
vol tage (13). Briefly, when  the potent ia l  of an n - t y p e  
semiconductor  e lect rode wi th  a po ten t ia l  ad jus ted  
posi t ive of Vfb is i l lumina ted  wi th  l ight  of  ene rgy  
g rea te r  than  Eg, the  open-c i rcu i t  po ten t ia l  pulses  in 
the  negat ive  di rect ion toward  Vfb. S imi lar ly ,  a p - t y p e  
semiconductor  polar ized  negat ive  of Vfb shows po-  
tent ia l  pulses in a posi t ive direction,  t oward  Vtb, when 
i l luminated .  The potent ia l  of the  e lectrodes was set  
wi th  a ba t t e ry  and negat ive  poten t ia l  pulses were  ob-  
served  wi th  n - I n P  for  potent ia ls  posi t ive of 
--IV(_+0.2) and posi t ive pulses were  observed for  
p - I n P  f rom --0.1 to --2.4V (__.0.2V) in good agreement  
wi th  the  Scho t tky -Mot t  p lot  es t imates  of Vtb. 

Vfb was also located f rom the most negat ive  po ten-  
t ia l  at  which a photoanodic  cur ren t  for ox ida t ion  of 
an e lec t roact ive  solut ion species was observed  for  n -  
InP and most posi t ive photoreduc t ion  cu r ren t  on p -  
InP, as wil l  be discussed. 

Vol tammetr ic  s tudies . - -Cycl ic  v o l t a m m e t r y  (cv)  at  
the semiconductor  e lect rodes  in the  da rk  and i l lumi -  
na ted  with  red  l ight  was car r ied  out  ~or a n u m b e r  of 
compounds and the resul ts  compared  to those ob ta ined  
at  a P t  e lect rode immersed  in the  same solution. The  
peak  potent ia ls  (Ep) and wave  shapes were  depend-  
ent upon scan rates  and in tens i ty  of i r r ad ia t ion  for  
the i r r evers ib le  and quas i - revers ib le  waves.  The Ep 
values,  which were  genera l ly  s table  and reproducib le ,  
are  summar ized  in Table  I and values  obta ined  under  
i r rad ia t ion  are shown in Fig. 1. Detai ls  of the  behav ior  
for different  couples a re  discussed below. 

n - I n P . - - T h e  background  behavior  of n - I n P  in an 
ACN solut ion containing on ly  0.1M TBAP is shown 
in Fig. 2a. A smal l  reduct ion was observed  at po ten -  
t ials negat ive  of the conduction bandedge  which  in-  
volved ~20 gC/cm 2. A smal l  photooxida t ion  cur ren t  
was observed at potent ia ls  as far  negat ive  as --1.0V, 
app rox ima te ly  Vfb. However ,  this anodic current ,  
which is a t t r ibu ted  to the photodissolut ion,  does not 
reach significant cur rent  densi t ies  unt i l  potent ia ls  
posi t ive of 0.0V. Redox couples wi th  E ~ values  (as 
es t imated  f rom cv at a P t  e lec t rode)  negat ive  of the 
CB edge show nea r ly  revers io le  da rk  cv i -V  curves at  
n - InP ,  as expected when  an accumula t ion  l a y e r  
forms, resul t ing  in degeneracy  and m e t a l - l i k e  be -  
havior.  Previous  studies have shown that  n-TiO2 (8), 
n--CdS and n-ZnO (6) exhib i t  nea r ly  revers ib le  cv 
behavior  at potent ia ls  negat ive  of Vfb. As shown in 
Table I, the  cathodic peak  potent ia ls  (Epe) for  A, 
DPA, Ox-1, Ru (b ipy )8  +~, and Ru(TPTZ)2  ~+ were  
nea r ly  the same as at a P t  d isk  e lec t rode  and were  
unaffected by  i r rad ia t ion  wi th  red  light. The cur ren t  
decay fol lowing the current  peak, which showed t -1/2 
dependency  (i.e., diffusional behavior )  in the  dark,  
was affected by i r rad ia t ion ;  this has been a t t r ibu ted  
to some convective s t i r r ing  due to heat ing of the elec-  
t rode surface. The behavior  in this  region was gen-  
e ra l ly  independen t  of the etchant.  

Couples wi th  Eredo.~ levels located wi th in  the gap 
region show i r revers ib le  reduct ion in the da rk  and 
photoanodic currents  under  i l luminat ion.  The reduc-  
tion of AQ, whose E ~ lies s l ight ly  posi t ive of Vfb, takes  
place at e lect rode potent ia ls  more negat ive  than  Vrb 
wi th  the  onset of degeneracy  wi th in  the  semiconduc-  
tor  (Fig. 3). The da rk  reoxida t ion  of the radica l  anion 
only appea red  at potent ia ls  cor responding to Ev, p rob -  
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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/sec* 

n - I n P  p - I n P  

V f ~  = - 1 . 0 V  ( ~ 0 . 2 )  V~b = 0 . O V  (-----0.2) 

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  

C o m p o u n d t  P L  E p e  Epa Epc Eva Epc Epa Eve Epa 

A - 1 .94  - 1 .97  - -  1 .91 - 1 .97  - -  1 .91  - -  2 . 3 6  - -  1 .75  - 1 .75  - 1 .62  
D P A  - -  1 .84  - -  2 .0  - -  1 .81  - 2 .0  - -  1 .81 - -  2 . 2 1  - -  1.5 - -  1 .65  - -  1 .41  
R u  ( b i p y )  3 +~ - 1 .30 - 1 .33 - -  1 .27 - -  1 .33 - -  1 .27  - -  1.7 - -  0 . 8 5 "  * - -  0 .85  - -  0 .7  

- 1 . 5 0  - 1 . 5 3  - -  1 . 4 6  - 1 . 5 2  - -  1 . 4 6  - - 2 . 1 9  - - 0 . 9 0  - 1 . 0 3  - - 0 . 8 5  

- -  1 . 7 5  - -  1 . 7 7  - 1 . 6 8  - -  1 . 7 6  - -  1 . 6 8  - -  2 . 3  - -  2 . 1  - -  1 . 3 8  - -  1 . 1 7  

R u  ( T P T Z )  2 +3 - 0 .80  - 0.84 - 0 7 4  - 0.84 - 0 .77  - 1 .24  - 0 . 4 4  - 0 .3  - 0 .17  
- -  0 . 9 7  - -  1 . 0 1  - -  0 . 9 4  - -  1 . 0 1  - -  0 . 9 5  - -  1 . 3 3  - -  0 . 6 4  - -  0 . 6 4  - -  0 . 4 1  

- -  1 .63 - -  1 .69  - 1 .58  - -  1 .69 - -  1 .58  - -  1 .78  - -  1 .5  - 1 .34  - -  1 .14  
- 1 . 8 7  - -  1 . 9 2  - -  1 . 8 3  - 1 . 9 2  - -  1 . 8 3  - -  2 . 0 2  - -  1 . 8 3  - -  1 . 5 8  - -  1 . 3 9  

A Q  - 0 . 9 4  - 1 . 2 4  0 .O  * * - 1 . 2 4  - 0 . 6  - 1 . 9  0 . 2 5  * * - 1 . 5  0 . 2 5  

B Q  - 0 . 5 2  - 0 . 9 4  0 . 5 8 " *  - 0 . 7 7  - - 0 . 7 1  - - 1 . 4  - - * *  - 0 . 1 4  - 0 . 0 8  

O x  - -  1"* - 0 . 4 2  - 0 . 5 1  0 . 3 2 * *  - 0 . 5 1  - 0 . 5 9  - 1 . 3 4  - - 0 . 1 2  - 0 . 1  - 0 . 0 8  
- -  1 . 3  - -  1 . 3 7  - -  1 . 1 5  - -  1 . 3 7  -- 1 . 2 1  

T M P D ' *  O . l  -0.29 - - *  * - 0 . 2 2  - 0 . 0 7  - 1 . 0  0 . 4 1  0 . 1 1  0 . 4 9  

* I r r a d i a t i o n  w i t h  r e d  l i g h t ;  p r e t r e a t m e n t  ( D ) ,  u n l e s s  n o t e d  o t h e r w i s e .  
l 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 i 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  ano 

t h r a q u m 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~VlPD,  N,N,N'N'.tetramethyi-p-phenyienediam;ne. 
** Etched by p r o c e d u r e  ( E ) .  

ab ly  v ia  band  to band tunnel ing  th rough  the th in  
space charge region. The Ep values  for AQ depended  
upon the e tchant  and the larges t  photoanodic  cur -  
rents,  found wi th  t r ea tmen t  (E),  are  r epor ted  in 
Table I. The photooxida t ion  cur ren t  appea red  to s ta r t  
about  --1.05V, near  Vfb, where  a deple t ion  l aye r  is 
formed wi th in  the  n - I n P  which forces the  photogen-  

Pt(E~2) n i n P ( E p a )  p- inP(Epc)  

lad 
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Fig. 1. Peak potentials for photooxidations on n-lnP and photo- 
reductions on p-lnP. 

era ted  holes wi th in  the semiconductor  to the  semi-  
conductor-soluUon in ter face  to be filled by  e lec t ron 

t ransfe r  f rom the  AQ - .  
Redox couples whose E~ are  located at  energies 

+ 
near  the  middle  of Eg, e.g., BQ and Ox --  1 " ,  were  
reduced  on n - I n P  wi th  the  Epc shif ted nega t ive  f rom 
its va lue  on a P t  d isk  electrode,  as shown in Fig. 4. 
However ,  the reduct ion  peak  occurred at potent ia ls  
posi t ive of Vfb, poss ibly  v ia  an in t e rmed ia te  level  
mechanism as p rev ious ly  proposed wi th  n-TiO2 (8),  
n-CdS,  n-ZnO (6), n - G a A s  (5),  and n -S i  (7). The 

reduced  species, BQ "- and Ox --  1 were  photooxidized 
at  potent ia ls  negat ive  of the i r  values  on Pt;  the  unde r -  
potent ia l  for the  photooxida t ion  indicates  the  work  
avai lab le  f rom the i l lumina t ion  as chemical  or  e lec-  
t r ica l  energy.  The magni tude  of the  underpo ten t ia l  is 
l imi ted  by  the potent ia l  at  which the reduct ion  (or 
back  react ion)  occurs. Thus, the da rk  reduct ions  
which were  observed  at  potent ia ls  posi t ive of Vfb via  
the in t e rmed ia te  level,  l imi t  the  ou tput  of the  semi-  
conductor  threshold  device. The open-c i rcu i t  photo-  
voltage, which was measured  be tween  the n - I n P  and 
a la rge  a rea  Pt  countere lec t rode  in an  equ imolar  BQ, 

B Q -  (2-10 mM) was only about  260 mV ra the r  than  
the m a x i m u m  predic ted  va lue  of ]E ~ --  V~bl of about  
500 mV. Note that  aqueous studies of r edox  systems 
energe t ica l ly  located at  a s imi lar  leve l  have  shown 
only  the dissolution of the  I:zP at  these potentials .  

0 

O 

- -  ~ ~ A / c m  2 - -  

I 

p-lnP at 0.2 V/sec in the dark (--~ 
light ( . . . . . . .  ). 

l K I l ,I 1 O -1 
P o t e n t i a l , V ,  vs SCE 

Fig. 2. Cyclic voltammogram in ACN --0.1M TBAP of n-lnP and 
) and illuminated with red 
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Fig. 3. Cyclic voltammogram at 0.2 V/sec of a 2 mM solution of 
AQ at a Pt disk electrode and n-lnP electrode in the dark and 
illuminated with red light. 

-V 2 0 - -  0 . 4 m A / c m  
l 

0 - -  -~A/cm 

1 l I I BQ 
0 . 0  - 1 , 0  
Potential ,  V,vs SCE 

Fig. 4. Cyclic voltammogrom of a 0.4 mM BQ, 0.4 mM BQ ~ 
solution at a Pt disk and single crystal n-lnP electrode in the dark 
and illuminated with red light; v ~- 0.2 Y/sec. 

§ 
The reduct ion  of TMPD " to TMPD, which  occurs re -  
ve rs ib ly  at a P t  disk e lect rode at  potent ia ls  jus t  nega-  
t ive of the InP VB edge, was i r r eve r s ib ly  reduced  on 
n - I n P  in the d a r k  at  potent ia ls  wel l  posi t ive of Vfb. 
The photooxida t ion  of TMPD to the  b lue-co lored  rad i -  
cal cation was observed at  a potent ia l  of about  170 
mV more  negat ive  than  on a P t  disk. The extent  of 
the negat ive  shift  in the  photooxida t ion  peak  was 
again  l imi ted  by  the ra te  of the  d a r k  reduction.  

The e lec t rode  p r e t r e a t m e n t  p rocedure  had a s ig-  
nificant effect on the  observed behavior .  Thus for  AQ 

pre t r ea tmen t s  (A) and (B) produced more  revers ib le  
da rk  cv curves than  tha t  shown in Fig. 3; i r r ad ia t ion  
had  v e r y  l i t t le  effect on these. These p r e t r e a tmen t s  
p robab ly  p roduced  a l a rge  n u m b e r  of  defects  a n d  
energy  levels  at  the  semiconductor  surface as a resul t  
of the  abras ive  pol ishing and the l ack  of sufficient 
etching. Trea tments  (C),  (D),  and (E) p roduced  
vo l t ammograms  more  character is t ic  of n - t y p e  semi-  
conductor  behavior .  P r e t r e a t m e n t  (D) produced  un -  
derpotent ia l s  only  s l ight ly  in fe r ior  to those shown in 
Table I for  couples in the  gap region  whi le  t r ea tments  
(A) and (B) again  produced  more  revers ib le  d a r k  
behavior  (i.e., peak  separa t ions  s imi lar  to those on a 
P t  d isk  e lec t rode)  and ve ry  smal l  photoeffects. 

p- InP . - -The  background  cur ren t  of p - I n P  in an 
ACN solut ion containing 0.1M TBAP is shown in Fig. 
2b. A smal l  da rk  reduct ion  wave  was again  observed  
and the oxidat ion  cur ren t  in the  dark,  cor responding 
to dissolut ion of the  InP, seen at  potent ia l s  pos i t ive  of 
0V, near  Vfb, was decreased  in magn i tude  under  i l -  
lumina t ion  wi th  red  light.  More specifically, i r r a d i a -  
t ion caused a decrease in the oxida t ion  cur ren t  of 
p - I n P  in the  da rk  with  a smal l  cathodic cur ren t  spike  
observed when the l ight  pulse  was ini t ia ted.  A f t e r  po -  
ten t ia l  scans to W1V, where  the dissolut ion was ob-  
served,  the smal l  reduct ion  peak  at  potent ia ls  nega-  
t ive of - - I V  was much l a rge r  than  in  an ini t ia l  ca th-  
odic scan. This suggests tha t  products  of the dissolu-  
t ion are  reduced  at these potentials .  When  this nega-  
t ive going potent ia l  sweep was car r ied  out  whi le  the  
p - I n P  was i r r ad ia t ed  wi th  red  l ight,  the pho toreduc-  
t ion s ta r ted  jus t  posi t ive of 0V, near  Vfb, and the 
cathodic peak  he ight  increased.  

In  studies of var ious  redox couples, p r e t r e a tmen t  
(D) ,  which  produced  the larges t  photoass is ted  r educ -  
t ion cur ren ts  and caused a s l ight  da rken ing  of the  
e lectrode surface was used, unless o therwise  noted. 
Redox couples whose s tandard  redox  potent ia ls  l ie 
negat ive  of the CB edge are  expected,  f rom the usual  
band model,  to be oxidized (and re reduced)  wi th  
min imal  photoeffects because of the  potent ia l  inde-  
pendent  ra te  of oxida t ion  (9). However ,  we p rev i -  
ously found tha t  at  p - G a A s  photoreduct ions  could be 
pe r fo rmed  at  potent ia ls  posi t ive of the i r  va lue  at  a 
Pt  disk e lec t rode  (i.e., with  underpo ten t ia l s )  for  
redox couples located negat ive  of this CB edge. This 
was a t t r ibu ted  to the  fo rmat ion  of a surface  l aye r  
which formed a Schot tky  ba r r i e r  wi th  the  unde r ly ing  
semiconductor ;  this junction,  when i l luminated ,  p ro -  
duced a photovoltage.  S imi la r  effects were  observed  
wi th  p - InP ,  e.g., with  an th racene  (A) .  The Ep~ for  
the  reduct ion  of A to the  b lue-co lored  rad ica l  anion 
in the  da rk  was observed  on p - I n P  at  a potent ia l  more  
negat ive  than  that  observed at  a P t  disk electrode,  as 
shown in Fig. 5a. However  A was photoreduced  at  

potent ia ls  wel l  posi t ive of the E ~ for  the  A / A -  couple, 
i.e., at an underpotent ia l .  At  h igher  l ight  in tensi t ies  
the cathodic peak  was shif ted to even more  posi t ive 
potent ia ls  because of the increased  ra te  of pho tore -  
duct ion wi th  respect  to the fixed ra te  of oxidat ion.  
This photoreduct ion  depended  on the previous  h is tory  
of the semiconductor  surface. The impor tance  of the 
prev ious ly  proposed film format ion  is shown by the 
exper iments  in Fig. 5b, where  the photocur ren ts  re -  
sul t ing f rom pulsed i r rad ia t ion  of an e lec t rode  he ld  

at  --1.7V (240 mV posi t ive  of the  E ~ for  the  A / A -  
couple) are  given. The photoreduct ion  currents  
c lear ly  depended  upon the  previous  h is tory  of the 
e lect rode surface. If  the  potent ia l  was first scanned 
to --1.0V (at 0.2 V/sec)  and then held  at  --1.7, the 
photocathodic  current  peaks wi th  d i f fus ion-control led  
(r-1/2) decay were  not observed  unt i l  af ter  severa l  
l ight  pulses, p robab ly  because  a surface film had to 
be formed. However  a photocathodic  cur ren t  wi th  a 
t -1/2 decay was observed on the first l ight  pulse, and 
was constant  af ter  successive l ight  pulses, when  the 
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Fig. 5. (o) Cyclic voltammogram of a 2.8 mM anthracene solution 
at o Pt disk and p-lnP electrode in the dark and illuminated with 
red light; v = 0.2 V/see. (b) Current vs.  time curve at --1.7 V of 
p-lnP irradiated with chopped light (cathodic current plotted up- 
ward) after (1} a potential scan to - - I V  and (2} a potential scan 
to --2.2V. 
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Fig. 6. Cyclic voltammogram of a 0.3 mM solution of 
Ru(TPTZ)2 +~ at a Pt disk electrode and p-lnP single crystal elec- 
trode in the dark and illuminated with red light; v ~ 0.2 V/see. 

electrode was first scanned to --2.2V. This behavior  
was reproducible and smaller photoreduction currents  
were again observed if the potential  was again 
scanned to positive potentials. 

The redox behavior of DPA, whose E ~ is also nega-  
tive of the CB edge, was similar  to that of A; an over-  
potential  was observed for the dark reduction, prob- 
ably because the surface film provides a barr ier  to 
electron transfer, and an underpotent ia l  was found 
for the reduction under  irradiation. The magni tude  of 
the underpotent ia l  was independent  of E ~ for couples 
with E~ negative of --1.3V. Thus each of the three 
cathodic peaks for the reduction of Ru(bipy)8 +2 to 
the +i, 0, and --i species were shifted to potentials 
positive of their value at Pt by a similar amount when 
illuminated with red light and were not shifted with 
respect to each other (Fig. 2). This constant photo- 
potential can again be attributed to the voltage 
fGrmed at the surface Shottky barrier. 

The redox behavior of couples lying positive of the 
CB edge was more like that expected for the semi- 
conductor-solution interface. The dark reduction of 
solution species did not occur until the potential was 
negative of the CB edge. In the reduction of 
Ru(TPTZ)2 +3 to the anion (Fig. 6), only the Ru(III)/ 
Ru(II) couple was located positive of the CB edge. 
An overpotential existed for this reduction in the 
dark so that Epc occurred negative of --IV. The over- 
potential for other couples lying within Eg varied 
with E ~ with Epc always occurring negative of --IV. 
The reduction waves for the +i to 0 and 0 to --I 
states (Fig. 6) were both shifted by a similar amount 
and not with respect to one another. The oxidation of 

species with E~ located within Eg, e.g., AQ '--, BQ', 
Ox -- i, were observed at potentials more positive 

than Vfb, NOV. The largest stable underpotent ia l  ob- 
served for the reduct ion of BQ to the radical anion 
(380 mV) was found with pre t rea tment  (E). Although 
the largest photopotentials should be found for redox 
couples lying close to the CB edge, the rate of back 
reaction (i.e., dark oxidation of the reduced species) 
l imited the magni tude  of the underpotent ial .  Thus the 
photoreduction of Ru(TPTZ)2 +z started near  Vfb but  
the dark oxidation l imited the positive potential  shift 
of Epc. The peak potential  for the photoreduction of 

+ 
BQ and Ox -- 1 �9 was also shifted to a similar poten-  
tial under  i r radiat ion with light of energy greater than 
1.25 eV. The small  underpotent ia l  for the photoreduc- 

+ 
tion of T M P D '  is consistent with a ~/fb located just  
positive of 0V vs. SCE. 

C o n c l u s i o n  
This and earlier papers in this series suggest that  

while semiconductor band theory can be used to model 
the semiconductor-solut ion interface and form a basis 
for the prediction about the na ture  of charge t ransfer  
across it, the specific na ture  and properties of each 
semiconductor, its in termediate  levels and surface be-  
havior, must  be characterized for a more complete 
unders tanding of the interface. For example, although 
the position of the energies of the bands are quite 
similar for the small bandgap semiconductors, Si, 
GaAs, and InP, the i -V curves, underpotentials ,  and 
stabili ty in various solvents is very  different. The 
trends in the magni tude of the underpotent ia ls  de- 
veloped for the different semiconductors in ACN seem 
to follow that in aqueous solutions, i.e., compounds 
such as GaAs show good solar energy conversion and 
stabili ty in aqueous and nonaqueous solvents while 
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InP  and  Si, whose band  s t ruc tures  a re  v e r y  s imilar ,  
give r e l a t ive ly  poor behavior .  The use of nonaqueous  
solvents  have also produced  severa l  novel  semicon-  
ductor  effects which  could not  be inves t iga ted  in aque-  
ous solutions. Thus whi le  n - I n P  photodecomposes  in 
aqueous solutions (except  those conta ining T e e - ) ,  the  
s tab i l i ty  r ange  in ACN is much larger .  The ex tended  
solvent  s tab i l i ty  at  nega t ive  potent ia ls  and  the surface 
film effect a l lowed photoass is ted e lec t ron t ransfe r  
over  a potent ia l  range  of about  twice  Eg. Moreover ,  
n-  and p - t y p e  InP  in ACN has r ecen t ly  been ut i l ized 
for  photoass is ted  e lec t rogenera ted  chemiluminescence,  
where  the i r r ad ia t ing  red  l ight  was up -conve r t e d  to 
violet  emission (14). 
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Semiconductor Electrodes 
XVIII. Liquid Junction Photovoltaic Cells Based on n-GaAs Electrodes 

and Acetonitrile Solutions 

Paul A. Kohl* and Allen J. Bard** 
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ABSTRACT 

Regenera t ive  photoe lec t rochemical  cells (PEC) were  const ructed ut i l iz ing 
single c rys ta l  n - G a A s  in acetoni t r i le  solutions. Solut ion redox  couples (an-  
thraquinone,  p-benzoquinone,  d ime thy l  terrocene,  ferrocene,  h y d r o x y m e t h y l  
ferrocene,  and t e t r a m e t h y l - p - p h e n y l e n e d i a m i n e )  whose s tandard  redox  poten-  
t im var ied  by  over  1.2V, were  photooxidized at the  semiconductor  e lec t rode  and 
reduced  at  a P t  countere lec t rode  conver t ing  l ight  d i rec t ly  into e lec t r ica l  en-  
ergy.  A power  conversion efficiency of 14% was observed for  the  n -GaAs  e lec-  
t rode  in a f e r rocene - fe r r i cen ium acetoni t r i le  solut ion at  a r ad ian t  in tens i ty  of 
0.52 m W / c m  2 of 720-800 nm light.  The efficiency and s tab i l i ty  were  found to 
be very  dependent  upon the res idual  wa te r  concentrat ion,  r ad ian t  power,  
and concentra t ion of e lec t roact ive  species. 

The effective u t i l iza t ion  of semiconductor  e lec-  
t rodes  in photoe lec t rochemica l  devices for  the  con- 
vers ion of l ight  energy  to chemical  and e lec t r ica l  
ene rgy  depends  upon a knowledge  of the  mechanism 
of charge t ransfe r  at  the  in ter face  and hence of the  
energy  level  d is t r ibut ions  wi th in  the semiconductor  
and solution. These  de te rmine  the  ra tes  of compet i t ive  
react ions  of pho togenera ted  holes or e lectrons and 
thus the s tabi l i ty ,  efficiency, and ove r - a l l  e lec t ro-  
chemical  behav ior  of the  semiconductors .  The char -  
acterist ics  of a photoe lec t rochemical  cell  (PEC) can 
be p red ic ted  f rom the e lec t rochemical  behavior  of 
the  ind iv idua l  semiconductors  and countere lec t rode  
in regenera t ive  PEC's  (or l iquid junct ion  photovol ta ic  

* Electrochemical  Society Student Member. 
�9 * Electrochemical  Society Act ive  Member. 
Key words: energy  conversion,  liquid photovoltaic,  solar. 

cells) which show no net  solut ion reac t ion  and c o n v e r t  
l ight  to electr ici ty ,  photoe lec t rosynthe t ic  cells, which 
cause a net  change in the  solut ion composi t ion and 
creat ion of chemical  free energy  (e.g., the decom- 
posi t ion of wa te r  to H2 and O2), or  in photocata ly t ic  
cells in which l ight  is used to ca ta lyze  solut ion reac-  
tions at  the  semiconductor  surface. Al though  a n u m -  
ber  of aqueous photovol ta ic  cells have been descr ibe d, 
the recent  cell by Tsubomura  et al. (1) ut i l iz ing 
n-CdS and iodide ion in acetoni t r i le  (ACN) is the  
only repor ted  PEC using an aprot ic  solvent.  

Previous  studies of the e lec t rochemical  behavior  of 
n-  and p - t y p e  GaAs in anhydrous  ACN solutions have  
shown that  these semiconductors  a re  s table  under  
i r rad ia t ion  and suggested severa l  sui table  couples for  
use in photovol ta ic  PEC's (2). I t  was shown t h a t :  
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