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Summary 
The surface  photovol tage  of the red  and green forms 

of lu te t ium d iph tha locyanine  have photovol tage  spec t ra  
which are  charac te r i s t i ca l ly  different  and are  re la ted  
to the optical  absorpt ions  of these two e lec t rochromic  
forms. Dynamica l  measurements  indicate  tha t  the  
green form has an e lect ron deple t ion  layer ,  whi le  the 
red  form has an e lect ron accumula t ion  layer .  Both 
films have a photovol tage  which is l inea r ly  dependent  
on l ight  intensi ty,  which  implies  tha t  the photovol ta ic  
change in the band  bending  is smal l  compared  to the 
total  amount  of energy  band bending  at  the surface. 
The photovol ta ic  r e laxa t ion  is l i nea r ly  dependent  on 
l ight  in tens i ty  for the  red  form and inverse ly  depen-  
dent  for the green form, and this is shown that  this 
is consistent  wi th  the presence of long- l ived  t raps  
which make  the band  bend ing  a n d / o r  f la tband mobi l i ty  
dependent  on l ight  intensi ty.  

Manuscr ip t  submi t t ed  Dec. 11, 1980; rev ised  m a n u -  
script  received Apr i l  24, 1981. 

Any  discussion of this paper  wi l l  appear  in a Discus- 
sion Section to be publ i shed  in the  June  1982 JOURNAL. 
Al l  discussions for  the June 1982 Discussion Sect ion 
should be submi t t ed  by  Feb.  1, 1982. 

Publication costs of this article were assisted by Bell 
Laboratories. 
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Mechanistic Study of Photoelectrochemical 
Reactions at a p-GaP Electrode 

Kohei Uosaki and Hideaki Kita 
Department of Chemistry, Faculty of Science, Hokkaido University, Sapporo 060, Japan 

ABSTRACT 

The pho tocur ren t -po ten t i a l  re la t ions  of a p - G a P  elect rode in var ious  solu-  
t ions are  s tud ied  potent ios ta t ical ly .  Both the  cathodic and anodic photocur -  
rents  are  observed,  i.e., the sign of  photocur ren t  changes at  a cer ta in  poten t ia l  
which we name the potent ia l  of zero photocurrent ,  Vzp. The potent ia l  of zero 
pho tocur ren t  is close but  not  equal  to the f la tband potential .  The or igin of  the 
anodic photocur ren t  is presented.  The log (pho toeu r r en t ) -po t en t i a l  re la t ions 
fol low the Tafel  l ine at  med ium bias potent ia ls  and devia te  f rom it a t  large  
and smal l  bias potent ials .  The mechanism of the cathodic react ions is proposed 
based  on the expe r imen ta l  results.  The r a t e - d e t e r m i n i n g  step is the  supply  of 
photoexci ted  electrons to the semiconductor  surface at  la rge  bias potent ia ls  
and is the electrochemical ,  i.e., surface, process at  med ium and smal l  bias 
potent ials .  A t  the smal l  bias potentials ,  the pho tocur ren t  is enhanced b y  the 
photoe lec t rochemical  reduct ion of oxid ized  species c rea ted  b y  holes in valence 
band. 

Photoeffects on e lect rochemical  react ions at  semi-  
conductor  e lectrodes have been  s tudied ve ry  ac t ive ly  
(1-10), pa r t i cu l a r ly  af ter  Fu j i sh ima  and Honda d rew 
a t tent ion  to the poss ibi l i ty  of direct  hydrogen  p roduc-  
tion by  a pho to -d r iven  e lect rochemical  cell  wi thout  
any  ex te rna l  e lect r ica l  energy  (11). 

However ,  fundamenta l  aspects of photoe lec t rochemi-  
cal react ions  such as react ion mechanism seem not  to 
have  been  wel l  understood.  Most theore t ica l  analyses  
neglected the  potent ia l  drop in the e lec t rochemical  
double (Helmhol tz)  l aye r  (12) and the contr ibut ion  of 
the  charge t ransfe r  process to the overal l  reac t ion  
ra te  (13), a l though the impor tance  of these cont r ibu-  

Key words: semiconductor, photoelectrochemistry, energy con- 
version. 

l ions on the kinetics at  semiconductor  e lectrodes w a s  
pointed out by  Green  many  years  ago (14). We have  
been stressing the impor tance  of the above cont r ibu-  
t ion (15, 16) and have repor ted  some suppor t ing  evi-  
dence (17). Recently,  Bard  et aL have used the word  
"Fe rmi - l eve l  pinning" to express  the s i tuat ion where  
the ent i re  potent ia l  drop occurs wi th in  the Helmhol tz  
l aye r  and repor ted  that  this s i tuat ion is not  unusual  
(18). 

In  this work, we s tud ied  the pho tocur ren t -po ten t i a l  
re la t ions  at p -GaP,  which is one of a few stable  photo-  
cathodes (19), in var ious  solutions to eva lua te  the re-  
action mechanism. The photoelec t rochemical  behavior  
of p - G a P  has been s tud ied  ve ry  ex tens ive ly  (6, 15, 
20-24) and i t  is r epor ted  that  the f la tband potent ia l  
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de te rmined  by  capaci tance measurement  differs f rom 
the so-cal led cri t ical  potent ia l  or  pho tocur ren t  onset 
potent ia l  (20, 21). This difference is usua l ly  exp la ined  
by  surface recombina t ion  wi thout  considering the 
electrochemical  steps (20). The main  concern of this 
paper  is to analyze  the photoelec t rochemical  behavior  
of p - G a P  at smal l  potent ia l  biases which represen t  the 
significant region for prac t ica l  devices. 

Experimental 
A Zn-doped  p - G a P  single c rys ta l  wafe r  was used as 

a work ing  electrode.  The car r ie r  dens i ty  and the spe-  
cific resis tance of the sample  are  6.7 • 101~ cm - s  and  
1.3 ~ �9 cm, respect ively.  An  ohmic contact  was made  b y  
using In-Zn  a l loy and a copper  wire  was a t tached onto 
the ohmic contact  by  soldering.  The semiconductor  
e lectrode surface was covered wi th  epoxy resin except  
for (111) face (Ga) and was placed in a PTFE  elec-  
t rode holder.  The surface area  of the  e lect rode was 
0.0315 cm 2. The electrode surface was etched in HNO3- 
HC1 (1: 1) solut ion before exper iment .  The e lec t ro-  
chemical  cell is s imi lar  to the one repor ted  prev ious ly  
(15). An  Ag/AgC1 elect rode and a P t  wire  were  used 
as a re ference  and a counterelectrode,  respect ively.  A 
500W Xe l amp  (Ritsu Oyo Kogaku)  was used as a l ight  
source and a potent ios ta t  (Wenking  Model  68 FRO.5) 
was used to control  the e lect rode potent ial .  An IRA-20 
(Toshiba) filter was placed be tween  the l ight  source 
and the e lec t rochemical  cell to avoid a hea t  effect. Cur -  
r en t - t ime  re la t ions  were  recorded by  using a Toa 
Model CDR l l A  recorder .  

Al l  solutions used in this work  were  p r e p a r e d  wi th  
t r ip ly  dist i l led wa te r  .and reagent  grade  chemicals.  
Purif ied he l ium gas was passed th rough  the solutions 
for  a t  least  30 min before  exper iments .  Al l  exper i -  
ments  were  carr ied  out at  room tempera ture .  

Results 
The cu r r en t - t ime  relat ions of the  p - G a P  elect rode in 

1M NaOH at severa l  e lectrode potent ia ls  i l lumina ted  
with  pulsed l ight  a re  shown in Fig. 1. S t eady  photo-  
currents  a re  observed a t  all  potent ia ls  invest igated,  
even at  p o,tentials ve ry  close to the f la tband potent ial ,  
VFB, which is N --0.04V vs. Ag/AgCI  (15). Fur ther ,  
the anodic photocurrent ,  which has not  been r epor t ed  
at p - type . semiconduc tor  electrodes,  is observed here  at  
r e l a t ive ly  posi t ive potentials .  Thus, the sign of the 
photocur ren t  changes at  a cer ta in  potential .  The s teady  
photocurrents  of this e lect rode in var ious  solutions a re  
plot ted against  the e lec t rode  potent ia l  in Fig. 2. In  al l  
cases, both  the cathodic and anodic photocurrents  a re  
observed and the pho tocur ren t -po ten t i a l  (Iph-V) re-  
lat ions shift  towards  more  negat ive  potent ia ls  when  
the pH of the solut ion increases. The addi t ion of me thy l  
viologen changes the  shape of the Iph-V re la t ion  d ras t i -  
cally. 

The effect of t ime length  kept  in  da rk  pr io r  to the 
i l luminat ion  is also examined.  The s teady  photocur ren t  
is not  affected b y  changing the t ime length  kep t  in 
da rk  at all  potent ia ls  but  the longer  the t ime kep t  in 
the dark,  the la rger  the ini t ia l  photocur ren t  jus t  a f te r  
the i l lumina t ion  at  potent ia ls  close to the f la tband po-  
tential ,  as shown in Fig. 3. 

Discussion 
Origin of anodic photocurrent.RUsually, only a ca th-  

odic pho tocur ren t  is r epor ted  a t  p - t y p e  semiconductors  
and on ly  an anodic photocur ren t  is r epor ted  at  n - t ype  
semiconductors  wi th  the except ion of a cathodic photo-  
cur ren t  observed at  TiO2 (n - type )  (25). However ,  in 
this work,  we found both the cathodic and anodic 
photocurrents  a t  p - G a P  electrode.  The or igin of the 
anodic photocur ren t  and the reason why  i t  has not 
been  repor ted  are as follows. 

The anodic currents  a t  a semiconductor  e lectrode in 
the dark,  ia, and under  i l luminat ion,  ia*, are  given by  
Eq. [1] and [2], respect ively,  wi th  the assumpt ion  that  
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Fig. i. Current-time relations of p-GaP in 1M NaOH at several 
potentials illuminated with pulsed light. Currents before illumina- 
tion were taken as zero. Electrode potentials are with respect to 
Ag/AgCI. 
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the e lec t ron t ransfe r  takes place  in a na r row  energy  
range  be low the valence band energy,  Ev (1) 

ia oc CRPs W(Ev) GR(Ev) [1] 
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ia* cc CRPs* W(Ev) GR(Ev) [2] 

where  CR is the concentra t ion of reduced  species and 
Ps and Ps* are  the number  of holes at  the semiconduc-  
tor  surface in da rk  and under  i l luminat ion,  respec-  
t ively,  W(Ev) is the tunnel ing  p robab i l i ty  at  the 
valence  bandedge  and GR(Ev) is the  d is t r ibu t ion  func-  
t ion for finding the reduced  species at  the energy  Ev. 
Thus, the  anodic photocurrent ,  ia,ph, is given b y  

ia,ph : ia*  - -  ia  oc CR(Ps*  - -  P s )  W ( E v )  G R ( E v )  [ 3 ]  

Therefore,  when p~* --  Ps > 0, the anodic pho tocur -  
ren t  should be observed at  both  n - t y p e  and p - t y p e  
semiconductor  electrodes.  Since holes are  the m a j o r i t y  
car r ie rs  of p - t y p e  semiconductors,  Ps is la rge  and, 
therefore,  anodic da rk  cur ren t  is large  at the  potent ia ls  
where  the anodic  photocur ren t  is expected.  Usual ly  
Ps > >  Ps* --  Ps and hence ia ~ ia* .  This is why  anodic 
pho tocur ren t  has not  been repor ted  at  p - t y p e  semicon-  
ductor  electrodes.  For  example ,  in the presen t  work,  
ia = 8.54 ~A/cm 2 and ia* = 10.0 ~A/cm 2 at  --0.1V vs. 
Ag/AgC1 in 1M NaOH. The small  difference be tween  
the two could be measured  b y  the potent ios ta t ic  
method  employed  in this work  bu t  is not  possible to 
be detected by  the sweep method which is usua l ly  em-  
p loyed  in s tudying  the cu r ren t -po ten t i a l  re la t ions at  
semiconductor  electrodes.  

In  this system, the anodic reac t ion  is the decomposi-  
t ion of the e lect rode itself, since no redox  reagen t  is 
added  (6, 26). The anodic  decomposi t ion poten t ia l  of 
GaP  has been ca lcula ted  only  at  pH ---- 7 by  assuming 
the fol lowing react ion (24, 27) 

GaP -{- 6p + + 6H20 ~--- Ga(OH)3  -t- H3PO3 -P 6H + 

[4] 

We reexamined  the the rmodynamic  data  (28-30) and 
ca lcula ted  the anodic decomposi t ion potent ia ls  of GaP 
for a wide pH range  .as shown in Table  I. Anodic  
dissolution occurs a t  pH < 2.56 and pH > 11.7 and 

Table I. The anodic decomposition reactions of GaP and 
corresponding potentials at various pH 

p H < 2  
GaP + 6p+ + 3HeO ~ I-IzPOa + 3H+ 
E = -0 .357 - 0.0295 pH + 0.00985 log [Ga ~*] + 0.000985 log [HsPOs] 
2 < pH < 2.56 
GaP + 6p+ + 3 H e O ~ G a  s+ + H~POa- + 4H + 
E = -0.337 - 0.0394 pH + 0.00985 log [Ga a+] + 0.00985 log [H2POr]  
2.56 < pH < 8.32 
GaP + 0p § + 9/2 H20 m 1/2 Ga203 + HePOs- + 7H + 
E =  -0.315 - 0.0690 pH + 0.00985 log [H~POs-] 
8.32 < pH < 11.7 
GaP + 6p+ + 8 OH- ~- 1/2 Ga~Os + HPOz~- + 7 /2 / -bO 
E = --0.233 - 0.0788 p H  + 0.00985 log [HPO8 s-] 
pH > 11.7 
GaP + 6p+ + 11 OH- ~ G a O l -  + HPO~ ~- + 5I-L~ 
E = 0.170 - 0.108 pH + 0.00985 log [Ga0~- ]  + 0.0985 log [HPO@-] 

The thermodynamic  va lues  used fo r  ca lcula t ion  a r e  all taken  
f r o m  Ref. (28) fo r  phosphorous  co mp o u n d s  an d  f r o m  Ref. (29) 
fo r  ga l l ium compounds  excep t  fo r  AG~ = 91.54 k J .  tool -1 
which  is taken f r o m  Ref. (30). 

passive film is formed at  2.56 < pH < 11.7. The de-  
composit ion potent ia ls  a re  wi th in  the bandgap  of GaP 
for al l  pH range  concerned ,and the react ions expected 
f rom the calculat ion agree  wi th  expe r imen ta l  findings 
(26). The existence of the anodic (da rk)  cur ren ts  even 
at  the potent ia ls  more  nega t ive  than  ~ VFB suggests tha t  
the react ion is ve ry  efficient in ~acid and a lka l ine  solu-  
tions (6, 26). 

Photocurrent o,nset potential and ]~atband potential. 
- - T h e  pho tocur ren t  onset  potent ia l  has a prac t ica l  im-  
por tance  in a solar  energy  conversion. However ,  i t  is 
usua l ly  defined ve ry  vague ly  (20, 21) in a s imi lar  w a y  
to the decomposit ion potent ia l  in e lect rode processes at  
meta l  e lectrodes which has no theore t ica l  significance. 
In  fact, the  va lue  of the pho tocur ren t  onset  po ten t ia l  
var ies  depending on the current  scale chosen, as shown 
in Fig. 2. We propose here  the definition of the photo-  
cur ren t  onset potent ia l  as the potent ia l  a t  which  the 
sign of the pho tocur ren t  changes. By doing so, no 
ambigu i ty  is in t roduced in de te rmin ing  the photocur -  
ren t  onset potential .  To dis t inguish this potent ia l  f rom 
the apparen t  photocur ren t  onset  po ten t ia l  fo rmer ly  
used, we name it  the "potent ia l  of zero photocurrent ,"  
Vzp. At Vzp 

iph --  [iph,c[ -- [iph,al = 0 [5] 

i.e., [iph.c[ = lipa.al [6] 

Buffer .and Ginley repor ted  tha t  the difference be-  
tween VFB and the pho tocur ren t  onset potent ia l  is 0.7V 
for p - G a P  (20). However ,  Vz, de te rmined  in this work  
a re  much closer to VFB in var ious  solutions, a l though 
there st i l l  exists some difference be tween  them up to 
ca. 200 mV. I t  is usua l ly  bel ieved that  one would  ex-  
pect  no pho tocur ren t  at  VFB, because holes and elec-  
t rons created by  i l lumina t ion  recombine  easi ly  under  
the absence of a potent ia l  g rad ien t  in the semicon-  
ductor.  However ,  this is not  necessar i ly  true.  If the 
diffusion length  of holes is large and the anodic reac-  
t ion at  the  valence band is fas ter  than  bo th  the  cathodic 
react ion at  the conduct ion band and the surface re -  
combinat ion reaction,  the pho togenera ted  hole accepts 
e i ther  an e lect ron f rom a reduced species in solut ion 
or  a valence e lect ron of the semiconductor  before  de-  
activation.  Thus, an anodic photocur ren t  should be ob-  
served at  VFB, because the  photocur ren t  observed,  iph, 
is given by  

iph = l i p h , a l -  ]iph,c[ oc ICR(Ps*  - - P s ) W ( E v ) G R ( E v ) I  

- -  [Co(ns* --  ns)W(Ec)Go(Ec)]  [7] 

where  co is the concentra t ion of the oxidized species, 
ns* and ns are  the  concentra t ion of the electrons at  the  
surface under  i l luminat ion  and in the dark,  respec-  
t ively,  W (Ec) is the tunnel ing p robab i l i ty  for the ca th-  
odic re,action at the conduction bandedge, and Go(Ec) 
is the distribution function of oxidized species at the 
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energy Ec. Simi lar ly ,  a cathodic photocur ren t  should be 
observed in the corresponding conditions. In other  
words, only when one of the conditions given in Eq. 
[8] and  [9] is satisfied at  VFB, VFB should coincide 
with  Vzp 

p~* - -  p~ = n s *  - -  n s  = 0 [ 8 ]  

i cR (ps* --  PD W (Ev) GR (Ev) l 

= Ico(ns* --  ns )W(Ec)Go(Ec)[  [9] 

In the present  system, the existence of the anodic 
dark  cur ren t  even at  the potent ia l  more  negat ive  than  
VFB (6, 26) suggests tha t  the anodic react ion is con- 
s iderab ly  fas ter  than  the cathodic react ion near  VFm 
Thus, from the above a rgument  the presence of the 
anodic photocur ren t  is expected  at  VFB in this case as 
exper imen ta l ly  observed.  

In  the solut ion containing methy l  viologen, the Vzp 
is a lmost  ident ical  to the f la tband potential .  In  this 
case, for the react ion MV + + -t- e ~ MV +" the condi-  
t ion given in Eq. [9] seems to be s.atisfied. 

The  pho tocurren t -po ten t ia l  relations and the  reac-  
t ion m e c h a n i s m  of pho toe lec t rochemica l  reduc t ion  re-  
ac t ions . - -The  photoelect rochemical  processes at  ca th-  
odical ly  polar ized semiconductors  are d ivided into two 
parts,  namely,  the bu lk  and the surface processes. The 
bu lk  processes are  (i) absorpt ion of photons and pho-  
toexci ta t ion  of electrons to the conduction band, i.e., 
photogenera t ion  of e lec t ron-hole  pairs,  (ii) migra t ion  
of the photoexc i ted  electrons to the semiconductor  
surface, and (iii) deact iva t ion  of the photoexci ted  
electrons to the valence band, in para l l e l  wi th  (ii) ,  i.e., 
recombinat ion  in the bulk  including space charge layer  
of the semiconductor .  The surface processes are  (i) 
e lect ron t ransfe r  to an oxidized species fol lowed by  
chemical,  e lectrochemical ,  and /o r  desorpt ion processes 
in some cases, (ii) deact iva t ion  of the photoexci ted  
electrons to the valence band at  the surface d i rec t ly  or 
via surface states, i.e., surface recombinat ion.  

Equations [10]-[12] summarize  the bu lk  processes 

by--> pv + + ec -  [10] 

e c -  ~ ( e c - ) s  [11] 

ec-  -t- Pv + ~ recombinat ion  [12] 

where  pv + is the hole in the valence band and ( ec - ) s  
and ec -  are  the electrons in the  conduction band at  
the surface and at  o ther  places, respect ively.  The sur -  
face processes for hydrogen  evolut ion react ion a re  

( ec - ) s  + H30 + + S.C.--> H20 + S.C. --  H [13] 

(ec-)s ,1, H30 + + S.C. - -  H-> Ha "1" HaO + S.C. 
[14] 

S.C. -- H + S.C. -- H--> H2 "1" 2S.C. [15] 

Pv + "1" HaO + S.C. -- H--> S.C. + HsO + [16] 

and those for the recombination are 

(ec-)s Jr (Pv+)s --> Surface recombination [17] 

( e o - ) ~  + [3~-~ [3s, 
[18] 

[:3~ + (p~+) -) ~s~ 

where S.C. is the .semiconductor, S.C.- H represents 
hydrogen  a tom adsorbed  on the semiconductor,  (pv +)s 
is the hole in the valence band .at the surface, [3ss is 
the unoccupied surface state, and [ ~  is the occupied 
surface state. The step expressed in Eq. [18] is t h e  
surface recombinat ion  via surface state. The combina-  
t ion of step [13] and step [16] could be called the 
surface recombinat ion  vi.a adsorbed  hydrogen  s tate  
(31). For  the reduct ion of me thy l  viologen, Eq. [13]- 
[16] should be replaced  by  the fol lowing 

(e~-)s  -t- MV + + --> MV +' [19] 

MV +' + ( p v + ) s ~  MV ++ [20] 

To elucidate  the mechanism of the photoelec t ro-  
chemical  reduct ion react ions at  the  p - G a P  electrode in 
a wide potent ia l  range,  the photocurrents  in logar i th -  
mic scale are  p lot ted  agains t  the e lec t rode  potent ia l  in 
Fig. 4. The log (iph) --  V re la t ions  fol low the Tafel  
l ine at  med ium biased potent ia ls  (--0.4 ,~ --0.7V in 
1M NaOH and ,1,0.2 ,~ --0.05V in 0.5M H2SO4) and de-  
viate  f rom it a t  large  and smal l  bias potentials .  I t  is 
in teres t ing  to note that  the slopes of the Tafel  l ine are  
s imi lar  to those of hydrogen  evolut ion react ion at meta l  
(Ga) electrodes (32). 

The shape of log (iph) --  V re la t ions  at la rge  ca th-  
odic potent ia l  biases suggests that  the r a t e - d e t e r m i n -  
ing step in this poter~tial region is some t r anspo r t - l im-  
i ted process. The devia t ion  occurs at ca. --0.TV vs. A g /  
Agc1 in 1M NaOH both with  and wi thout  methyl  
viologen. This potent ia l  coincides wi th  the apparen t  
pho tocur ren t  onset potent ia l  de te rmined  by  iph 2 - - V  
re la t ion based on a s imple Schot tky  ba r r i e r  model  
wi th  the  assumption that  electrochemic.al processes are  
fast  and step [11] is the r a t e -de t e rmin ing  process 
(20). Thus, the supply  of the photogenera ted  electrons 
to the semiconductor  surface seems to be the r a t e -  
de te rmin ing  step at  the potent ia ls  more negat ive  than  
ca. --0.7V vs. Ag/AgC1 in 1M NaOH and ca. --0.05V 
vs. Ag/AgC1 in 0.5M H2SO4. 

But ler  and Ginley  proposed that  step [18], i.e., sur-  
face recombinat ion  via  surface state, is responsible  for 
the d iscrepancy be tween VFB and the apparen t  photo-  
cur ren t  onset  potent ia l  de te rmined  by  iph 2 --  V re la t ion  
(20). They concluded from IR  photoresponse mea -  
surement  tha t  the localized state which is ,~0.7 eV 
above the top of the valence band acts as the recom-  
binat ion center.  According to the i r  model,  the photo-  
cur ren t  at  s teady state, ip~, is given b y  

iph oc j -- kr[ec-]sNss(1 -- f t)  [21] 

where  j is the flux of the photogenera ted  electrons a r -  
r iv ing at  the surface, kr is the ra te  constant  of the 
surface recombinat ion  reaction,  Nss is the number  of 
surface states,  and ft is the Fe rmi  dis t r ibut ion funct ion 
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r- 

o 
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-1.0 - -  

I I I I I I 
-7 -6 -5 -4 -3 -2 

log ( P h o t o c u r r e n t ,  A / c m  2) 

Fig. 4. Tafel plots of the photocurrents of p-GaP in vgrious 
solutions. Curve 1, 1M NaOH; curve 2, 0.5M H2SO4; curve 3, 1M 
NaOH "1" 1.7 mM methyl viologen. 
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for the  surface states. For  the present  system, if  al l  
potent ia l  drop  occurs wi th in  the semiconductor ,  f t  is 
given by  

ft - -  1/[1 q- exp {Et --  EF/kT}] 

: 1/[1 -f exp {0.7 --  (VFB -- Y) /kT}]  [22] 

where  Et is the ene rgy  of the surface s tates  and  V is 
the  e lec t rode  potent ia l  concerned. Since ( 1 -  It) 
changes f rom 0 to 1 sha rp ly  a round  --0.7V vs. VFB, one 
would  expect  sharp change in the pho tocur ren t  po ten-  
t ia l  re la t ion  at  tha t  potent ia l  and not  be able  to ex-  
p la in  the potent ia l  dependence  of the photocur ren t  at  
r e l a t ive ly  smal l  bias potent ia l  (Tafel  re la t ion)  whe re  
1 --  ]t : 1 b y  considering the surface recombina t ion  
via surface states only. 1 The effect of me thy l  viologen 
on i p h -  V" re la t ion  gives some clue to eva lua te  t h e  
mechanism.  In  this case, the photocur ren t  is l a rge r  than  
tha t  wi thout  MV + + at  low bias potent ials .  This can be 
exp la ined  as follows. 

The r a t e -de t e rmin ing  step of the hydrogen  evolut ion 
reac t ion  at  this  po ten t ia l  range  is one of the  s teps 
expressed b y  Eq. [18], [14], or [15], i.e., the e lec t ro-  
chemical  process. The e lect rochemical  reac t ion  ra te  of 
MV + + is fas ter  than  tha t  of hydrogen  evolut ion re -  
act ion and therefore  much la rger  cu r ren t  is observed  
when MV + + is added.  The fact tha t  Vzp wi th  MV + + 
is more  posi t ive than  tha t  wi thout  MV + + also supports  
t h e  fact  that  the cathodic react ion of MV + + is fas te r  
than  hydrogen  evolut ion reaction.  The i,h wi th  MV + + 
is smal le r  than  that  wi thout  MV + + at r e l a t ive ly  nega-  
t ive potentials .  I t  is due to absorpt ion  of l ight  by  MV +" 
crea ted  by  photoelec t rochemical  reduct ion  of MV + +. 

The log (iph) - - V  re la t ions  devia te  f rom the Tafel  
l ine again  at  the .po ten t ia l s  near  VFB, suggest ing some 
fas ter  reac t ion  is involved.  At  this region, the ini t ia l  
pho tocur ren t  jus t  a f te r  i l lumina t ion  depends  on the 
l eng th  of t ime kep t  in  the d a r k  pr ior  to i l luminat ion,  
as shown in Fig. 3. Also, the anodic da rk  cur ren t  s tar ts  
to flow at this potent ia l  region. Thus, this devia t ion  
should be due to the photoelec t rochemical  reduct ion of 
oxid ized  species created by  da rk  oxida t ion  react ion by  
holes in the  valence band,  as shown in Fig. 5. If  the 
reduct ion of the oxidized species is fas ter  than  the 
hydrogen  evolut ion reaction,  much l a rge r  cur ren t  is 
expec ted  at  a g iven potential .  I t  is essent ia l ly  the  
same effect as the addi t ion  of MV + +. The effect of the 
t ime kep t  in the  dark  is expla ined  as the accumula t ion  
of oxidized species in the dark.  2 

In the smal l  bias potent ia l  region where  log (iph) 
--  V re la t ion  deviates  f rom the Tafel  line, the s tab i l i ty  

1 R. H. Wilson proposed a model which takes into account both 
the surface recombination rate and charge transfer rate for n-type 
semiconductors (33, 34). 

The fact that the height of the photocurrent spike just after 
illumination is much smaller when the solution is stirred sup- 
ports this mechanism. 

vB 

RED 

Fig. 5. Contribution of oxidized species created by hole to photo- 
current enhancement at relatively small bias potential. 

of p - G a P  is in doubt  even though the net  cathodic 
pho tocur ren t  is observed,  because the devia t ion  is 
caused by  the photoelec t rochemical  reduct ion of oxi-  
dized species which is the  anodic decomposi t ion p rod -  
uct  of GaP in this case. Since for prac t ica l  devices, t h e  
potent ia l  bias would  be small ,  the s tab i l i ty  of p - G a P  
in this potent ia l  region should be s tudied  more  in 
detail .  
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Semiconductor Electrodes 

XXXVII. Photoelectrochemical Behavior of p-Type CuO in 

Acetonitrile Solutions 

G. Nagasubramanian, Alberto S. Gioda, and Allen J. Bard* 
Department of Chemistry, The University of Texas, Austin, Texas 78712 

ABSTRACT 

The photoe lec t rochemical  behavior  of po lycrys ta l l ine  p-Cu~O in aceto-  
n i t r i le  solut ions conta ining a number  of redox  couples [e.g., phtha lon i t r i l e  
( 0 / - - 1 ) ,  n i t robenzene  (0 / - -1 ) ,  me thy l  viologen (-t-2/-4-1)] was invest igated.  
The p-Cu20,  grown by  oxida t ion  of Cu meta l  by  the rmal  methods  or anodiza-  
tion, showed s table  behav ior  unde r  opt ical  i r rad ia t ion  in these solutions.  The 
bandgap,  es t imated  f rom photoacoust ic  spectroscopy (PAS)  and the photo-  
cur ren t  act ion spec t rum Lu solution, was ~2.0 eV and the  f la tband poten t ia l  
was ~ -~0.16V vs. SCE. Scanning e lect ron micrographs  of the t he rma l ly  g rown 
samples  r evea l  we l l -deve loped  crys ta l l i tes  wi th  dist inct  boundaries .  A PEC 
cell  of the form p - C u 2 0 / P h ( C N ) 2 , M e C N / P t  was shown to have an overa l l  
op t ica l - to -e lec t r ica l  energy  conversion efficiency of only  0.05%. The low effi- 
c iency for  such a cell  is ascr ibed to rap id  recombinat ion  processes in  the bu lk  
semiconductor  and a t  the interface.  

Cuprous oxide (Cu20),  which crystal l izes  in a 
cupri te  s t ruc ture  is a ca ta lys t  of choice for a diverse  
va r i e ty  o2 chemical  react ions (1-4).  The optical  and 
e lect r ica l  p roper t ies  of p-Cu20 depead  upon the  con- 
ditions of p repa ra t ion  f rom Cu and 02, i.e., the t em-  
pera ture  and oxygen  pressure  (5). Severa l  workers  (6- 
11) have s tudied the electr ical  proper t ies  of s ingle 
crystals  of this ma te r i a l  and demons t ra ted  tha t  it  is a 
p - t y p e  semiconductor  whose hole conduct ivi ty  can be 
a t t r ibu ted  to copper ion vacancies which act as accep-  
tors for electrons f rom the valence band. Recently,  
Tr ivich et al. (12) s tudied sol id-s ta te  photovol ta ic  cells 
based on this ma te r i a l  and  repor ted  an overa l l  con- 
vers ion efficiency of opt ical  to e lectr ical  energy ap-  
proaching 1% and s ta ted that  efficiencies of 6-12% 
should be possible. Aqueous photoelec t rochemical  
(PEC) cells involving p-Cu20 have also been descr ibed  
(13-14). In  these cells the p-CueO photocathode is un-  
s table  and under  i r rad ia t ion  is reduced  to Cu meta l  

Cu20 + 2H + + 2e-> 2Cu + H~O [1] 

S imi la r  ins tab i l i ty  was observed wi th  CuO electrodes 
(15). In  an aprot ic  solvent  such as acetoni t r i le  
(MeCN),  however ,  such a reduct ion react ion is less 
favorable  because of the unava i l ab i l i ty  of protons. 
Since the bandgap  is 1.9-2.0 eV, and the  repor ted  effi- 
ciencies for photovol ta ic  devices appea red  in teres t ing  
and the ma te r i a l  is inexpensive,  abundant ,  and capa-  
ble of being read i ly  produced in th in  film form, we  
under took  a s tudy  of the PEC proper t ies  of p-Cu20 
p repa red  by  the rmal  and anodic oxidat ion of meta l l ic  
copper in MeCN. The polycrysValline compacts were  
p repa red  by  heat ing a Cu pla te  in a i r  to minimize the 
gra in  bounda ry  effects encountered  in the case of s in-  
t e red  powder  compacts  (16). Studies  of the  PEC be -  
havior  of p-Cu20 were  car r ied  out wi th  MeCN con- 
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ta ining severa l  redox couples including phthaloni t r i le ,  
P h ( C N ) 2 ( 0 / - - 1 ) ,  ni trobenzene,  PhNO2(0 / - -1 ) ,  and  
methy l  viologen MV ( ~ 2 / ~ 1 ) .  Photocathodes  of p-  
Cu20 were  shown to be s table in these solutions under  
intense optical  i r radiat ion.  However ,  the overa l l  opt i -  
ca l - to -e lec t r ica l  energy  conversion efficiencies in the 
PEC cells based on this ma te r i a l  were  low ( <  0.1%). 

Experimental 
Chemicals.--The procedures  for the  purif icat ion of 

chemicals  and solvent  (MeCN) are  given e lsewhere  
(17). Al l  compounds were  s tored inside a hel ium-f i l led  
Vacuum Atmosphere  Corporat ion (Hawthorne,  Cal i -  
fornia)  glove box. Pola rographic  grade,  t e t r a - n - b u t y l  
ammonium perch lora te  (TBAP) ,  dissolved and re -  
crys ta l l ized  f rom ethanol  thr ice and dr ied  under  vac-  
uum ( <  10 -5 Torr)  for three  days, was used as sup-  
por t ing  electrolyte .  The cell employed was a conven-  
t ional  two-compar tmen t  cell of 25 ml capaci ty  conta in-  
ing the p-Cu20,  a P t  counterelectrode,  and a quas i -  
re ference  electrode which was an  Ag wire  immersed  
in the solut ion and separa ted  f rom the main  compar t -  
ment  by  a med ium porosi ty  glass f l i t .  The potent ia l  of 
the e lectrode was checked against  an aqueous sa tu-  
ra ted  calomel  e lectrode (SCE) at  r egu la r  in tervals  and 
was found to be constant. Al l  potent ia ls  repor ted  here, 
unless specified otherwise,  are  given in V vs. SCE. 

P - C u 2 0  w a s  prepa red  by  the method of Trivich et al. 
(12, 18). A Cu plate, 0.8 m m  thick (Alfa  Vent ron) ,  was 
cut to a 2 • 2 cm square,  pol ished wi th  A120~ (0.5 ~m), 
washed with  acetone, and r insed thoroughly  wi th  
double  dis t i l led water .  The plates  were  dr ied  and 
hea ted  in a muffile furnace at  about  900~ for 24 hr. 
Subsequent ly ,  the furnace t empera tu re  was raised to 
1030~ and the samples were heated for an addi t ional  
160 hr. The furnace t empera tu re  was then reduced to 
500~ and at  this t empera ture ,  the samples  were  an-  
nealed for a day, before quenching them in air  at  room 
tempera ture .  Upon quenching, the CuO laye r  formed 


