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FOREWORD 
The ACS SYMPOSIUM SERIES was founded in 1974 to provide 
a medium for publishin
format of the Series parallels that of the continuing ADVANCES 
IN CHEMISTRY SERIES except that in order to save time the 
papers are not typeset but are reproduced as they are sub
mitted by the authors in camera-ready form. Papers are re
viewed under the supervision of the Editors with the assistance 
of the Series Advisory Board and are selected to maintain the 
integrity of the symposia; however, verbatim reproductions of 
previously published papers are not accepted. Both reviews 
and reports of research are acceptable since symposia may 
embrace both types of presentation. 
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PREFACE 

This volume, based on the symposium "Photoeffects at Semiconductor-
Electrolyte Interfaces," consists of 25 invited and contributed papers. 

Although the emphasis of the symposium was on the more basic aspects 
of research in photoelectrochemistry, the covered topics included applied 
research on photoelectrochemical cells. This is natural since it is clear 
that the driving force for  intens  interes  activit  i
electrochemistry is the potentia
for solar energy conversion. These versatile cells can be designed either 
to produce electricity (electrochemical photovoltaic cells) or to produce 
fuels and chemicals (photoelectrosynthetic cells). 

The first 12 chapters of this volume are concerned with the vital sub
ject of the effects of surface properties on photoelectrochemical behavior. 
This includes work on the effects of the chemical modification of semi
conductor electrode surfaces either through molecular derivatization or 
ionic adsorption; the effects of surface structural defects and surface elec
tronic states on photo-induced charge transfer across semiconductor-elec
trolyte interfaces; the kinetics of competing chemical reactions on semicon
ductor electrode surfaces; catalytic effects on semiconductor surfaces; and 
the problems of photocorrosion of semiconductor electrodes. Chapters 
13-15 deal with new electrode materials (oxide semiconductors) and 
structures (protective layers and interfacial chlorophyll layers). Chapters 
16 and 17 relate to the basic energetics of the semiconductor-electrolyte 
interface (potential distribution and the effects of charge inversion leading 
to band-edge unpinning), while Chapters 18-22 present results on new 
chemical systems and phenomena associated with photoelectrochemistry. 
These latter include luminescence studies, surfactant assemblies, a new 
model based on the effects of ionic desorption, studies of carbanion oxi
dation on semiconductor surfaces, and the behavior of molten-salt electro
lytes. Finally, the volume concludes with three chapters on electrochemical 
photovoltaic cell devices dealing with models for current-voltage charac
teristics, stability performance, and solid electrolytes. 

The exceptional interest and ferment in photoelectrochemistry has 
been manifested in 1980 by the appearance of at least five major confer
ences, symposia, or workshops in the field with international participation, 
including the present symposium. It is apparent from these meetings, as 
well as from the burgeoning amount of published literature, that photo– 
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electrochemistry is a vital, productive, and stimulating field of science in 
which much significant and exciting scientific progress can be expected for 
a long time. Although very rapid progress has also been made in the 
applications of photoelectrochemistry, it is still too early to predict what 
impact photoelectrochemistry will have on practical solar energy conver
sion systems. We can be confident, however, that basic research in photo
electrochemistry will continue to produce important new knowledge, and 
that attractive potential applications to our energy problems will continue 
to provide the impetus for the work. 

Solar Energy Research Institute ARTHUR J. NOZIK 
Golden, Colorado 80401 
October 3, 1980 
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1 
The Influence of Surface Orientation and Crystal 
Imperfections on Photoelectrochemical Reactions 
at Semiconductor Electrodes 

HEINZ GERISCHER 

Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4-6, 
D-1000 Berlin 33, West Germany 

It is well known tha
and imperfections in the surface, l ike grain boundaries or dislo
cations, affect largely the reaction rates at electrodes made of 
metals or semiconductors. Such effects are most pronounced in 
those reactions where atoms leave their position in a crystal lat
tice or have to be incorporated into such one. These processes are 
connected with activation barriers which are particularly high for 
semiconductors where the chemical bonds between the components of 
the crystal lattice are highly directed and localized. If we con
sider photoelectrochemical reactions at semiconductors we have ad
ditionally to discuss the influence of these factors on light ab
sorption and its consequences. 

Factors which control the yield of photocurrents 

Photocurrents and photovoltages are induced by the generation 
of excessive mobile charge carriers. In a semiconductor these are 
electron hole pairs generated by light absorption. The size of the 
effects is largely dependent on how far the recombination between 
electrons and holes can be prevented. An efficient separation of 
electron hole pairs occurs only in the space charge layer beneath 
the semiconductor/electrolyte contact. Large efficiencies can be 
reached if this space charge layer forms a high enough energy bar
rier for the two charge carriers to encounter each other. Such a 
situation is found in a depletion layer of n-type or p-type semi
conductors or in an inversion layer (1,2). Here we shall not con
sider insulating materials where one can use high external elec
tric fields to obtain charge separation (3). 

Assuming that we have such a situation favorable for charge 
separation, we have to consider what factors influencing the effi
ciency of charge separation in an illuminated semiconductor elec
trode are affected by crystal orientation or crystal imperfec
tions. Five such factors are l isted in the following table: 

0097-6156/81/0146-0001$05.00/0 
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2 PHOTOEFFECTS AT SEMICONDUCTOR-ELECTROLYTE INTERFACES 

(1) Schottky b a r r i e r height : Δψ 
(2) Schottky b a r r i e r extension: tP 
(3) rate of surface recombination: r g 

(k) mean d i f f u s i o n length of m i n o r i t i e s : L 
(5) penetration depth of l i g h t : — 

with α = a b s o r p t i v i t y 
The quantum y i e l d of the photocurrent f or an electrode i l l u 

minated from the front side can be calculated from a simple model 
described by Gartner (h) provided some s i m p l i f y i n g assumptions are 
applicable. This model i s shown i n Figure 1. I f surface recombina
t i o n can be neglected, the quantum y i e l d φ i s obtained as 

Φ = 1 - 1 I aL exp (- aW) 0 ) 

The equation above can be approximated i f the width of the space 
charge layer i s small compare
l i g h t 1/a by 

* * w f ï i f « . V « 1 (2) 

The width of the space charge layer depends on the height of the 
Schottky b a r r i e r according to 

T T / 2ε ε Δφ W = J ο /se 
I e · Ν 1 ο 

where Ν i s the donor or acceptor concentration, ε, ε and e have 
t h e i r usual meaning of p e r m i t t i v i t y and elementary e2ectric°charge. 
These equations contain four parameters of Table 1 and indicate 
how the quantum y i e l d i s affected by these f a c t o r s . The surface 
recombination rate i s only important i f the b a r r i e r height i s low 
and can otherwise be neglected. This was assumed i n the derivation 
of Equation (1) which requires a high enough b a r r i e r height. 

The main e f f e c t of c r y s t a l o r i e n t a t i o n i s caused by d i f f e r e n t 
b a r r i e r heights on d i f f e r e n t c r y s t a l faces. I t i s w e l l known that 
V o l t a - p o t e n t i a l differences are dependent on c r y s t a l o r i e n t a t i o n 
because the surface dipole d i f f e r s f o r d i f f e r e n t faces. In the 
case of a semiconductor electrode t h i s means that the f l a t band 
p o t e n t i a l which can be determined experimentally (5_,6.,χ) depends 
on surface o r i e n t a t i o n . Consequently, the band bending at the same 
p o s i t i o n of the Fermi l e v e l i n the bulk of the semiconductor, i . e . 
at the same electrode p o t e n t i a l , d i f f e r s for d i f f e r e n t faces. 
Figure 2 gives a schematic picture f or such differences. 

Besides the e f f e c t s of d i f f e r e n t surface dipoles, the con
centration and energy p o s i t i o n of surface states depend also 
l a r g e l y on surface o r i e n t a t i o n with the r e s u l t that the e l e c t r i c 
excess charge i n surface states can be very d i f f e r e n t on d i f f e r e n t 
surfaces. This i s indicated i n Figure 3 by a comparison between the 
f l a t band s i t u a t i o n and the s i t u a t i o n at equal electrode p o t e n t i a l 
f o r d i f f e r e n t surfaces. Case (a) i s a surface free of surface 

11 ̂  (3) 
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GERiscHER Surface Orientation and Crystal Imperfections 

-1/a 

Helmholtz 
double layer 

Figure 1. Geometric parameters characterizing  semiconductor-electrolyte 
contact 

E c -

~EffredoxEF 
'"~Η= redox 

surface I surface I surface ΙΠ 

Figure 2. Energy scheme for different surfaces of a semiconductor electrode at 
equilibrium with the same redox system 
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4 PHOTOEFFECTS AT SEMICONDUCTOR-ELECTROLYTE INTERFACES 

s t a t e s , case ("b) a surface with acceptor states and case (c) a 
surface with donor states both having energy l e v e l s close to the 
conduction band. Since the excess charge i n these surface states 
changes, with varying p o l a r i z a t i o n , the band bending depends i n a 
d i f f e r e n t way on the voltage applied. 

Besides such e l e c t r o n i c surface states which can i n t e r a c t 
e i t h e r with electrons i n the bulk of the semiconductor or with a 
redox system i n the e l e c t r o l y t e , we have to consider another type 
of excess charge at the surface. This stems from adsorbed ions or 
from i o n i c groups attached to the surface of the semiconductor. 
This i s w e l l known from the pH dependence of the f l a t band poten
t i a l of semiconducting oxides {8) or the dependence of the f l a t 
band p o t e n t i a l of s u l f i d e s on the s u l f i d e concentration i n solu
t i o n (£). Since surfaces of d i f f e r e n t o r i e n t a t i o n w i l l i n t e r a c t 
d i f f e r e n t l y with such i o n i c charge, t h i s again w i l l a f f e c t the 
photoelectrochemical processe
at d i f f e r e n t surface o r i e n t a t i o n

E l e c t r i c charge i n surface states or i o n i c groups on the sur
face w i l l p a r t i c u l a r l y depend on imperfections found i n the sur
face. Imperfections i n the bulk w i l l a f f e c t the extension of a 
Schottky b a r r i e r since such imperfections can form traps f o r ele c 
t r i c charge. Such a case has been studied for example at zinc 
oxide (1 0 ) . 

The rate of surface recombination i s only important at low 
b a r r i e r height. Since, however, the b a r r i e r height depends on both 
f a c t o r s , o r i e n t a t i o n and imperfections, there are d i f f e r e n t poten
t i a l ranges, where t h i s e f f e c t has to be taken i n t o account. 

The mean d i f f u s i o n length of the mino r i t i e s i s d r a s t i c a l l y 
dependent on c r y s t a l imperfections. I t may also be dependent on 
surface o r i e n t a t i o n , i f they have an anisotropic m o b i l i t y . O p t i c a l 
anisotropy i s necessary f o r seeing an influence of c r y s t a l o r i e n
t a t i o n on the penetration depth of the l i g h t while c r y s t a l imper
fections w i l l only a f f e c t the penetration depth i n a range of wave 
lengths where l i g h t absorption i n the c r y s t a l i s very weak. The 
photocurrents are very small i n t h i s case which w i l l not be d i s 
cussed here. 

We conclude from t h i s discussion that a very complex corre
l a t i o n between structure and photoelectrochemical behavior i s to 
be expected and i t w i l l often be d i f f i c u l t to decide what may be 
the main influence. The following examples are selected under the 
aspect to demonstrate some e f f e c t s of surface o r i e n t a t i o n and 
c r y s t a l imperfections i n systems where they are very pronounced. 
Materials with a large anisotropy of the c r y s t a l properties are 
the best candidates for t h i s purpose. Therefore semiconductors 
with layer structure which have been introduced i n t o photoelectro
chemical studies by Tributsch ( 1 1 , 1 2 , 1 3 ) are predominantly used as 
examples. 
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1. G E R i s c H E R Surface Orientation and Crystal Imperfections 5 

Photoredox reactions at d i f f e r e n t surfaces 
of layered semiconductors 

Molybdenum selenide and molybdenum s u l f i d e electrodes s h a l l 
demonstrate the influence of d i f f e r e n t surface o r i e n t a t i o n on pho
toredox reactions. Figure k represents the c r y s t a l structure of 
MoS^ -where one can immediately see that on the van der Waals-sur-
face e x c l u s i v e l y s u l f u r atoms are exposed to the contact -with the 
e l e c t r o l y t e . They should behave very d i f f e r e n t l y from any other 
surface where the molybdenum atoms are not so -well shielded from 
i n t e r a c t i o n with the e l e c t r o l y t e s o l u t i o n . 

Photocurrent voltage curves have been studied with molybdenum 
selenide c r y s t a l s of d i f f e r e n t o r i e n t a t i o n and d i f f e r e n t pretreat-
ment. Figure 5 represents r e s u l t s for three t y p i c a l surfaces of n-
type MoSe ( j J O. An electrode with a very smooth surface cleaved 
p a r a l l e l to the van de
i n contact with the KI
d i r e c t l y i n j e c t electrons i n t o the conduction band and can only be 
oxidized by holes. At a bias p o s i t i v e from the f l a t band p o t e n t i a l 
^fb w ^ e r e a depletion layer i s formed a photocurrent can be ob
served as shown i n t h i s Figure. This photocurrent reaches a sat
uration at a p o t e n t i a l about 300 mV more p o s i t i v e than when 
surface recombination becomes n e g l i g i b l e . 

An electrode with another surface structure which was not 
cleaved but used as grown appeared to contain faces of other orien
t a t i o n . I t s current voltage behavior i s seen i n curve 2 of F i g 
ure 5 . This electrode had a s i m i l a r blocking character i n the dark 
as the f i r s t one. The most prominent difference i s that the onset 
of the photocurrent i s s h i f t e d to more anodic p o t e n t i a l s and i s 
somewhat le s s steep than at the f i r s t electrode. The surface s t r u c 
tures of these two electrodes are shown i n the microscopic p i c 
tures of Figure 6 (15). I t appears that the second electrode s t i l l 
contains a large portion of van der Waals-planes with some sur
faces of other o r i e n t a t i o n i n between. Although the l a t t e r ones 
are s t i l l i n a c t i v e i n the dark, they have a d i f f e r e n t dipole or 
d i f f e r i n adsorption of charged ions from s o l u t i o n . Therefore the 
f l a t band p o t e n t i a l i s s h i f t e d i n t o anodic d i r e c t i o n . 

A d r a s t i c a l l y d i f f e r e n t behavior was found i f the electrode 
was prepared by a mechanical cut normal to the van der Waals-sur-
face. The dark current increases steeply above a c r i t i c a l anodic 
p o t e n t i a l as i s seen i n curve 3 of Figure 5 . Only a small photocur
rent can be observed which quickly becomes indistinguishable from 
the dark current, i f the electrode p o t e n t i a l i s further increased 
anodically. This shows that the recombination rate i s much higher 
at t h i s kind of surface and that electron i n j e c t i o n i n t o the con
duction band i s now catalyzed by surface states generated by the 
formation of steps and other surface imperfections (j_6 ) . 

Figure 7 shows another set of examples for a molybdenum s u l 
f i d e electrode ) . Current voltage curve No. 1 gives the r e s u l t 
for a smooth electrode surface cleaved along the van der Waals-
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6 PHOTOEFFECTS AT SEMICONDUCTOR-ELECTROLYTE INTERFACES 
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Figure 3. Energy correlations for three different surfaces of an η-type semicon
ductor at the flat band potential (upper row) and at equal anodic bias flower row): 
(a) plane free of surface states; (b) plane with surface states of acceptor character; 

(c) plane with surface states of donor character 

M0S2 layer 
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Figure 4. Model of a 2 Η-crystal lattice for MoS2 
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Figure 5. Current-voltage curves in the dark and under illumination (solar-like 
light with 80 mW/cm2) of MoSe2 electrodes with different surface structure (\A): 
(1) 1-c face, cleaved (van der Waals face); (2) ||-c face, as grown; (3) ||-c face, 

mechanically cut; (electrolyte: 1M KCl + 0.05M KI) 

Figure 6. Pictures of the surfaces used 
in Experiments 1 and 2 of Figure 5 
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8 PHOTOEFFECTS AT SEMICONDUCTOR-ELECTROLYTE INTERFACES 

Τ 

J I I I 
0 ^05 UÔ V̂5 

ELECTRODE POTENTIAL [Vvs.SCE] 

Figure 7. Current-voltage curves in the dark and under illumination (680-nm 
light, 1 mV/cm2) of a MoS2 electrode of ±-c orientation at different states of sur
face perfection (15): (1) freshly cleaved; (2) after 25-min photocorrosion (solar 
light of AM 1) at 1 VSCE in 1M KCl solution; (3) after 115-min photocorrosion, 

same conditions as (2); electrolyte: 1M KCl + 0.05M KI 

electron-ι ho le pair 
separation ι 

Figure 8. Model for charge distribution and course of the electric potential at a 
semiconductor with two different adjacent surface areas in contact with an electro

lyte 
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1. G E R i s c H E R Surface Orientation and Crystal Imperfections 9 

plane. The dark current i s again very small and the photocurrent 
reaches saturation very quickly. With continuous exposure to photo-
corrosion i n the absence of the redox system the electrode surface 
becomes more and more le s s perfect. An increasing number of steps 
i s formed on the surface and the dark current increases as shown 
i n curves No. 2 and 3. The onset of the photocurrent i s simultane
ously h i f t e d to more anodic p o t e n t i a l s . However, i n t h i s example, 
the saturation photocurrent seems p r a c t i c a l l y not to decrease. 

In order to explain these e f f e c t s one has to assume that the 
e l e c t r i c double layer structure i s d i f f e r e n t at d i f f e r e n t faces 
( 1 6 ) . While the van der Waals-face should not contain surface 
states which can accumulate excess e l e c t r i c charge, other faces or 
surfaces with s t r u c t u r a l defects form surface states with such a 
property. Therefore, depending on the sign of the charge i n these 
surface s t a t e s , the space charge underneath the surface w i l l , at 
a given p o s i t i o n of the
smaller i n these region
Figure 8 shows a model where the excess charge on the surface i s 
p o s i t i v e and therefore the extension of the depletion layer i n the 
η-type semiconductor i s smaller i n t h i s region beneath the surface 
than i n the other regions. Recombination i s enhanced at the defec
t i v e parts of the surface while the photocurrents are unaffected 
on the other parts as i s indicated i n t h i s p i c t u r e . 

I f the surface states would pick up negative charge, we would 
have the opposite s i t u a t i o n with a more extended space charge l a y 
er beneath the surface areas containing such defects. This would 
s h i f t the onset of the photocurrent to more negative potentials 
and could improve the photocurrent y i e l d . I t appears that such a 
s i t u a t i o n can also be found i n some cases. 

Photocurrent and anisotropy of l i g h t absorption 

Anisotropic c r y s t a l s have a l i g h t absorption c o e f f i c i e n t de
pending on the d i r e c t i o n of the l i g h t wave and i t s p o l a r i z a t i o n 
( 1 7 ) . This again can be demonstrated i n electrochemical experi
ments with layered c r y s t a l s ( 1 8 ) . Some r e s u l t s obtained with g a l 
lium selenide c r y s t a l s are shown i n the following Figures. 

Gallium selenide, Ga Se^, i s a layered material where the 
Ga^-molecules are enclosed between two selenium l a y e r s . The 
structure i s shown i n Figure 9· The anisotropy of the o p t i c a l ab
sorption has been studied with very t h i n c r y s t a l s (}9). I t was 
found that the absorption c o e f f i c i e n t for l i g h t p o l a rized normal 
t o the layers i s higher than for l i g h t p o l a r i z e d p a r a l l e l to the 
l a y e r s . Because we were not able to prepare smooth surfaces orien
ted p a r a l l e l to the c-axis, we studied the photocurrents obtained 
under i l l u m i n a t i o n with p o l a r i z e d l i g h t at various angles of i n 
cidence. Since s-polarized l i g h t has the e l e c t r i c a l vector p a r a l 
l e l to the van der Waals-planes independent of the angle of i n 
cidence, the photoresponse of t h i s l i g h t could be used for a nor
malization of the photocurrent spectra obtained. This was neces-
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10 PHOTOEFFECTS AT SEMICONDUCTOR-ELECTROLYTE INTERFACES 

Figure 9. Structure model of a Ga2Se2 

crystal 
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sary "because with varying angle of incidence the d i f f r a c t e d l i g h t 
beam entering the c r y s t a l varies d i r e c t i o n and the penetration 
depth of l i g h t must be corrected for t h i s . What i s more important 
f o r a comparison, the illuminated area of the electrode varies 
with varying angle of incidence i n a not f u l l y c o n t r o l l a b l e 
manner. These differences can, however, be excluded i f one meas
ures the r e l a t i v e s ize of the photocurrents f or s- and p-polarized 
l i g h t at every wave length and relates these values to the photo
current spectrum obtained at normal incidence where no difference 
between s- and p-polarized l i g h t was found i n accordance with the 
t h e o r e t i c a l expectation. A further correction has to be made for 
the difference of the r e f l e c t i v i t i e s f o r s- and p-polarized l i g h t . 

A set of r e s u l t s obtained i n such experiments i s shown i n 
Figure 10. One sees that the l i g h t absorption with p-polarized 
l i g h t leads to a dr a s t i c increase of the photocurrents i n the whole 
s p e c t r a l range. This correspond  t  th  large  absorptio  c o e f f i
cient f o r l i g h t with p - p o l a r i z a t i o n
only be seen i n the photocurrent  quantu  y i e l
- cf Equation (1) and (2) - the d i f f u s i o n length of electrons, L , 
must be small compared to the penetration depth of the l i g h t 1/a. 

Figure 11 gives another example performed i n the same way with 
a gallium selenide c r y s t a l of another (lower) doping concentra
t i o n . The pronounced differences from the previous Figure indicate 
c l e a r l y that i t i s not only the d i f f e r e n t absorption c o e f f i c i e n t 
which controls the height of the photocurrents. The d i f f u s i o n 
length of the minority c a r r i e r s normal to the surface i s of equal 
importance for the quantum y i e l d as Equation (1) and (2) have 
shown. Therefore the r e l a t i o n between the y i e l d s f or s- and p-po
l a r i z e d l i g h t w i l l strongly depend on the l i f e time of the minority 
c a r r i e r s . Both spectra should coincide i f L » 1/aJ( and . 
This can p a r t l y explain the differences found for the two el e c 
trodes . The somewhat preliminary r e s u l t s shown here demonstrate 
that large effects of t h i s kind can be found and one has to take 
i n t o account the anisotropy of l i g h t absorption i n the study of 
photoeffects at semiconductor electrodes. 

The r o l e of c r y s t a l imperfections 

C r y s t a l imperfections play an enormous ro l e i n semiconductor 
electrochemistry. Examples for imperfections i n the surface have 
already been given i n the previous section. Imperfections i n the 
bulk mainly influence recombination. This i s always seen i n the 
decreased y i e l d s a f t e r mechanical surface p o l i s h i n g where a great 
number of c r y s t a l defects has been generated. Such c r y s t a l s show 
large photocurrents only a f t e r c a r e f u l etching u n t i l a l l mechanical 
defects have been removed from the boundary layer i n which the pho
tocurrents are generated. An example i s given i n Figure 12 f o r the 
photocurrents observed at a zinc oxide electrode. I t has been shown 
that mechanically formed defects i n zinc oxide act as traps f or 
holes and as recombination centers (10). Their presence i n the po-

In Photoeffects at Semiconductor-Electrolyte Interfaces; Nozik, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 
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Figure 10. Photocurrent spectra for p-
polarized light at different angles of inci
dence, normalized to s-polarized light, 
represented by the spectrum at 0° (GaSe 
electrode with N 4 = 7 Χ 1016 cm'3 at 
V8CE = -0.7 V; electrolyte: 1M H2SOk) 

LOO 500 600 700 
wave leng th InmJ 
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s i t i v e l y charged state decreases the extension of the space charge 
l a y e r . Therefore the photocurrent i s reduced i n two ways, by en
hanced recombination and by a decrease of the electron hole p a i r 
separation e f f i c i e n c y of the space charge layer. S i m i l a r r e s u l t s 
have been observed with CdS (20) and GaAs(21)• 

One more example for the r o l e of imperfections i n the bulk 
and on the surface s h a l l be demonstrated here. This i s t h e i r i n 
fluence on recombination luminescence which can be quite i n d i c a 
t i v e f o r the type of defect which i s involved. Luminescence can be 
studied by i l l u m i n a t i o n of the c r y s t a l with l i g h t of shorter wave 
length as widely done i n s o l i d state i n v e s t i g a t i o n s . In the case 
of an electrochemical system one can observe luminescence also due 
to the i n j e c t i o n of m i n o r i t i e s into the surface. This has been 
done with semiconductors of small band gap very early (22_,23). 
Semiconductors with a wider band gap have f i r s t been studied by 
Beckmann and Memming (2h)
from recombination v i a

We have applied t h i s technique to zinc oxide where hole i n
j e c t i o n can be reached with very o x i d i z i n g redox species (25). 
Figure 13 shows the r e s u l t of such experiments. The luminescence 
observed covers two s p e c t r a l ranges. One can be a t t r i b u t e d to i n -
terband recombination and corresponds to the l i g h t absorption edge 
of zinc oxide. There i s a t a i l at longer wave lengths which can 
come ei t h e r from recombination v i a surface states or v i a bulk 
states having energy l e v e l s w i t h i n the gap. Mechanical p o l i s h i n g 
of the surface changes the s p e c t r a l d i s t r i b u t i o n of the lumines
cence l i g h t d r a s t i c a l l y as shown i n t h i s Figure. The interband 
luminescence i s l a r g e l y reduced but not the t a i l at longer wave 
lengths. This can be taken as an i n d i c a t i o n that the longer wave 
length range of luninescence stems from surface state recombina
t i o n since the mechanical p o l i s h i n g w i l l c e r t a i n l y decrease the 
l i f e time of minority c a r r i e r s i n the bulk and enhance r a d i a t i o n -
l e s s recombination. On the other hand, the same treatment might 
increase the number of surface states due to the formation of 
d i f f e r e n t l y oriented surface areas or of surface defects. I t ap
pears reasonable that the luminescence v i a surface states cannot 
be quenched by the increased concentration of defects i n the bulk 
and may even increase due to a higher concentration of such 
states. More systematic investigations are necessary to analyze 
the d e t a i l s of such processes. However, t h i s i s a good example 
showing how s e n s i t i v e photoeffects i n semiconductors respond to 
s t r u c t u r a l changes of the surface and i n the boundary layer under
neath the i n t e r f a c e . 

Conclusions 

Surface o r i e n t a t i o n and imperfections of the surface or the 
bulk expose very d r a s t i c a l influences on the photoelectroehemical 
behavior of semiconductor electrodes. This i s very important for 
a l l applications of such systems, f o r example for the conversion 
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 potentia  [V] 

Figure 12. Photocurrent-voltage curves for a ZnO electrode after two different 
surface pretreatments (electrolyte: 7 M KCl) 

λ Cnm] 

Figure 13. Luminescence from a ZnO electrode into which holes are injected by 
SOj,' radicals (25) (spectra for two different surface pretreatments) 
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of so l a r energy (1U,26,27). I t appears that high e f f i c i e n c i e s can 
only be reached -with materials and surfaces where a l l the ef f e c t s 
which favor recombination between electrons and holes can be 
minimized. No surface states should be present which can pick up 
charge of the same sign as that of the minority c a r r i e r s since 
t h i s would reduce the band bending under i l l u m i n a t i o n by an i n 
creased voltage drop i n the Helmholtz double layer and would 
diminish the photovoltage output accessible from such a contact. 
Besides t h i s , these factors have also a very large influence on 
the corrosion reactions which could not be discussed here although 
they are extremely dependent on surface imperfections (jjS ). The 
o p t i c a l anisotropy of most semiconductor materials, which has been 
neglected nearly completely i n electrochemical experiments u n t i l 
now, must also be taken int o account. 
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2 
Carrier Recombination at Steps in Surfaces of 
Layered Compound Photoelectrodes 

H. J. LEWERENZ, A. HELLER, H. J. LEAMY, and S. D. FERRIS 

Bell Laboratories, Murray Hill, NJ 07974 

The performance o
surface morphology has been investigated. A correlation between the 
smoothness of the surface as determined by scanning electron micros
copy and solar conversion efficiency was found. With a smooth WSe2 

photoanode, a solar-to-electrical conversion efficiency of ~5% is reached 
in the n-WSe2/2MKI-0.05MI2/C cell. Charge collection electron (EBIC) 
microscopy on p-WSe2 shows that steps on the surface of layered sem
iconductors are recombination sites. The deleterious effect of steps is 
explained by deflection of minority carriers towards recombination sites 
at the edges of steps by an electric field component which parallels the 
layers. 

Layered compound transition metal dichalcogenides gained recent 
interest as electrode material in semiconductor liquid junction solar cells 
(1-5). These materials show improved stability when used as pho
toanodes even in oxidizing solutions such as relatively non-toxic air 
stable cells, which do not require hermetic seals. The improvement in 
stability to photocorrosion has been attributed to the fact that excitation 
of the layered dichalcogenides involves transitions between hybridized 
metal d-bands, leaving the bonding of the illuminated semiconductors 
relatively unaffected (2,3). Review of the metal-metal distances which 
determine the d-d-interaction and hence also the d-d-splitting, suggests 
that WSe2, MoSe2 and WS2 are likely to be particularly stable when used as 
photoanodes. Because of uncertainties even in the most basic data for 
these materials none can be ruled out or preferred in photoelectrochemi– 
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18 PHOTOEFFECTS AT SEMICONDUCTOR-ELECTROLYTE INTERFACES 

cal solar cells. Thus, for example, band gaps ranging from 1.16eV (6) to 
1.56eV (7) have been reported for WSe2. The differences in the data may 
be due to the methods of preparations of the different crystals (8J£). 
With respect to semiconductor liquid junction solar cells, the unknown 
parameters include flat band positions, photoelectrode kinetics and com
patibility with various redox couples (10). Substantial differences in the 
performance of the various layered dichalcogenides in solar cells have 
been reported. Molybdenum dichalcogenides appeared to have higher 
short circuit currents, open circuit voltages and fill factors (Γ1). The first 
investigation of p-WSe2 revealed losses, of unknown origin, due to car
rier recombination (12). The best solar conversion efficiency reached 
with this material was of 2% (under laboratory conditions). 

This paper analyzes the causes of the losses in n-WSe2 and n-MoSe2 

photoanodes and propose
molybdenum diselenide crystalliz
space group symmetry D£h-P6/mmc (13, 14). The arrangement of the 
metal atoms with respect to each other is that of a close packed hexago
nal layer. Each of these layers is surrounded by two adjacent close-
packed planes containing the anions, so that the cations occupy trigonal 
prismatic sites. Strong covalent bonding is assumed within the layers 
(15, 16, 17) whereas the interlayer attractive forces are predominantly 
characterized by van der Waals interactions. This particular bonding 
results in the remarkable anisotropic properties of layered semiconduc
tors. The peculiar features of the band structures of the transition lay
ered metal compounds include the following (16): 

(i) Substantially split bonding and antibonding orbitals result from 
the strong covalent bond between metal and chalcogen s and ρ orbi
tals. The resulting energy separation of the respective bands is rela
tively large (16). 
(ii) The interaction between the metal d- and chalcogen sp-orbitals 
is weaker and causes the d-bands to be located within the metal-
chalcogen sp-gap. 
(iii) The dz2 and the dxl_yl, type subbands are strongly hybridized. 
The hybridization produces an energy gap within the d-bands. 
Theoretical calculations as well as experimental data show that the 
highest occupied band has ^-character (15. 16. 18) whereas the 
four other d-subbands are unoccupied. The n—WSe2 band structure 
is presented schematically in Figure 1. A band gap of 1.35eV is 
assumed (8). 
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Experimental 

Single crystals of n-WSe2 and n-MoSe2 were grown using chlorine 
transport; for p-WSe2, TeCl4 was used as transport agent Q£). The dop
ing of these samples was approximately the same (~8 χ 1016cm~3). The 
area of the crystals varied between 0.2cm2 and 0.5cm2 and their thickness 
from 0.1mm to 0.5mm. To avoid differences in doping or composition 
all samples studied were selected from the same batch of crystals. The 
mounting procedure of the WSe2 and MoSe2 photoanodes has been 
described earlier (20). The electrochemical experiments were performed 
in the normal three-electrode potentiostatic configuration. All potentials 
are referred to that of the r/lj redox couple. Except in solar efficiency 
measurements, which were performed in sunlight  a 150W tungsten 
iodine lamp (Oriel Corp.
deionized water with analytical grade chemicals. 

The Correlation Between Surface Morphology and Solar Cell Performance of WSe2 and 
MoSe 2 Photoanodes 

Initial inspection of the as-grown crystals, revealed substantial vari
ations in shape, thickness and crystal morphology. Examination with a 
light microscope showed large differences in surface topography, which 
were particularly pronounced in WSe2 samples. The main features, found 
on the surfaces were: 

(a) crack-like steps 
(b) deep ruptures 
(c) heaps of small, thin crystallites lying on the surface 
(d) very small terraces associated with growth spirals 
(e) smooth but curved (concave or convex) surfaces 
(f) smooth planar single crystalline surfaces of hexagonal shape 

In order to study the influence of surface morphology on the pho
toanode performance, samples differing in surface structure have been 
selected. Electron micrographs of representative areas of three different 
n-WSe2 electrodes are shown in Fig. 2. Substantial differences in surface 
structure ranging from nearly smooth (Fig. 2a) through moderately 
structured (Fig. 2b) to extremely high structured (Fig. 2c) are noted. 
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Figure 2. Electron micrographs of representative areas of three n-WSe2 samples 
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In order to obtain a semiquantitative estimate of the respective 
amount of the non-horizontal surface area on each sample, we counted 
the height and length of the dislocations, which were mostly step-like. 
This was done by (a) taking electron micrographs at two different angles, 
thus obtaining a stereoscopic view of the surface and (b) by estimating 
step-heights with "defocusing" under a light microscope. Since the sur
face structure is to a large extent semi-macroscopic, we only considered 
step heights larger than Ιμίη. The non-horizontal surface area was 
estimated to be 5% of the horizontal area in case of sample A (Fig. 2a) 
-20% for sample Β (Fig. 2b) and -80% in case of sample C (Fig. 2c) 
which had particularly high steps. The current voltage curves 
corresponding to these samples, and measured in the 
n-WSe2/2MKl-50mMl2/C cell are shown in Fig. 3. Drastic differences in 
short circuit current, ope
smoothest electrode, sampl
most structured sample C shows the lowest ones. Sample A exhibits an 
open circuit voltage of 0.63V and a fill factor of 0.37 with the maximum 
power point at 0.35V. The fill factors of the approximately four times 
more structured sample Β is 0.25, the open circuit voltage is 0.5V and 
the short circuit current is down by a factor of 2.5. The fill factor of 
sample C is only 0.23, the open circuit voltage is 0.39V and the short cir
cuit current is one third of that of sample A. 

Practically the same correlation is found on n-MoSe2 electrodes. 
The electron micrographs of representative areas of two samples, 
differing in surface morphology, are shown in Fig. 4. Sample A, 
although not completely smooth, reveals considerably less surface struc
ture than sample B. The resulting solar cell performance of these elec
trodes is shown in Fig. 5. The smoother photoanode (Fig. 4a) shows 
substantially higher values of fill factor, open circuit voltage and short 
circuit current than the more structured one (Fig. 4b). 

After the results established a correlation between surface structure 
and cell performance in n-WSe2 and n-MoSe2 electrodes, crystals with 
smooth surfaces were selected to build semiconductor liquid junction 
solar cells of increased efficiency. The electron micrographs of these 
n-WSe2 samples, labeled D, Ε and Η are shown in Fig. 6. Their surfaces 
reveal almost no structure. Current voltage curves of these and addi
tional samples are displayed in Fig. 7. With the best these anodes, 
labelled D-H, have open circuit voltages approaching 0.6V and exhibit fill 
factors as high as 0.55. The short circuit current of sample F, with some 
surface structure, is slightly lower than that of the other electrodes. 
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PHOTO VOLTAGE / V 

Figure 3. Current-voltage characteristics of the samples shown in Figure 2 in 
2M KI-0.05M I2 solution (the solution was exposed to air) 

Figure 4. Electron micrographs of representative areas of two n- MoSe2 samples 

In Photoeffects at Semiconductor-Electrolyte Interfaces; Nozik, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



2. LEWERENZ ET AL. Carrier Recombination 23 

1 

PHOTOVOLTAGE/V 

Figure 5. Current-voltage characteristics of the samples shown in Figure 4 in 
2M KI-0.5M h solution (air) 

Figure 6. Electron micrographs of representative areas of three smooth n-WSe2 

samples 
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Figure 7. Current-voltage characteristics of the samples shown in Figure 6 (D, E, 
H). Also shown are the current-voltage characteristics of additional smooth sam

ples F and G; solution: 2M KI-0.05M I2 (air). 

14 r 

PHOTO VOLTAGE / V 

Figure 8. Current-voltage characteristic of photoanode D (see also Figures 6 and 
7) under 92.5 mW/cm2 insolation in the n-WSe2/2M KI-0.05M I2/C cell 
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In order to get an estimate of the solar-to-electrical conversion 
efficiency on layered compounds, sample D has been measured in sun
light. The result, obtained at 92.5mW/cm2 insolation is shown in Fig. 8. 
The maximum power point is at 0.33V and 10.7mA/cm2, with a resulting 
solar conversion efficiency of 3.7%. As is evident from Fig. 7, some 
samples show better overall performance than sample D. The best of 
these, sample G, the surface of which was accidentally damaged before 
being measured in the sun, had a maximum power output which 
exceeded that of sample D by a factor of 1.4 bringing the estimated solar 
conversion efficiency to 5.2%. 

The existence of recombination sites at or near the surface of a 
semiconductor is known to affect the short circuit current spectra in 
three respects: first, the current efficiency decreases at all wavelengths; 
second, the loss being greates
illumination (with a lase
(21,22). In Fig. 9, the photocurrent spectra of two parts of the same 
n—WSe2 electrode are shown. Spectra measured on a relatively smooth 
part of the sample are displayed in Fig. 9a. The spectra of a highly struc
tured part are shown in Fig. 9b. It is seen that the current from the 
structured surface is lower for all wavelengths and a drastic drop of 
current efficiency under intense illumination ("laser on") is noted. No 
such behavior is observed in Fig. 9a on the smoother part of the sample. 
The spectra with the "laser on" in Fig. 9 were obtained at an irradiance of 
2mW/cm2 at 6328À with a He-Ne laser. Comparison of the current 
efficiencies of the smoother and the highly structured parts of the crystal 
shows a decline of the current by a factor of 4 under low level illumina
tion through a monochromator. Additional illumination with laser light 
causes a further decrease by a factor of 5, thus reducing the quantum 
efficiency to 5% of that of the smooth part of the sample. 

Identification of Recombination Sites by EBIC 

A powerful method for the characterization of the origin of losses 
on structured surfaces is provided by the EBIC (Electron Beam Induced 
Current) technique also known as charge collection microscopy (23, 24). 

A typical EBIC experiment is shown schematically in Fig. 10. A 
Schottky barrier is formed between a semiconductor and a metal. An 
electron beam impinges through the metal and creates electron hole pairs 
in the depletion region of the semiconductor. The charge carriers are 
separated by the electric field in the space charge region and are detected 
as collected current lc in the external circuit. In the presence of recom-
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Figure 9. Photocurrent spectra of two parts of the same n-WSe2 electrode: (a) rela
tively smooth part and (b) heavily structured part. The arrows indicate the assumed 
band edge; ( ) the relative quantum yields at very low levels of illumination; 
( ) the relative quantum yields when the sample is illuminated also by a super
imposed laser beam of 2 mW/cm2 at 6328 A. The spectra are corrected for the 

response of the system. 
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bination sites, Ic is decreased, and by scanning the electron beam across 
the surface, one obtains information on the location and effectiveness of 
recombination sites. 

We utilized this technique on a structured p—WSe2 sample (25) 
(good quality Schottky barriers with η-type materials were difficult to 
form). The Schottky junction was made by evaporation of 500Â Al onto 
the p-WSe2 surface (26). An ohmic back contact was obtained by eva
porating 300Â of Zn followed by 1000Â of Au onto the back of the sam
ple. Figs. 2 and 4 reveal that the surfaces of layered compounds are 
often terraced. We have therefore investigated the charge collection 
efficiency on a part of the WSe2 sample which showed very fine steps 
under the scanning electron microscope. Fig. 11a is an electron micro
graph of a typical stepped surface and Fig. lib shows the corresponding 
EBIC-picture. In the latter  high charg  collectio  efficienc  i  indicated 
by dark areas and poor efficienc
collection efficiency at and near the edges of steps and provides direct 
proof that steps act as recombination sites. The effect of steps on the 
collection efficiency can be more quantitatively displayed if Ic is recorded 
during a single lateral scan of the electron beam. Fig. 12 shows a typical 
result, obtained on another part of the sample. Clearly, the collection 
current lc drops whenever the electron beam scans across a step, demon
strating further the recombination at these. 
Discussion 

The results in Section 3 and 4 demonstrate that steps on the surface 
of layered semiconductors are recombination sites, and hence predom
inantly responsible for the poor cell performance of structured 
electrodes. We therefore proceed in examining the role of steps in lay
ered compounds. 

First, we consider the ideal case of an atomically smooth sample as 
shown in Fig. 13 for WSe2. Here, we have assumed an average absorp
tion coefficient of M0 5cm - 1 in the energy range above 1.5 eV (7) hence 
the light intensity l0 drops to /0/e within 1000À. With a static dielectric 
function e (perpendicular to the layer structure) of 9(27), a barrier 
height of 0.6V and a carrier concentration of 81016cm~3, a space charge 
layer thickness of 860 Â is obtained in the depletion approximation. 
Thus within the accuracy of the above approximation, the absorption 
length La and the depletion layer width W have very similar values (as 
shown in Fig. 13) indicating that most of the incoming light is absorbed 
in the space charge region. 

The absorption of light results in creation of electron hole pairs, 
predominantly in the depletion region, and is then followed, as usual, by 
transport of minority carriers to the surface. In layered compounds, 
however, mobility within the layers is high, while mobility perpendicular 
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ELECTRON BEAM 

BACK CONTACT 

Figure 10. Schematic of an EBIC experiment with a p-type semiconductor as 
photoactive part (lc denotes the charge collection current) 

Figure 11. (a) Electron micrograph of a stepped part of a p-WSe2 photocathode; 
(b) EBIC picture of the same part of the p-WSe2 sample; the charge collection 

efficiency is lowest for light and highest for dark areas. 
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Figure 12. Collection current of an EBIC experiment obtained by scanning the 
electron beam across a stepped surface of a p-WSe2 sample (x-direction); beam 
voltage 20 kV, beam current 6.5 χ 10~10 A. The arrows indicate the position of the 

steps. 

c-AXIS 

ELECTROLYTE f 

Figure 13. Absorption length L« and depletion layer width W of an ideally smooth 
WSe2 electrode in contact with an electrolyte, assuming ej_ == 9 and nc = 8 Χ 106 

cm'3 
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to the layers is low. The charge transport in the perpendicular direction 
is related to randomly distributed stacking faults, which interconnect the 
layers, introducing an extrinsic conduction mechanism (28). The pres
ence of stacking faults leaves the translational invariance parallel to the 
layers unaffected whereas it destroys translational invariance perpendicu
lar to them. Thus, layered semiconductors may be viewed as one 
dimensional disordered systems with extrinsic conduction paths parallel 
to the c-axis. 

The pronounced anisotropy of the electrical conductivity in layered 
compounds (8,15) suggests that the charge carriers move, on their way 
to the surface, predominantly within the layers, i.e. parallel to the main 
surface as shown in Fig. 14 (in which the relative path of the charge car
riers within the layers is compressed). The random character of inter-
layer charge transport du  t  extrinsi  conductio  lead  t  variet f 
possible paths, two of whic

The presence of a step introduces two significant changes. First, in 
contrast to a smooth surface which does not exhibit unsaturated bonds in 
the direction perpendicular to the surface, strong covalent bonds are 
exposed to the electrolyte at the edge of a step. These are likely to 
chemisorb species from the environment and introduce surface states 
within the band gap (29). These are recognized recombination sites and 
shunts in solar cells, known to reduce fill factors, current collection 
efficiencies and open circuit voltages (30, 31). 

Second, the exposure of a step to the conductive electrolyte results 
in a space charge region parallel to the layers. The depth of this region is 
given by the differences in the static dielectric constant parallel and per
pendicular to the layers. For WSe2, e,, = 16 and e± = 9(27), hence in 
case of homogenous doping, the width of the depletion region parallel to 
the layered structure, W]h is increased approximately by a factor of 
compared with W± = 8 6 0 Â . In case of MoSe2, this anisotropy in W is 
somewhat larger, since e± = 4.9 and eM = 20(32), but also not particu
larly substantial. 

We will consider two physically different situations: (a) the height d 
of the step is comparable with the extension of the depletion layer (d 
~W) and (b) the step is much higher than the depletion width (d >> 
W). In the first case, charge carriers are generated in a region of the 
sample in which two electric fields exist: one parallel, the other perpen
dicular to the layers. Minority carriers, created within the depletion 
region wH will drift towards the edge of the step due to the acting electric 
field and the highly anisotropic conductivity. A step can thus be 
regarded as a collector of minority carriers which otherwise would have 
reached the surface that parallels the layers in the semiconductor. Such 
deflection of carriers is shown schematically in Fig. 15. Once the minor-
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Figure 14. Schematic of trajectories of minority carriers for an ideally smooth 
surface in contact with an electrolyte. The random character of the interlayer charge 
transport is also indicated (small arrows). The average minority carrier motion is 

given by the large arrows. 

ELECTROLYTE 

DEPLETION REGION W, II c-AXIS 

Figure 15. Schematic of trajectories of minority carriers for a surface with a step 
exposed to the electrolyte (the step height d is assumed to equalize approximately 

the depletion layer width) 
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c-AXIS 
E L E C T R O L Y T E • 

Figure 16. Schematic of the influence of steps on diffusion processes in case d > > 
W. The lined areas indicate the extension of the depletion layer parallel or perpen
dicular to the layered structure, W N and W ± , respectively, and \± denotes the mi
nority carrier diffusion length perpedicular to the layered structure (the horizontal 

radius of the ellipses is compressed somewhat). 
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ity carriers reach the edge of a step, most of them will undergo recombi
nation due to the high density of surface states. 

In case d >> w, an electric field and a space charge layer parallel 
to the layer structure is present in a region, in which light absorption is 
negligible and no field perpendicular to the layers exists. However, the 
efficiency of solar cells is a function of the minority carrier diffusion 
length (33, 34). In WSe2, evidence has been obtained, that this length /_,_ 
is in the order of 10"4 cm.(6, 25) The presence of a step associated with 
an electric field parallel to the layers leads to a deflection of diffusing 
minority carriers towards the edge where recombination occurs as 
schematically indicated in Fig. 16. The diffusion coefficient D is propor
tional to the carrier mobility μ, which is highly anisotropic in layered 
semiconductors thus the diffusion profile is elliptic as shown in the 
figure. Hence, a step wil
diffusion length and lifetime
performance. 

In summary, it has been demonstrated that surface morphology is 
critically important in determining the performance of solar cells with 
layered compound semiconductors. Steps on structured surfaces of tran
sition metal dichalcogenides have been identified as carrier recombina
tion sites. The region defined by the depth of the space charge layer 
parallel to the van der Waals planes can be considered as essentially 
"dead" in the sense that its photoresponse is negligible. As the "step 
model" predicts, marked improvement in solar cell performance is found 
on samples with smooth surfaces. 

Two conclusions concerning future application of layered com
pounds in solar energy converting devices can be derived from the 
present investigation: 

(i) the growth of large area smooth samples is highly desirable 
(ii) a method to reduce the disadvantageous effects of steps on sur
faces of layered semiconductors is needed 

If neither of these goals can be realized, layered semiconductors 
may not become useful electrode material in either semiconductor liquid 
junction or Schottky junction devices. Fortunately, evidence is already 
being obtained that the negative effects due to steps can be at least tem
porarily and partially alleviated (35, 36). Future development of chemi
cal methods to inhibit deflection of minority carriers to the edges of 
steps and to reduce the high recombination rates at steps may open the 
way for the use of polycrystalline layered chalcogenide semiconductors in 
solar cell devices. 
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Rate of Reduction of Photogenerated, Surface-
Confined Ferricenium by Solution Reductants 
Derivatized n-Type Silicon Photoanode-Based 
Photoelectrochemical Cells 

NATHAN S. LEWIS and MARK S. WRIGHTON 1 

Department of Chemistry, Massachusetts Institute of Technology, 
Cambridge, MA 02139 

N-type semiconductor
electrochemical cells (1
of the photoelectrode often competes with the desired anodic 
process (1, 4, 5). When photoanodic decomposition of the 
electrode does compete, the ut i l i ty of the photoelectrochemical 
device is limited by the photoelectrode decomposition. In a 
number of instances redox additives, A, have proven to be 
photooxidized at n-type semiconductors with essentially 100% 
current efficiency (1, 2, 3, 6, 7, 8, 9). Research in this 
laboratory has shown that immobilization of A onto the photo
anode surface may be an approach to stabilization of the photo
anode when the desired chemistry is photooxidation of a solution 
species B, where oxidation of Β is not able to directly compete 
with the anodic decomposition of the "naked" (non-derivatized) 
photoanode (10, 11, 12). Photoanodes derivatized with a redox 
reagent A can effect oxidation of solution species Β according 
to the sequence represented by equations (1) - (3) (10-15). 

Thus, Asurf is oxidized by the photogenerated h+, and the 
photogenerated A+surf in turn oxidizes B. By such a mechanism, 
the photooxidation of Β is possible for wavelengths of light 
that wi l l create e- - h+ pairs in the n-type semiconductor 
(≥ Eg) and for processes where the chemistry represented by 
equation (3) is spontaneous in a thermodynamic sense. The 
(A+/A)surf reagent system must also result in a suppression 
of the anodic decomposition, equation (4), in order to achieve 
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a durable in te r face for photooxidat ion when the naked electrode 
undergoes photoanodic decomposition i n the presence of B . 

Large values of k e t are needed to achieve photoanode-based 
c e l l s having h igh e f f i c i e n c y . Measurement of k e t can be made 
d i r e c t l y , s ince de r iva t i z ed photoanodes are two s t i m u l i 
response systems (10-16). Oxidat ion of A ^ requires 2l E g 
l i g h t and some electrode p o t e n t i a l , E f . îîowever, reduct ion of 
^sur f . o n ^ β n _ t y P e semiconductor only requires a s u f f i c i e n t l y 
negative p o t e n t i a l . This two s t i m u l i response ( l i g h t and 
po ten t i a l ) al lows evaluat ion of the rate constant k e t by measuring 
the time dependence of the A * u r f concentrat ion i n the dark i n 
the presence of Β (16) . The A+ U^. f concentrat ion can be monitored 
by e i the r a negative sweep or step"from the p o s i t i v e p o t e n t i a l 
needed i n the photogeneration of A ^ ^ f , equation (5) , and 

e " + A + . — A  (5) 
surf. surf

i n t e g r a t i n g the charge passe  A g u r f

Separation of the charge passed corresponding to reduction of 
A g u r f β from that associated with reduction of B+ can be 
accomplished by moving B + away from the photoanode by s t i r r i n g . 
The key fact i s that even though the p o s i t i v e l i m i t may be more 
p o s i t i v e than E°(A+ /A) Q 1 1 T. f , regeneration of Ag~ u r f β a f t e r 
r eaction according to equation (3), w i l l not occur i n the dark. 
Thus, the consumption of Ag" u rf by Β i s detectable by the decline 
i n Ag" u rf β concentration (16) measured by cathodic current 
associated with i t s reduction a f t e r a reaction time t-j_ at 
sp e c i f i e d conditions. Direct monitoring of Ag" u r f e concentration 
i n t h i s sense i s not possible on a re v e r s i b l e electrode, such as 
Pt or Au, since the ( A + / A ) s u r f β r a t i o depends only on Ef, I f 
^su r f . does e f f e c t chemistry according to equation (3), the 
A|urf. i s regenerated to an extent that depends only on Ef (16). 
However, i n d i r e c t procedures for evaluating k e t do ex i s t for 
r e v e r s i b l e electrodes, p a r t i c u l a r l y when the oxidation of Β at 
the naked electrode occurs at a n e g l i g i b l e rate compared to the 
rate at an electrode d e r i v a t i z e d with the ( A + / A ) s u r f e system (17). 

In photoelectrochemical c e l l s high e f f i c i e n c y depends on 
having a high quantum y i e l d f or electron flow, Φ , at a l l l i g h t 
i n t e n s i t i e s to be used. I f k e t i s too small, Φ θ may be less than 
unity because back electron t r a n s f e r , equation (5), can compete 
when Ef i s s u f f i c i e n t l y negative. Negative values of Ef are 
desirable, since the extent to which A s u r f # -»• A+ur;p can be driven 
u p h i l l with l i g h t , and here Β -> B +, depends on E f {!) . Further, 
i f k e t i s too small, d i r e c t e" - h + recombination, equation (6), 

+ k 6 
e - h y heat and/or l i g h t (6) 

may occur when the A g u r f A g u r f conversion i s complete. 
When k e t i s large, back electron transfer and recombination can 
s t i l l be competitive i f the concentration of Β i s too low. 
I f B + i s present back r e a c t i o n , equation (7), can contribute to 

+ k 7 + 
A , + Β > A * + Β (7) 
surf. A s u r f , 
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a low value of Φ β. Light i n t e n s i t y i s a consideration for two 
reasons. F i r s t , the rate of e" - h + recombination i s a 
"bimolecular" process whereas the other e" or h + processes are 
"unimolecular"; Φ β might be lower at higher l i g h t i n t e n s i t y . 
Second, when Β i s being consumed according to equation (3) i t 
can only be replenished at the i n t e r f a c e at a mass transport 
c o n t r o l l e d r a t e ; the e x c i t a t i o n rate can exceed the mass 
transport rate r e s u l t i n g i n a low steady-state value of Φ . 

In t h i s a r t i c l e we wish to amplify on our previous studies 
(10-16) of d e r i v a t i z e d photoanode surfaces by reporting new 
res u l t s related to the measurement of k e t for η-type S i photo-
anodes der i v a t i z e d with ( l , l f - f e r r o c e n e d i y l ) d i c h l o r o s i l a n e , I. 
We report that a number of s o l u t i o n reductants Β can be oxidized 

Fe S i C l 2 

I 
by the photogenerated, surface-confined ferricenium with a value 
of k e t that exceeds 6 χ 10& cm^ mol"-*- s ~ l at 298 K. Larger 
values of k e t cannot be measured owing to d i f f i c u l t i e s associated 
with mass transport c o n t r o l l e d rates. This would correspond to 
a homogeneous bimolecular rate constant of >6 χ 10^ M""-*- s ~ l . 
In p r a c t i c a l terms t h i s means that k e t i s large enough to y i e l d a 
good value of Φ θ at solar i r r a d i a t i o n i n t e n s i t i e s and at 
generally accessible concentrations of B. However, the extent 
to which the oxidation of Β can be driven u p h i l l , Ey, i s 
generally modest (0.4 - 0.5 V at open-circuit) compared to 
Eg = 1.1 eV for S i . Small values of Ey give low o v e r a l l 
o p t i c a l energy conversion e f f i c i e n c y . 

Background and Working Hypothesis 
N-type S i derivatized with I i s believed to have the 

inter f a c e structure and energetics represented by Scheme I 
(11). Taking E°(FeCp 2

+/0) s u r f # to be +0.43 V vs. SCE i n EtOH 
from measurements for Au or Pt electrodes der i v a t i z e d with I , 
(18, 19) Ey for the (FeCp 2°) s u r f. + (FeCp 2

+) 
surf. o x i d a t i o n can 

be up to -0.60 V (10). That i s , ' t h e value of E f of the photo-
anode where the ( ^ e C P 2 + ^ ) s u r f r a t i o i s one i s ~0.60 V more 
negative than for Au or Pt i n the best cases. More t y p i c a l l y , 
the value of Ey i s 0.3-0,4 V as shown i n Figure 1 for electrodes 
(Pt vs. illuminated η-Si) characterized by c y c l i c voltammetry. 
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( - ) 
Conduction Band 

Ε = -0.3V CB 

E ° ( F e C p ^ / 0 ) s u r f ! = +0.43V 

t 
(+) 

Scheme I Interface energetic
flat-band condition showing the formal p o t e n t i a l f o r a 
surface-confined ferricenium/ferrocene reagent r e l a t i v e 
to the p o s i t i o n of the top of the valence band,E^^,and 
the bottom of the conduction band,E_ B, at the i n t e r f a c e 
between the S i substrate and the redox/electrolyte system. 
Interface energetics apply to an EtOH/0.1 M [n-Bu^N^ClO^ 
e l e c t r o l y t e system. 

0.0 +0.4 

POTENTIAL, V vs SCE 

Figure 1. Typical comparison of cyclic voltammetry (100 mV/s) for Pt vs. n-type 
Si in CH3CN/0.1M [n-Bu^ClOj, derivatized with (1 Jf-ferrocenediyl)dichloro-

silane. 
The Pt exhibits a reversible wave in the dark whereas the η-type Si exhibits no oxidation 
current unless illuminated with > Eg light (632.8 nm, ~ 50 mW I cm2). The photoanodic 
peak is more negative than the anodic peak on Pt, reflecting the extent to which ferrocene 
-> ferricenium can be driven uphill (380 mV in this case). For η-Si, ( ) represents the 
reduction when the light is not switched off at the +0.6 V positive limit; ( ) on the 

cathodic sweep corresponds to the dark reduction. 
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The main point i s that at a photoanode p o t e n t i a l of Ï~0,4 V vs. 
SCE the (FeCp2 +/°) s u rf. r a t i o i s t y p i c a l l y >10 and the a v a i l a b l e 
oxidant i s (FeCp2+)surf.· Thus, any material Β that i s 
oxidizable with (FeCp2: ) i n s o l u t i o n should be oxidizable with 
the η-type S i photoanode d e r i v a t i z e d with I (10-16). N-type 
S i derivatized with I can be used i n ^ O / e l e c t r o l y t e s o l u t i o n , 
unlike the naked η-type S i that i s r a p i d l y passivated by 
photoanodic growth of an oxide layer on the surface (10, 11, 12, 
16). 

As a guide to understanding the heterogeneous oxidation of 
Β by (FeCp2 +) Surf.> w e adopt the theory of Marcus (20, 21). 
However, we underscore the fact that redox reaction of the 
surface-confined redox system, l i k e the s o l u t i o n system, i s 
accompanied by solvation changes (16). Heterogeneous electron 
transfer at a naked electrode need not involve an electrode 
solvation term. Q u a l i t a t i v e l y  Marcu  predict  that k  w i l l b
large when the (B+/B) an
when the d r i v i n g force  large

Results 
Solvent Dependence of I Oxidation 

In an e a r l i e r study, (16), we found the rate law represented 
by equation (8) to be appropriate for B=I~ i n EtOH or H2O solvent. 

Rate = k e t t ( F e C P 2
+ > S U r f . ^ B ^ ( 8 ) 

Units Analysis: Rate, molcm" 2s~ 1; k , c m ^ o l ^ s " 1 ; 
r + —2 ^ [(FeCp 2 ) s u r f e L molcm ; [ B ] , molcni 

We assume the same rate law to generally apply when Β i s a 
one-electron reductant. The a b i l i t y to prove the rate law f o r 
B=I"~ stems from a rather low value of k e t , Table I. Interest 
i n the photochemical oxidation of I " to I ^ ~ for energy storage 
purposes and the ~10-fold difference i n k e t i n EtOH vs. H2O 
prompted us to determine k e t for B=I"~ for several other solvents. 
Values of k e t , E ^ ( I ~ o x d n ) , and E°(FeCp2 +/°) s u rf. i n the various 
solvents used are given i n Table I. 

The E ^ ( I " " O X ( i r i e ) values are data from the l i t e r a t u r e (22) and 
our own measurements, and the E ° ( F e C p 2 + ^ ) s u r f . a r e from 
the c y c l i c voltammetry peak positions for Pt electrodes 
fun c t i o n a l i z e d with I i n the various solvents. Together, 
these data provide information concerning the d r i v i n g force 
for the oxidation of I by (FeCp2 + )surf. i n t n e various solvents. 

Values of k e t were determined as previously reported for 
H 20 or EtOH solvent (16). The der i v a t i z e d electrode i s f i r s t 
characterized by c y c l i c voltammetry i n s o l v e n t / e l e c t r o l y t e 
s o l u t i o n without added I" . The value of k e t i s then determined 
from the time dependence of the surface-concentration of 
(FeCp2 +)surf. i n the presence of varia b l e I " concentration and as 
a function of solvent. The ( FeCp2 +) Surf. i s generated i n a 
l i n e a r p o t e n t i a l sweep from -0.6 to +0.5 V vs. SCE while the 
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Table I. Reduction of Surface-Confined Ferricenium by Iodide 
i n Various Solvents at 298 K. 

P o t e n t i a l , V vs. SCE 

+/0,a w ,T-,b 3^-1-1° Solvent/Electrolyte E°(FeCp2
 1 ) E^(I ) k e t > cm mol s 

EtOH/[n-Bu 4N]ci0 4 0.4
Η 0 (pH=1.3)/NaC10 0.35 0.30 1 χ 10 3 

4 
G l a c i a l Acetic Acid/- 0,42 0.42 3 χ 10 

.4 
[n-Bu 4N]C10 4 

EtOH/Toltiene (1/1)/- 0.44 0.44 3 χ 10 
[n-Bu 4N]C10 4 

CH2Cl2/£n-Bu4N]C104 0.48 0.40 6 m 1Q4 

CH.CN/In-Bu.NJC10/ 0.50 0,32 >6 χ 10 8
e 

Formal p o t e n t i a l for surface-confined (FeCp ) as determined by 
slow sweep c y c l i c voltammetry for Pt electrodes derivatized with 
( 1,1 T-ferrocenediyl)dichlorosilane. 

^Data are quarter wave potentials for I*~ oxidation reported i n 
re f . 22 and measured at P t , see Experimental. 
°Heterogeneous electron transfer rate constant, see equation (8) 
i n t e x t , for I oxidation determined as i n r e f . 16. 

^Data from r e f , 16. 
eAssuming [ (FeCp 2

+) s u r f ] = 10 mol/cm^. 
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electrode i s illuminated at a s u f f i c i e n t l y high 632.8 nm l i g h t 
i n t e n s i t y (-50 mW/cm ) to insure that the ( F e C p 2 +/0) s u rf r a t i o 
at +0.5 V vs. SCE i s >10/1. The l i g h t i s then switched off at 
the p o s i t i v e l i m i t . Concentration of (FeCp2 + )surf. v s * t i m e » t±> 
i n the dark i s then determined by holding the p o t e n t i a l at +0.5 V 
vs. SCE for a time, t i 5 and then sweeping the p o t e n t i a l at 
>300 mV/s to -0.6 V vs. SCE while monitoring cathodic current 
corresponding to (FeCp2 + )surf. reduction. Another way to vary 
reaction time, t-^, i s to simply use no delay at the p o s i t i v e 
l i m i t and to vary the sweep rate on the negative scan. This 
method has been used as our routine method of determining k e t (16). 
Equivalent data were also obtained by measuring [ ( F e C p 2 + ) s u r f . ] 
by doing a p o t e n t i a l step from +0.5 V to -0.6 V vs. SCE and 
integrating current. Solutions are s t i r r e d to remove oxidized 
product, Ιβ", from the v i c i n i t y of the electrode. 

P l o t s of l n { [ F e C p 2
a slope = k 0 b s v c l [ l ~ ] . Consistently
proportional to Since k o b s v d = k e t [ ( F e C p 2

+
 s u r f . L the 

value of k t i s given by d i v i d i n g k 0^ s v^ by surface coverage. By 
holding the electrode at +0.5 V vs. SCE and i r r a d i a t i n g with a 
s u f f i c i e n t l y high l i g h t i n t e n s i t y to insure that e x c i t a t i o n rate 
i s not rate l i m i t i n g , the steady-state photocurrent should be 
predictable using equation (8). Indeed, using the surface 
coverage, t y p i c a l l y ~10~^ mol/cm^, and the k e t

T s given i n Table I 
calculated and observed steady-state photocurrents are i n good 
agreement. 

For CH3CN solvent we can only place a lower l i m i t on the 
value of k e t. Using a der i v a t i z e d r o t a t i n g disk photoelectrode 
we f i n d that the steady-state photocurrent at +0.5 V vs. SCE i s 
d i r e c t l y proportional to ω^, the square-root of the r o t a t i o n 
v e l o c i t y . Such a dependence i s expected when the l i m i t i n g current 
i s c o n t r o l l e d by mass transport (23, 24, 25) and not by the 
electron transfer rate ( i . e . k e t i s very l a r g e ) . For CH3CN 
solvent, the steady-state photocurrent i s independent of coverage 
of [(FeCp 2

+) s u r f . ] 5 a s expected for a mass transport c o n t r o l l e d 
rate. But for every other solvent system investigated we fi n d 
values of k e t that are small compared to what would be expected 
for mass transport l i m i t e d currents; steady-state currents do not 
depend on ω or whether the s o l u t i o n i s s t i r r e d when the current i s 
not mass transport l i m i t e d . 

Unfortunately, the large value of k e t associated with I 
oxidation i n CH3CN i s accompanied by an unstable i n t e r f a c e . For 
reasons that we do not presently understand, the η-type S i 
electrodes derivatized with I are not durable enough i n CH^CN 
solut i o n to sustain I ~ oxidation for prolonged periods of time. 
However, the electrodes do survive long enough to e s t a b l i s h that 
the rate of I"" oxidation i s l i m i t e d by mass transport. At the 
highest ω from our 200p r.p.m. motor our s t r i c t l y l i n e a r p l o t s of 
l i m i t i n g current vs. ω 2 e s t a b l i s h that the heterogeneous rate 
constant, k e t [(FeCp2 + )surf.]> i s _>0.06 cm/sec (16). Thus, i f 
[(FeCp2+) surf. ] ^ s ^Vcm2, which approximates a 'monolayef' of 
reagent exposed to the solution, k e t i s ^ 6 χ 10 cm^mol~~^s~l. 
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Reduction of Surface-Ferricenium by One-Electron Reductants 
In our e a r l i e r work, we showed that a number of reagents 

could be oxidized according to equations (1) - (3) where k e t i s 
so large that the rate i s l i m i t e d by mass transport (16), 
Thus, as for Β = IT i n CH 3CN,k e t i s >6 χ 10 s cm^mol^is-l for an 
e f f e c t i v e surface coverage of -10" 1 0 mol/cm2. The reagents 
previously studied (16), Β = Fe (n 5-C 5 H c ) 2 , FeCn^^H^Me) 2 , 
Fe (n 5-C 5H 5 ) (n5-C 5H 4Ph), Fe(r| 5-indenyl) 2 , and [Fe(CO) ( n 5 - C 5 H 5 ) ] 4 , 
are a l l one-electron reductants that have fast self-exchange 
rates and should, therefore, reduce ( F e C p 2 + ) s u r f . r a p i d l y . 
Table I I l i s t s some of our e a r l i e r data along with information 
for several other systems that we have now determined to have 
large values of k e t. 

Figure 2 shows the sort of d i r e c t evidence that shows that 
( F e C p 2 + ) s u r f . can oxidize s o l u t i o n reductants. The figure shows 
c y c l i c voltammograms for the d e r i v a t i z e d electrode i n the s t i r r e d 
EtOH/0.1 M n-Bu^N CIO
of Β and then i n the presenc
photocurrent at t j ie p o s i t i v e l i m i t of +0.3 V vs. SCE i s d i r e c t l y 
proportional to i n the presence of 3.0 mM Co(bipy)3 . The 
cathodic current associated with ( F e C p 2 + ) s u r f . ( F e CP2°) surf. 
on the negative sweep i n the dark from +0.3 V vs. SCE i s completely 
absent i n the presence of 3.0 mM Co(bipy)<^ + at the scan rate 
used. The lack of a return wave for the ( F e C p 2 + ) s u r f "** 
(FeCp2°) 

surf, reduction d i r e c t l y evidences complete reduction of 
the (FeCp2^) Surf. by t n e Co(bipy)3^ + . Linear p l o t s of l i m i t i n g 
current vs. e s t a b l i s h k e t to be >6 χ 10 cm mol'^s'l. 
Representative data for e q u i l i b r a t i o n of (FeC]>2+)surf. w i t n 

s o l u t i o n ferrocene are shown i n Figure 3 where the l i m i t i n g 
current varies l i n e a r l y with s o l u t i o n ferrocene concentration 
at a f i x e d ω and varies l i n e a r l y with ur2 for a f i x e d s o l u t i o n 
ferrocene concentration. Such data have been obtained for a l l 
of the couples l i s t e d i n Table I I and for I " i n CH3CN. 

The measurement of the mass transport rate constant by 
monitoring E (EeCp2 + ) s u r f.] vs. t ^ i n the presence of the 
various fast reductants generally gives a value that does not 
accord w e l l with the steady-state photocurrents. This s i t u a t i o n 
r e s u l t s even though the steady-state photocurrent density for 
r o t a t i n g , d e r i v a t i z e d disk electrodes and the current density at 
a r o t a t i n g r e v e r s i b l e disk electrode (e.g. Pt) are nearly the 
same for a l l reagents when corrected for minor differences i n 
d i f f u s i o n constants. A representative s i t u a t i o n i s shown i n 
Figure 4 where c y c l i c voltammetry of an η-type S i photoanode, 
de r i v a t i z e d with I , i s shown for several s i t u a t i o n s . Included 
are data for Β = ferrocene and 1,l T-dimethylferrocene under 
i d e n t i c a l conditions. These two s o l u t i o n reductants r e s u l t i n 
i d e n t i c a l steady-state photocurrents at +0.5 V vs. SCE, but as 
shown i n Figure 4b vs. 4c the 0.5 mM 1,1'-dimethyIferrocene 
consumes more of the C(FeCp2+) s u r f ] than does the 0.5 mM 
ferrocene under i d e n t i c a l conditions. 
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Figure 2. Cyclic voltammetric (100 mV/s) characterization of an η-type Si elec
trode. 

(a) Derivatized with (1 ,V-ferrocenediyl)dichlorosilane (5 X 10~9 molI cm2) in stirred 
EtOH/O.lM [n-Bu^ClO^. ( ) the dark current; ( ) the effect of illumination 
(632.8 nm, ~ 50 mW I cm2) from -0.5 V to +0.3 V. The light is switched off at +0.3 V 
showing that photogenerated ferricenium can be reduced in the dark on the negative 
sweep, (b) Same as in (a) except 3.0 mM Co(bipy)3Cl2 is in the stirred electrolyte solu
tion. Note enhanced photoanodic current indicating Co(bipy)3

2+ -> Co(bipy)3

3+ and the 
lack of a return wave for ferricenium -» ferrocene showing that Co(bipy)3

3+ formation 
occurs via surface ferricenium + Co(bipy)3

2+ -» surface ferrocene + Co(bipy)3

3*. 
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3. LEWIS AND WRIGHTON Reduction of Ferricenium 47 

Figure 3. Photocurrent vs. ων* at +0.5 V vs. SCE from an η-type Si disk deriva
tized with 5 X 10~9 mol/cm2 of ferricenium/ferrocene from (1 ,r~ferrocenediyl)di-

chlorosilane. 
The solution is EtOH/O.lM [n-Bu,tN]ClO^/ferrocene and illumination is at 632.8 nm, 
~50 W/cm2. The strict linearity of the plots shows that oxidation of solution ferrocene 

is mass transport-limited for all ω used and for each ferrocene concentration used. 
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48 P H O T O E F F E C T S A T S E M I C O N D U C T O R - E L E C T R O L Y T E I N T E R F A C E S 

Figure 4. Cyclic voltammetry (100 mV/s) in stirred EtOH/O.lM [n-Bu,,N]ClOh 

solutions for η-type Si derivatized with (1J f-ferrocenediyl)dichlorosilane (5 X 10 9 

mol/cm2) with illumination at 632.8 nm, ~ 50 mW/cm2 from negative initial poten
tial to the positive limit at -\-0.5 V. 

Light is switched off at +0.5 V vs. SCE for the cathodic sweep. In (a) there is no added 
reductant; (b), (c), and (d) contain 0.5mM ferrocene, 1 ,Γ-dimethylferrocene, and acetyl-
ferrocene, respectively. Acetylferrocene does not attenuate the surface ferricenium -> 
surface ferrocene wave since it is not a sufficiently powerful reductant. Ferrocene and 
1 ,Γ-dimethylferrocene both attenuate the surface ferricenium -» surface ferrocene wave. 
But 1 ,Γ-dimethylferrocene is more effective under identical conditions despite the fact 
that the same, mass transport-limited, steady-state photocurrent is found for these two 
reductants. These data suggest that after the light is switched off the reduction of surface 
ferricenium is controlled partially by mass transport and partly by the electron transfer 

rate (see text). 
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3. LEWIS AND WRIGHTON Reduction of Ferricenium 49 

Since the 1,1 T-dimethylferrocene consumes more of the 
( F e C p 2

+ ) s u r f β we conclude that i t i s a fa s t e r reductant 
than ferrocene. Consistently, the r a t i o of cathodic peak areas 
for the reductants examined i s s t r i c t l y maintained for a v a r i e t y 
of scan rates, pulse times t i ? concentrations of reductant, and 
s t i r r i n g rates. Using a s i m i l a r technique we order the rates for 
several other reagents: 

Fe( n
 5-indenyl) 2 > [ Fe(CO) (η 5-C 5H 5)] 4 ~ Fe(n 5-C 5H 4Me) 2 > 

Fe(r|~*-C,_Hj-) £ ~ phenylferrocene >> acet y l f errocene 

The acetylferrocene does not consume the (FeCp2+)Surf.» Figure 4d, 
because the reaction i s not ther mo dynamically spontaneous. The 
c o n f l i c t i n our data i s that steady-state photocurrents for the 
fast reductants i s the same, but the ( F e C p 2 + ) s u r f . c a n ^ e consumed 
at d i f f e r e n t rates i n th
The data demand the conclusio
can become l i m i t e d p a r t i a l l y by mass transport and p a r t i a l l y by 
k e t at some point i n the reaction (large f r a c t i o n a l consumption 
of ( F e C p 2 + ) s u r f . ) i n t n e dark. This seems reasonable i n view 
of the expected rate law, equation (8), the d e c l i n i n g 
;(FeCp 2

+) surf.] a n c* a constant mass transport rate of fresh 
solution reductant. 

Discussion 
Data given i n Table I for mediated I ~ oxidation r a t e , k e t , a n d 

for energetics of the process E°(FeCp2+/°)Surf. v s - E^ 1") seem 
to suggest that both solvent and d r i v i n g force for reaction can 
influence k e t. In CH^CN where the d r i v i n g force i s greatest, we 
f i n d large values for k e t. However, i t does not seem that 0.18 V 
(CH3CN) vs. 0.08 V (CH 2C1 2) would account for a factor of 10 4 

i n r a t e , and we conclude that medium ef f e c t s can contribute to 
rate v a r i a t i o n as w e l l . In support of t h i s conclusion we note 
that H 20 y i e l d s a rate constant about a factor of 10 lower than 
the other solvents (EtOH, g l a c i a l a c e t i c a c i d , EtOH/toluene) 
where the d r i v i n g force i s even s l i g h t l y smaller. A 
complication i s that self-exchange rates are not known for a l l 
of the media used. This precludes a de t a i l e d i n t e r p r e t a t i o n of 
the data w i t h i n the framework of Marcus theory (20, 21). 

With respect to solar energy conversion and photoelectro-
chemical synthesis i n v o l v i n g I -> Iβ" oxidation, i t i s noteworthy 
that s i g n i f i c a n t v a r i a t i o n i n k can be brought about by 
va r i a t i o n of the e l e c t r o l y t e s o l u t i o n . The data suggest that 
CH3CN could be a good solvent i n terms of the measured value of 
k e t, but the d u r a b i l i t y of the i n t e r f a c e i n CH3CN i s too poor. 
Perhaps a mixture of CH3CN/H2O would prove workable. 

Two points of in t e r e s t regarding d e r i v a t i z e d electrodes 
emerge from the data for mediated I " oxidation. F i r s t , i t i s 
noteworthy that ferricenium i n H2O w i l l not o xidize I - ; the 
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thermodynamics are such that the reaction i s not spontaneous 
(26). However, we do f i n d that (FeCp2 + )surf. f r o m 

d e r i v a t i z a t i o n with I does spontaneously o x i d i z e , a l b e i t slowly, 
I " i n H2O. Apparently, the surface-confined system has a 
s u f f i c i e n t l y more p o s i t i v e p o t e n t i a l that I"" can be oxidized. 
Since monosubstituted ferrocenes do not have a p o t e n t i a l 
i d e n t i c a l to that for ferrocene i t s e l f , the surface reagent 
may be enough d i f f e r e n t that i t s o x i d i z i n g power can be greater. 
I t may also be that, despite the general s i m i l a r i t y i n E° Ts 
for surface-bound and s o l u t i o n species (27), the difference 
i n E° brought about by binding the reagent to the surface i s 
s u f f i c i e n t to change the d i r e c t i o n of spontaneity for a given 
redox process. Second, the d i r e c t p r o p o r t i o n a l i t y of steady-state 
photocurrent to £ ( F e C p 2 + ) s u rf ] for k e t < (mass transport limited) 
indicates that a l l surface-bound material i s I " accessible. This 
i s consistent with the a b i l i t y of small anions to penetrate 
throughout the redox polymer
s t a t i c a l l y bound to p o l y c a t i o n i
surface (28), and such bound anions slowly exchange with smaller 
counterions. We do not f i n d evidence for slow I " or I^"" ion 
d i f f u s i o n i n and out of polymer on electrodes d e r i v a t i z e d with 
J. Larger counterions, however, do effect the electrochemical 
behavior as previously noted (19). 

As shown i n Table I I , there are a number of reagents that 
w i l l r a p i d l y reduce (FeCp2 + ) s u rf.· The value of k e t >_ 
6 χ 10 8 cm^mol" s""l comes from the observation for I~ i n CH^CN 
and a l l reductants i n Table I I that photocurrent density i s 
d i r e c t l y proportional to for r o t a t i n g disk electrodes. The 
highest ω allows the conclusion that l ^ v g ^ >̂  0.06 cm/s. 
D i v i d i n g by a coverage of ~10~10 mol/cm2 gives k e t > 6 χ 10 cnr 
mol" 1s~ 1. We are not c e r t a i n that 1 0 ~ 1 0 mol/cm2 i s the proper 
coverage to use; we take t h i s value because the data i n fact 
show l i m i t i n g photocurrent to be independent of coverage i n the 
range ~6 χ 10^° to 1 χ 10" 8 mol/cm2. The ~10~ 1 0 mol/cm2 i s 
the l i k e l y coverage that would correspond to a monolayer of 
reagent derived from a molecule as large as I. But some 
caution should be exercised i n i n t e r p r e t i n g k e t that i s assigned 
from k 0 b s v c p In our e a r l i e r work (16) we used a coverage of 
-10"^ mol/cm2 to represent the appropriate monolayer coverage 
but we believe t h i s to be too high, since <10~9 mol/cm2 w i l l , 
experimentally, r e s u l t i n the same steady-state photocurrent» 

The value of k e t >_ 6 χ 10 8 cuAnol^s*" 1 i n the usual units 
f o r a bimolecular rate constant for homogeneous so l u t i o n i s 
> 6 χ 105 M ~ l s ~ l , The ferrocene self-exchange constant i s 
5 χ 10 6 M~TS-1 (29). Various cross reactions of substituted 
ferrocenes and ferricenium derivatives have bimolecular rate 
constants that exceed 10^ M""^s""l where the equilibrium 
constant exceeds unity (30). Further, i n the cross reactions, 
the rate constants varied by almost two orders of magnitude for 
a change i n d r i v i n g force of -0.25 V (30). Thus, the data i n 
Table I I r e l a t i n g to the ferrocene-like molecules i s reasonable. 
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The cross reaction rates and self-exchange rates predict 
k e t > 6 χ 10^ M"~ls~l, provided that the surface-confined reagent 
has the same a c t i v i t y as the so l u t i o n species. While we have not 
ordered k e t

 1 s q u a n t i t a t i v e l y , the order of k^'s for the 
ferrocene-like reagents does appear to depend i n a systematic way 
on the d r i v i n g force for reaction. 

C o ( b i p y ) + self-exchange i s f a i r l y slow (31) , and we f e l t 
that t h i s species might reduce ( F e C p 2 + ) s u r f . slowly enough that 
k e t could a c t u a l l y be measured. However, i t too has too large a 
k e t to measure. The dimethyldithiocarbamate, Me2dtc~, i s 
i r r e v e r s i b l y oxidized by (FeCp2 + )surf. a n c* again the rate constant 
i s too large to measure. The product(s) from t h i s reaction have 
not yet been i d e n t i f i e d . Ferrocene i n sulfolane i s reported to 
have a low rate constant for heterogeneous exchange (32) ; we 
examined t h i s system with the hope of being able to measure k e t , 
but found that ferrocen
The aqueous R u i N ^ ) ^ - 1 - an
reagents can be found that give large values of k e t. Indeed, the 
s i m i l a r i t y of E° from I 3 " / I " and Fe(CN) 6

3~/ 4~ and the >105 change 
i n rate constant shows that the I ~ oxidation has a k i n e t i c 
b a r r i e r i n ̂ 0 . We could a t t r i b u t e t h i s k i n e t i c d i f f i c u l t y 
s o l e l y to the two-electron process to form I3"" vs. the one-e]ectron 
oxidation of Fe(CN)^ . However, t h i s explanation i s not e n t i r e l y 
s a t i s f a c t o r y i n view of the r e s u l t s for I " i n CH3CN. The 
Fe(CN)^ 3 -'^" system would seemingly be a good couple for a 
photoelectrochemical c e l l for the conversion of l i g h t to 
e l e c t r i c i t y but here long term d u r a b i l i t y i s again a serious 
problem: Fe(CN) A

3"/ 4~ i s phot osensitive (33) and the long term 
d u r a b i l i t y of electrodes derivatized with I i n the presence of 
high concentrations of Fe(CN)^^~/^~ has not been demonstrated. 

Several of the rev e r s i b l e redox couples could, i n fact be 
used i n a c e l l for e l e c t r i c i t y generation. However, the output 
photovoltage, Ey, associated with these η-type Si/ferricenium/-
ferrocene photoanodes i s only i n the 0.3-0.4 V range at open-
c i r c u i t . Such i s l i k e l y too low to be useful i n p r a c t i c a l schemes 
for solar energy conversion. The approach of dérivâtization, 
though, may be applied to other photoanode materials to r e a l i z e 
improved e f f i c i e n c y and d u r a b i l i t y . 

Summary 
Photogenerated, surface-confined ferricenium can be reduced 

by a number of reductants including I - , C o ( b i p y ) ^ 2 + , ferrocene, 
l,l T-dimethylferrocene, phenylferrocene„ Fe (n^-indenyl)2? 
[Fe(CO ) ( n 5-C 5H 5)] 4, Ru(NH 3) 6^ +, Fe(CN) 6

4~ and dimethyldithio
carbamate. With the exception of I"", a l l generally reduce the 
surface-confined ferricenium with an observed heterogeneous rate 
constant of >0.06 cm/s which corresponds to a bimolecular rate 
constant > 6 χ 10^ M ~ l s ~ l , assuming that a monolayer 
(~10-10 mol/cm2) of the surface-ferricenium p a r t i c i p a t e s i n the 
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reaction. While good k i n e t i c s for I " oxidation can be obtained 
i n CH3CN, d u r a b i l i t y of the photoelectrode i s not good enough 
to promise long term operation. For electrode/solvent/electro-
lyte/redox couple combinations that are durable and where good 
k i n e t i c s obtain, low output photovoltage remains a problem for 
η-type S i electrodes d e r i v a t i z e d with ferrocene reagents. 
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Experimental 
Chemicals 

Ferrocene ( A l d r i c
B i s i n d e n y l i r o n (34), phenylferrocene (35)> C (n 5 -C 5H 5)Fe(CO)]4 
(36) Co(bipy)3Cl2 * 71^0 (37), and sodium dimethyldithiocarbamate 
(_3δ) were prepared by l i t e r a t u r e methods. 1,1 T-Dimethylferrocene 
(Polysciences), acetylferrocene, and l , l ! - d i a c e t y l f e r r o c e n e 
(Aldrich) were p u r i f i e d by chromatography on alumina with hexane 
as eluant. K^Fe(CN)^ was used as received ( M a l l i n c k r o d t ) , as 
was anhydrous NaCK>4 (G. Frederick Smith). Ru(NH3)6 2 + was 
conveniently prepared by electrochemical reduction at -0.3 V 
vs. SCE at a Hg pool electrode of Ru(NH 3) 6Cl 3 ( A l f a Ventron) i n 
pH = 4.0 HCIO4/O.I M NaClO^. The s o l u t i o n was then a c i d i f i e d 
to pH = 2.0 with HCIO4 j u s t before use, and manipulated under Ar. 
Polarographic grade [n-Bu^NJClO^ (Southwestern A n a l y t i c a l 
Chemicals) was dried at 353 Κ for 24 hours and stored i n a 
dessicator u n t i l use. [n-Bu^Njl (Eastman) was r e c r y s t a l l i z e d 
twice from absolute EtOH. Absolute EtOH, spectroquality 
isooctane, CH2CI2, CH3CN, and toluene were used as received, as 
was reagent grade a c e t i c acid and sulfolane. A l l aqueous 
solutions were prepared from doubly d i s t i l l e d deionized water. 
Electrodes 

S i n g l e - c r y s t a l Sb-doped, polished η-type S i wafers 
((111) face exposed) were obtained from General Diode Co., 
Framingham, MA. The wafers were 0.25 mm thick and had 
r e s i s t i v i t i e s of 4-5 ohm-cm. Electrodes were fashioned as 
previously reported (12). Ohmic contacts were achieved by rubbing 
Ga-In eutectic onto the back side of the electrode a f t e r a 48% HF 
etch and H2O r i n s e . The electrode was attached to a Cu wire with 
Ag epoxy, and the Cu wire was passed through a 4 mm Pyrex tube. 
The electrode surface was defined by i n s u l a t i n g a l l other surfaces 
with ordinary epoxy, y i e l d i n g electrodes of areas 3-15 mm2. 
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C i r c l e s of 5 mm were cut u l t r a s o n i c a l l y from the o r i g i n a l 
S i wafers for use as ro t a t i n g disk electrodes. Mounting was 
car r i e d out as above i n a 6 mm o.d. c a p i l l a r y tube, except 
that the Cu wire was replaced by a Hg contact through the 
c a p i l l a r y . Ordinary epoxy i n s u l a t i o n was used sparingly and 
care was taken to maintain as f l a t a S i electrode surface as 
possible. For c a l i b r a t i o n purposes, r o t a t i n g Pt disks from 
c i r c l e s of Pt f o i l were mounted i n exactly the same manner. 

Rotating disk electrodes were mounted v e r t i c a l l y and 
s t i r r e d by a vari a b l e speed motor from Polysciences, Inc. 
Rotation v e l o c i t i e s were c a l i b r a t e d by two methods: (1) a s l i t t e d 
piece of cardboard was mounted on the disk shaft and the time 
response of a photodiode was recorded on an oscilloscope , and 
(2) plots of the l i m i t i n g current as a function of K^Fe(CN)^ 
concentration i n 2 M KC1 yielded s t r a i g h t l i n e s whose slope i s 
uh (D for Fe(CN) 6

4- i s 6.3  10~ 6 2/sec) (39)
between the two method
found to be extremely stabl g period

Befure use, a l l S i surfaces were etched i n concentrated HF 
and rinsed with d i s t i l l e d H2O. Electrodes to be der i v a t i z e d 
were then immersed i n 10 Έ NaOH for 60 seconds, washed with H 20 
followed by acetone, and then a i r dried. D e r i v a t i z a t i o n was 
accomplished by exposing the pretreated electrodes to dry, 
degassed isooctane solutions of (1>1 T-ferrocenediyl)-
d i c h l o r o s i l a n e for 2-4 hours (19). The electrodes were then rinsed 
with isooctane followed by EtOH. 

Electrochemistry 
A l l experiments were performed i n s i n g l e compartment Pyrex 

c e l l s equipped with a saturated calomel reference electrode 
(SCE), Pt wire counterelectrode, and the appropriate working 
electrode. I r r a d i a t i o n was supplied by a beam expanded He-Ne 
lase r of -50 mW/cm2 (5 mW t o t a l ) at 632.8 nm, Laser i n t e n s i t i e s 
were measured using a Tektronix J16 d i g i t a l radiometer equipped 
with a J6502 probe, and were adjusted to desired i l l u m i n a t i o n 
l e v e l s by use of Corning transmission f i l t e r s . C y c l i c v o l t a -
mmetry measurements were obtained with a Princeton Applied 
Research Model 173 potentiostat equipped with a Model 179 
d i g i t a l coulometer and driven by a Model 175 voltage programmer. 
P o t e n t i a l step experiments were performed using the same 
apparatus, and the coulometer readings were v e r i f i e d by 
o s c i l l o s c o p i c current-time traces on a Tektronix 564B storage 
oscilloscope with Type 2B67 time base plug-in. C y c l i c 
voltammetry traces were recorded on a Houston Instrument Model 
2000 X-Y recorder and current-time plots were obtained using a 
Hewlett-Packard s t r i p chart recorder. 

The supporting e l e c t r o l y t e s were 0.1 M [n-Bu 4N]C10 4 for 
CH3CN, EtOH, CH 2 C1 2 , EtOH/toluene (1:1 v/v). s u l f o l a n e , and 
g l a c i a l acetic acid solvents, and 1.0 M NaC104/0.01-0.1 M 
HC104 for H 20. Ei^ values for I " oxidation were obtained at Pt 
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r o t a t i n g disk electrodes at 600 r.p.m.; excellent agreement 
with l i t e r a t u r e values (22), where a v a i l a b l e , was obtained. 
P o t e n t i a l values for surface-attached material were obtained 
by d e r i v a t i z i n g Pt and Au surfaces as previously described 
(18, 19), and taking E°(FeCp2

+/0)surf. 
to be the arithmetic 

mean of the anodic and cathodic peak p o s i t i o n s ; generally 
peak-to-peak separations were less than 10 mV at a 20 mV/s 
scan rate. 
K i n e t i c Measurements 

For measurement of k e t , deriva t i z e d electrodes were cycled 
i n a s o l u t i o n of appropriate solvent and e l e c t r o l y t e u n t i l stable 
c y c l i c voltammetric parameters were obtained at 100 mV/sec 
scan rate. C y c l i c voltammograms at several scan rates were 
recorded with i l l u m i n a t i o n for the anodic portion of the scan, 
but the l i g h t was blocke  anodi  l i m i  solenoi
driven by the tr i g g e r outpu
Stock solutions of reductant were prepared as needed and 
aliquots i n j e c t e d i n t o the Pyrex electrochemical c e l l immediately 
p r i o r to use. C y c l i c voltammetry data was then c o l l e c t e d for 
the same set of scan rates and i l l u m i n a t i o n conditions i n the 
presence of so l u t i o n reductant to obtain k i n e t i c data. The 
electrodes were rinsed with solvent and checked for decay i n the 
absence of reductant between every k i n e t i c measurement. At least 
four d i f f e r e n t concentrations of reductant were used for each set 
of data points. From t h i s data, cathodic currents associated 
with the reduction of surface-attached ferricenium were 
integrated manually to determine the time and concentration 
dependence of the extent of consumption of surface-confined 
ferricenium. The reaction time associated with a c y c l i c voltam
metric sweep was chosen as the period from the anodic l i m i t to 
the peak cathodic current i n the c y c l i c voltammogram. P o t e n t i a l 
step experiments were performed by scanning anodically at 500 mV/sec 
to the anodic l i m i t (+0.5 V vs. SCE), holding at t h i s l i m i t i n the 
dark for a time t ^ , and then pulsing cathodically back to -0.6 V 
vs. SCE where the reduction was observed. 

Literature Cited 

1. Wrighton, M.S., Acc. Chem. Res., 1979, 12, 303. 
2. Nozik, A.J., Ann. Rev. Phys. Chem., 1978, 29, 189. 
3. Bard, A.J., Science, 1980, 207, 139. 
4. Gerischer, H. J. Electroanal. Chem., 1977, 82, 133. 
5. Bard, A.J.; Wrighton, M.S., J. Electrochem. Soc., 1977, 124, 

1706. 
6. E l l i s , A.B. ; Kaiser, S.W.; Wrighton, M.S., J. Am. Chem. Soc., 

1976, 98, 1635, 6418, and 6855. 
7. Hodes, G. , Nature (London), 1980, 285, 29. 
8. Parkinson, B.A.; Heller, Α.; Mil ler , B . , Appl. Phys. Lett . , 

1978, 33, 521. 
9. Nakatani, K.; Matsudaira, S.; Tsubomura, H . , J. Electrochem. 

Soc., 1978, 125, 406. 

In Photoeffects at Semiconductor-Electrolyte Interfaces; Nozik, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



3. LEWIS AND WRIGHTON Reduction of Ferricenium 55 

10. Wrighton, M.S.; Bocarsly, A .B . ; Bolts, J . M . ; Bradley, M.G.; 
Fischer, A.B. ; Lewis, N.S.; Palazzotto, M.C.; Walton, E.G., 
Adv. Chem. Ser., 1980, 184, 269. 

11. Bocarsly, A .B. ; Walton, E . G . ; Wrighton, M.S., J. Am. Chem. 
Soc., 1980, 102, 3390. 

12. Bolts, J . M . ; Bocarsly, A .B . ; Palazzotto, M.C.; Walton, E.G.; 
Lewis, N.S.; Wrighton, M.S. , J. Am. Chem. Soc., 1979, 101, 
1378. 

13. Bolts, J . M . ; Wrighton, M.S., J. Am. Chem. Soc., 1979, 101, 
6179. 

14. Bocarsly, A .B . ; Walton, E . G . ; Bradley, M.G.; Wrighton, M.S., 
J . Electroanal. Chem., 1979, 100, 283. 

15. Bolts, J . M . ; Wrighton, M.S., J. Am. Chem. Soc., 1978, 100, 
5257. 

16. Lewis, N.S.; Bocarsly, A .B . ; Wrighton, M.S., J. Phys. Chem., 
1980, 84, 2033. 

17. Murray, R.W., Acc
therein. 

18. Wrighton, M.S.; Austin, R.G.; Bocarsly, A .B . ; Bolts, J . M . ; 
Haas, O.; Legg, K.D.; Nadjo, J.; Palazzotto, M. C., 
J . Electroanal. Chem., 1978, 87, 429. 

19. Wrighton, M.S.; Palazzotto, M.C.; Bocarsly, A .B . ; Bolts, J.M. 
Fischer, A . B . ; Nadjo, L., J. Am. Chem. Soc., 1978, 100, 7264. 

20. Marcus, R.A. , Ann. Rev. Phys. Chem., 1964, 15, 155. 
21. Marcus, R.A. , J . Chem. Phys., 1965, 43, 679. 
22. Janz, D. J.; Tomkins, R.P.T. , "Nonaqueous Electrolytes 

Handbook", Vol. 2, Academic Press: New York, 1972. 
23. Piebarski, S.; Adams, R.N. , in "Physical Methods of 

Chemistry", Part IIA, Weissberger, A. and Rossiter, B . , 
eds., Wiley-Intersciences: New York, 1971, Chapter 7. 

24. Galus, Ζ . , Adams, R.N. , J. Phys. Chem., 1963, 67, 866. 
25. Levich, V . G . , "Physicochemical Hydrodynamics", Prentice-Hall: 

Englewood Cl i f f s , New Jersey, 1962. 
26. Yeh, P.; Kuwana, T., J. Electrochem. Soc., 1976, 123, 1334. 
27. Lenhard, J .R . ; Rocklin, R.; Abruna, H . ; William, K.; Kuo, 

K. ; Nowak, R.; Murray, R.W., J. Am. Chem. Soc., 1978, 100, 
5213. 

28. Oyama, N.; Anson, F.C., J. Electrochem. Soc., 1980, 127, 
247. 

29. Yang, E . S . ; Chan, M.; Wahl, A.C., J. Phys. Chem., 1975, 79, 
2049. 

30. Pladziewicz, J .R . ; Espenson, J.H., J. Am. Chem. Soc., 1973, 
95, 56. 

31. Farina, R.; Wilkins, R .G. , Inorg. Chem., 1968, 7, 514. 
32. Armstrong, N.R.; Quinn, R.K.; Vanderborgh, N . E . , J. Electro

chem. Soc., 1976, 123, 646. 
33. Balzani, V . ; Carassiti , V . , "Photochemistry of Coordination 

Compounds", Academic Press: New York, 1970. 
34. King, R.B. , "Organometallic Synthesis", Academic Press: 

New York, 1965, p. 73. 
35. Broadhead, G . ; Pauson, P . L . , J. Chem. Soc., 1955, 367. 

In Photoeffects at Semiconductor-Electrolyte Interfaces; Nozik, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



56 PHOTOEFFECTS AT SEMICONDUCTOR-ELECTROLYTE INTERFACES 

36. King, R.B. , Inorg. Chem., 1966, 5, 2227. 
37. Burstall, F . H . ; Nyholm, R.S. , J. Chem. Soc., 1952, 3570. 
38. Delepine, M.; Haller, Α . , Comptes Rendus de L'Academie 

des Sciences, 1907, 144, 1126. 
39. Adams, R.N., "Electrochemistry at Solid Electrodes", 

Marcel Dekker: New York, 1969. 

Received October 3, 1980. 

In Photoeffects at Semiconductor-Electrolyte Interfaces; Nozik, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



4 
Chemical Control of Surface and Grain Boundary 
Recombination in Semiconductors 

A D A M HELLER 

Bell Laboratories, Murray Hill, NJ 07974 

The density and distribution of surface and grain boundary 
states between the edge
semiconductor, which affec
cities, can be controlled by chemisorption reactions. Strongly ex-
oergic chemisorption reactions reduce the density of surface states 
in the band gap, leading to substantial decrease in the recombina
tion velocity at grain boundaries and surfaces and thus to an im
provement in the performance of solar cells. Chemisorption of 
oxygen reduces the surface recombination velocities in Si, Ge and 
InP. With single crystals of n-GaAs, reduction of the surface 
recombination velocity from 106 cm/sec to 3x104 cm/sec, doubling 
of the band gap luminescence intensity, and increase in the solar
-to-electrical conversion efficiency of the cell 
n-GaAs|0.8M K2Se-0.1M K2Se2-1M KOH|C from 8.8% to 12% are ob
served upon the chemisorption of a submonolayer quantity of 
Ru3+. With thin, chemically vapor deposited films of polycrystal
line (9µm average grain size) n-GaAs diffusion of Ru3+ ions into 
the grain boundaries increases the current collection efficiency in 
electron beam induced current measurements by 50% and the 
solar energy conversion efficiency of the 
n-GaAs|0.8M K2Se-0.1M K2Se2-1M KOH|C cell fourfold to 7.3%. Co
-absorbing Ru3+ and Pb2+ raises the efficiency of the thin film cell 
to 7.8%. 

Recombination of electrons and holes at grain boundaries in 
thin, polycrystalline films of semiconductors is a key problem that 
requires solution if efficient and inexpensive solar cells are to be 
developed. This problem is quite similar to the extensively stu
died phenomenon of recombination at semiconductor surfaces. 
Both involve the electronic states associated with the abrupt 
discontinuity in the chemical bonding at an interface. 
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Semiconductor surfaces have been the subject of numerous 
studies during the past three decades. The extent and number of 
past studies can be appreciated by a review of the references of 
the books of Many, Goldstein, Grover1 and of Morrison.2 

Chapters 3, 5, 7 and 9 of the first book and chapter 9 of the 
second show that workers in the field have been quite aware of 
chemical effects on surface recombination velocities. Indeed, in 
their 1952 paper on "Surface Recombination of Germanium" Brat-
tain and Bardeen pointed out that there is relatively little change 
in the surface recombination velocity (vj when η or ρ crystals are 
exposed to 0 3/0 2, humid N 2 or 0 2 and dry 02. However, follow
ing a suggestion of C. S. Fuller, they did observe, "that vs could 
be changed from the order of 102 cm/sec. to greater than 105 

cm/sec and back again
then to HC1 fumes respectively."
elapsed since the pioneering work of Brattain and Bardeen, infor
mation has been gathered on the effect of gases, etchants, ions, 
adsorbed organic molecules and physical damage at or near the 
surface. We have analyzed a small part of the accumulated infor
mation and will show that a simple chemical model can account 
for many of these effects. This model allows the application of 
chemical concepts and techniques to the reduction of the recombi
nation velocity at surfaces and grain boundaries. We have applied 
these concepts to the case of n-GaAs, and have reduced the sur
face and grain boundary recombination velocity by chemisorbing 
Ru 3 + and other ions. 

Chemical Model 
Electron-hole recombination velocities at semiconductor inter

faces vary from 102 cm/sec for Ge3 to 106 cm/sec for GaAs.4 Our 
first purpose is to explain this variation in chemical terms. In phy
sical terms, the velocities are determined by the surface (or grain 
boundary) density of trapped electrons and holes and by the cross 
section of their recombination reaction. The surface density of 
the carriers depends on the density of surface donor and acceptor 
states and the (potential dependent) population of these. If the 
states are outside the band gap of the semiconductor, or are not 
populated because of their location or because they are inaccessi
ble by either thermal or tunneling processes, they do not contri
bute to the recombination process. Thus, chemical processes that 
substantially reduce the number of states within the band gap, or 
shift these, so that they are less populated or make these inacces
sible, reduce recombination velocities. Processes which increase 
the surface state density or their population or make these states 
accessible, increase the recombination velocity. 
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A hypothetical semiconductor with dangling or highly strained 
bonds at its surface, such as would be formed if the crystal were 
cleaved under perfect vacuum at a temperature low enough to 
prevent surface relaxation and reconstruction will have a high 
density of surface states and a high recombination velocity. This 
can be derived from elementary chemical bonding theory. When 
a chemical bond is formed between two atoms the states occupied 
by the bonding electrons are split to form a lower energy, occu
pied or bonding state and a higher unoccupied or antibonding 
state. States due to weakly or partially bound atoms or to atoms 
with strained bonds (for example, double carbon carbon bonds on 
diamond) are therefore always between the product states of 
strongly bound atoms. As valence and conduction bands evolve 
from the initial diatomic
in the lattice, unbound an
face atoms with strained bonds, introduce states within the band 
gap. (Figure 1) 

If such a hypothetical surface with strained bonds or with 
weakly or partially bound surface atoms is allowed to relax and 
reconstruct, the bonding at the surface will still be weaker than in 
the bulk and the splitting usually less than the band gap. Thus, 
clean, relaxed semiconductor surfaces have high densities of sur
face states and, unless the cross sections for recombination are 
unusually low, also exhibit high recombination velocities. This 
need not be the case, however, if another element, ion or 
molecule is chemisorbed on the surface. In this case, the atoms 
with strained bonds and the partially or weakly bound atoms 
responsible for recombination may react with the chemisorbed 
species. If the amount of free energy released is of the order of 
magnitude (or larger than) the band gap, i.e., the chemisorption is 
strong, there will be adequate displacement of the surface or grain 
boundary states (Fig. 2) to sweep clean part or all of the region 
between the edges of the valence and conduction bands. 

If the splitting is now adequate to displace the surface states to 
positions either outside the band gap or to positions where they 
are less populated or are inaccessible to the majority carrier by 
both thermal scaling of the surface barrier or by tunneling through 
the barrier (Fig. 2c), the recombination velocity will be reduced. 
If the chemisorption is weak, the splitting of the surface states will 
not be adequate to displace the surface states from within the 
band gap, or to shift these to positions where they cannot be po
pulated by thermal or tunneling processes. (Fig. 2b) Thus, weak 
chemisorption merely redistributes or even increases the density 
of surface states within the band gap, and with it the surface 
recombination velocity. The concepts of strong and weak splitting 
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cb 

Figure 1. Simple chemical bonding  showing  partially 
bound atoms on a semiconductor surface contribute states within the band gap. 
The states of unbound atoms (a) are split upon partial bonding (b), then further split 
when the fully bound species (c) is formed. Evolution of the periodic lattice broadens 
the bonding states to form the valence band (vb) and the antibonding orbitals to form 
the conduction band (cb). In the process of band formation, the unbound and partially 

bound states (a and b) remain between vb and cb. 

cb 

vb 

S R * / 

— S R * 

Γ 
l - A F 

-i-SR 

Figure 2. A surface state (S) located near the conduction band (cb) (Mt) is split 
upon the chemisorption of a reagent (R). 

If the release of energy (AF) is small, the splitting is small (center) and the number of 
product states (SR and SR*) within the band gap, near the conduction band, increases. 
If the chemisorption is strong, a substantial amount of free energy is released fright) and 
the number of surface states within the band gap (or near the conduction band) decreases. 
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are presented in Fig. 2. Whether states between the band edges 
are added or substantially removed upon "contamination" of the 
surface by a chemisorbed reagent depends on the initial position 
of these states and on -AF, the change in free energy which pro
duces the splitting. When -AF is large, states are likely to be re
moved. When -AF is small, states are usually added. 

In summary, a simple chemical picture of surface recombina
tion is presented. The surface or grain boundary recombination 
velocity decreases when the appropriate surface species is reacted 
with a strongly chemisorbed species. It increases when a species is 
weakly chemisorbed. We shall now illustrate this concept for six 
extensively studied semiconductors, Ge, Si, GaP, GaAs, InP and 
InSb. 

Brattain and Bardeen
velocity (vs) of oxidized (ozone and peroxide exposed) germani
um and found it to be slow, about 170 cm/sec for p-type and 50 
cm/sec for n-type/Ge. Following complete oxidation, these 
values change only slightly in a variety of ambients. The recombi
nation velocity increases by three orders of magnitude, to >106 

cm/sec, when the oxidized surface is exposed to ammonia, and 
reverts back to ~102 cm/sec when the surface is exposed to HC1. 
We interpret these observations as follows. Chemisorption of 
reactive oxygen on water-free Ge produces a Ge0 2 film. The 
standard-free energy of formation for bulk Ge0 2 is -115 
Kcal/mole. For the reaction of oxygen at a surface with unsa
turated Ge bonds, AF is likely to be more negative. Thus, the 
splitting of the surface states upon oxidation displaces these states 
to domains above the edge of the conduction band and below the 
edge of the valence band. As the density of states within the 
band gap is reduced, the surface recombination velocity is also re
duced. Humid ammonia vapor attacks the Ge0 2 film. Re-
oxidation by air in the presence of an acid (humid HC1) restores 
the film. 

Si 
The existence of today's silicon based microelectronics tech

nology is evidence for the low surface recombination velocity of 
oxidized Si. The velocity is less than 103 cm/sec.5'67 

We explain the low surface recombination velocity by the 
sweeping of surface states from the region between the edges of 
the conduction and valence bands upon oxidation of the surface. 
The standard free energies of formation of crystalline and fused 
quartz from bulk Si are -192 and -191 Kcal/mole respectively. 
The standard free energy change for a Si surface is likely to be 
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more negative. Thus the edges of the conduction and valence 
bands of Si are well within those of Si02. 

We note in this context that in Si based MIS (metal-
insulator-semiconductor) solar cells one of the roles of the 20-60Â 
thick Si02 layer may well be reduction of the recombination velo
city at the Si surface. Chambouleyron and Soucedo noted a de
crease in the recombination velocity at the conductive Sn02/Si in
terface8 relative to that at the Si surface and Michel and Lasnier 
find a recombination velocity of less than 2xl04 cm/sec at the con
ductive indium tin oxide/Si interface.9 In both cases heating the 
metal oxides present on the elemental Si produces an intermediate 
Si02 layer. 

The grain boundary recombination velocity in polycrystalline 
Si, which reaches 106cm/sec
(oxygen)/Si interface.10 W
Si grain boundaries are either not oxidized or are oxidized only to 
SiO, a "black", small band gap material. Were it possible to grow 
20-50Â thick dioxide layers at the boundaries, the density of grain 
boundary states could be decreased yet carriers could tunnel 
through. This would increase the efficiency of small grained Si 
based solar cells. Presently available oxidation methods lead to 
excessively thick oxide near the 0 2 exposed surface and to little or 
no oxidation deeper in the polycrystalline material. 

Exposure of silicon to atomic hydrogen increases the surface 
recombination velocity.111213 The free energy of formation of 
SiH4, the most stable of the hydrides of silicon, is only — 
lOKcal/mole. Since four electron pairs are shared in the forma
tion of the molecule, the free energy of formations per Si-Η bond 
is only —2.5 Kcal or about 0.1 eV. Because of the weak chem
isorption, heating of the silicon to temperatures above 500°C is 
adequate to release the hydrogen. Our model explains the in
crease in surface recombination velocity by the weak chemisorp
tion of hydrogen, which may increase the density of surface states 
within the band gap (see Fig. 2b). 

The observation of Seager and Ginley that grain boundaries of 
polycrystalline silicon are passivated by atomic hydrogen is ex
plained by the filling of empty or part empty states upon reaction 
with hydrogen and the consequent reduction in their population. 
In p-type (but not η-type) silicon, the effect may also be due to 
penetration of hydrogen into the Si surface, which leads to heavy 
doping of the material near the boundary. Such doping makes the 
grain boundary states less accessible under circumstances dis
cussed at the end of the paper. We note that penetration of hy
drogen into Si and doping were suggested bv Law11,12, and that 
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lies15, Soclof and lies16 and Sah and Lindholm10 have shown that 
heavy doping near boundaries is a means to reduce the grain 
boundary recombination velocity. 

InP and GaP 
Casey and Buehler have shown that the surface recombination 

velocity of n-InP (~5xl017 carriers/cm3) is low, ~103cm/sec.17 

Suzuki and Ogawa have recently reported a sequence of surface 
treatments that cause substantial changes in the surface recombi
nation velocity of InP.18 They found that in freshly vacuum 
cleaved (110) faces vs is much greater than at air exposed faces 
and that the quantum efficiency of band gap luminescence in
creases by an order of magnitud
exposed to air. This suggest
city is reduced when 0 2 is chemisorbed. 

The changes are explained as follows: The density of surface 
states within the band gap on freshly cleaved InP is high. As a 
result, the surface recombination velocity is high and the lumines
cence efficiency is low. Chemisorption of oxygen splits the sur
face states, as large band gap, colorless InP04 is formed.19 

Reduction in the surface recombination velocity of GaP, from 
1.7 χ 105 cm/sec to 5xl03 cm/sec, is observed upon exposure to a 
CF 4 plasma in which fluorine is known to be present.20 Again, the 
product of chemisorption of fluorine on the surface is likely to be 
a large band gap material such as GaF3, which straddles the edges 
of the conduction and valence bands of GaP. 

GaAs and InSb 
For both GaAs and InSb, even when exposed to air or oxy

gen, ys is high, typically 106 cm/sec.17'21*22'23'24 Thurmond et al25 

have shown that no arsenic containing oxide (i.e. As 20 3, As 20 5 

GaAs03 or GaAs04) will co-exist in thermodynamic equilibrium 
with GaAs. For example, the standard free energy change for the 
reaction 

As2 03 + IGaAs -> Ga203 + 4As 
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is -62Kcal/mole. Consequently, elemental As is a constituent of 
the GaAs/oxide interface in thermal, plasma and anodically pro
duced oxides.2627 2 8 Since surface GaAs is more reactive than bulk 
GaAs, elemental As must always be a constituent of the first 
monolayer on GaAs in air. 

The presence of arsenic at the interface implies that surface 
states within the band gap will be introduced (see Fig. 1). We as
sociate the high surface recombination velocity with the presence 

of arsenic. The formation of elemental As on the GaAs surface 
explains the difference in behavior of InP and of GaAs. In InP 
the thermodynamically stable phase that results from oxidation of 
the surface is colorless InP04 which straddles the band gap. In 
GaAs it is Ga 20 3 and smal

The standard free energ

llnSb + Sb203 — ln203 + 4Sb 

is -33 Kcal/mole for bulk InSb. For an InSb surface, it is prob
ably more negative. Consequently, Sb will be present at the inter
face, and will increase v,. Indeed, Skountzos and Euthymious re
port v, ~106cm/sec for InSb in air.29 

Effect of Chemisorbed Ru 3 + on n-GaAs Surfaces and Grain Boundaries 
It is evident that in order to reduce the high surface recombi

nation velocity of GaAs, it is necessary to remove the elemental 
arsenic at the air interface and to stabilize the surface with a 
strongly chemisorbed species. This can be accomplished by a se
quence of surface treatments consisting of oxidation, dipping into 
either a base or into a basic selenide-diselenide solution and dip
ping into an acidic Ru 3 + solution.30'3132 The function of the base or 
the basic selenide diselenide solution is to clean the GaAs surface. 
The base dissolves the amphoteric gallium oxide and the acidic ar
senic oxides. The selenide-diselenide solution dissolves residual 
arsenic, when present, by the reaction 
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2 As + 3Set -» 2AsSef 

which will also leave a monolayer of selenide on the surface. The 
acid Ru 3 + solution either removes this layer or the selenide layer 
allows the Ru 3 + to diffuse through it. In either case, the Ru 3 + is 
strongly chemisorbed on the n-GaAs surface. Bulk doping by 
Ru 3 + is ruled out by Rutherford backscattering studies.33 The 
latter show that the Ru 3 + remains at the surface and does not 
diffuse into the bulk even at 300°C. The number of Ru atoms on 
the surface corresponds to substantially less than a monolayer.33 

Measurement of the deca
lowing Ru 3 + treatment reveals a dramatic increase in the carrier 
lifetime. Figure 3 shows the luminescence decay following excita
tion by light pulses of several nanosecond duration of a GaAs cry
stal that had received three surface treatments.33 The slowest de
cay is observed for the crystal with an epitaxial GaAlAs layer 
grown on it. The carrier recombination velocity at the GaAlAs-
GaAs interface is less than 500 cm/sec.34 Here, the observed de
cay rate represents the sum of the nonradiative bulk recombina
tion and radiative bulk recombination processes. When the GaA
lAs layer is removed by HC1 to expose the GaAs surface, vs in
creases to 106 cm/sec.21-23 The luminescence decay is now fast and 
is dominated by the surface recombination process. Chemisorp
tion of Ru 3 + increases the carrier lifetime by reducing the surface 
recombination velocity. Analysis of the luminescence decay time 
as a function of the thickness33 of the GaAs sample shows a de
crease in recombination velocity from 106 cm/sec to 3xl04 

cm/sec33 following Ru 3 + treatment. It is notable that the effect of 
Ru 3 + persists in spite of oxidation of the surface in air, suggesting 
that the ruthenium stays at the interface between the oxide layer 
and n-GaAs. Recent results of Rowe, who measured the depth 
profile of the Ru concentration at the air-GaAs interface by Auger 
spectroscopy, prove this point.35 

Woodall et al.36 have analyzed the relationship between sur
face recombination velocity and the steady state band gap 
luminescence in GaAs. They calculate for 534nm excitation that a 
decrease in vs from 106cm/sec to 104cm/sec will triple the quan
tum efficiency at a 2.5μπι deep p-n junction if the hole diffusion 
length, L p , is 3μΐη, and the electron diffusion length, L„ is 4μΐη. 
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Figure 3. Decay of the band gap luminescence in the same n-GaAs crystal (a) with 
GaAlAs windows on both sides; (b) with a GaAlAs window on one side and an air-
exposed GaAs surface on the other; (c) same as (b) after chemisorption of Ru3+ on 

the GaAs surface. For details, see Ref. 33. 
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They also show that as Lp and L„ decrease or as carrier concentra
tion increases there is less improvement in the quantum yield. In 
agreement with these calculations, we find for samples with Lp ~ 
2μΐη a doubling of the luminescence intensity.33 

Chemisorption of a fraction of a monolayer of Ru 3 + also im
proves the performance of n-GaAs based solar cells. The solar-
to-electrical conversion efficiency of a 
n-GaAs|0.8M K 2Se-0.1M K 2 S e 2 - l M KOH|C semiconductor-liquid junc
tion solar cell increases from 8.8%35 to 12%.30'31 Current voltage 
characteristics for the cell, before and after Ru 3 + chemisorption, 
are shown in Fig. 4. The improvement is in the fill factor. At po
tentials approaching open circuit, fewer electrons recombine at the 
semiconductor liquid interface with holes after Ru 3 + is chem-
isorbed. The exceptionall
GaAs surface is evidence
cell performance persists for weeks. 

Ru 3 + is not the only ion capable of improving the efficiency of 
n-GaAs based solar cells. Lead chemisorbed from a basic plum-
bite solution,36 as well as Ir4+ and Rh 3 + chemisorbed from acids32 

are also effective. These ions are, however, not as strongly chem
isorbed as Ru 3 + . Consequently, they are more readily desorbed 
and produce a lesser improvement. Experiments with combined 
plumbite and ruthenium chemisorption show a further small im
provement.38 

Ions that are not chemisorbed do not affect the performance 
of semiconductor liquid junction solar cells.32 Weakly chemisorbed 
ions produce inadequate splitting of surface states between the 
edges of the conduction and valence band and increase rather than 
decrease the density of the surface states in the band gap and thus 
the recombination velocity. Bi 3 + is an example of such an ion. As 
seen in Figure 5, it decreases the efficiency of the 
n-GaAs|o.8M K 2 Se-0. lM K 2 S e 2 - l M KOH|C cell.30 Since the chemisorp
tion of Bi 3 + is weak, the deterioration in performance is tem
porary. The ion is desorbed in ~10 min. and the cell recovers. 

It is notable that once strongly chemisorbed Ru 3 + has been ad
sorbed on an n-GaAs surface, Bi 3 + causes little deterioration in 
cell performance. This suggests that the two ions react with the 
same chemical species or "site" on the GaAs surface. 

The basic thesis of this paper, the displacement of interface 
states by strongly chemisorbed species, is also applicable to grain 
boundaries. 
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1.0 

CELL VOLTAGE 

Figure 4. Effect of chemisorbed Ru3+ on the current-voltage characteristics of the 
n-GaAs/0.8M K2Se-0.1M K2Se2-lM KOH/C solar cell (( ; freshly etched; 

( ) Ru3* chemisorbed) 

CELL VOLTAGE 

Figure 5. Effect of chemisorbed Bi3+ on the current-voltage characteristics of the 
n-GaAs/0.8M K2Se-0JM K2Se2-lM KOH/C solar cell (( ; freshly etched; 

( ) Bi3+ chemisorbed) 
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Our model predicts that a strong chemisorption reaction which 
is effective in reducing the recombination velocity on the surface 
of a crystal, will do the same at its grain boundary. Like a sur
face, a grain boundary is a discontinuity which introduces states in 
the gap between the edges of the conduction and valence bands. 
These can be shifted by chemisorption. To accomplish the re
quired grain boundary reaction, advantage is taken of the fact that 
the rate of diffusion of a reactant in a grain boundary is much fas
ter than the rate of its diffusion in the bulk. Thus, chemisorption 
reactions can be carried out without substantial doping of the bulk 
of the semiconductor. It is easier to improve the efficiency of thin 
film cells of direct gap semiconductors (which have light adsorb-
tion coefficients of (a« 1 0 5 c m _ 1 ) , than of indirect band gap materi
als ( a«10 2 -10 5 cm - 1 )- Th
to depths of 10"4cm is adequat
quires diffusion to depths of 10~3 - 10~2 cm. 

GaAs is a direct band gap semiconductor. Films of Ιμπι 
thickness absorb nearly all the photons with energies exceeding 
the 1.4 eV bandgap. Upon diffusion of Ru 3 + into boundaries of 3-
4μπι grains of n-GaAs (produced by chemical vapor deposition 
onto a graphite substate coated with a 500Â film of germanium) 
we observed a fourfold increase in the solar conversion efficiency 
(from 1.2% to 4.8%) in the 
n-GaAs|0.8M K 2 Se-0. lM K2Se 2 - lM KOHlC cell.39 Since the relevant 
area over which electron-hole recombination may take place is 
much larger than in a single crystal, the improvement is far more 
dramatic. Fig. 6 shows the current voltage characteristics obtained 
with a polycrystalline n-GaAs photoanode before and after chem
isorption of Ru 3 + at the grain boundaries. The deep diffusion of 
Ru 3 + into the grain boundaries is evidenced by the fact that 
etchants, which attack the surface of n-GaAs and completely re
verse the improvement in solar cells following Ru 3 + chemisorption 
in single crystals, reverse the improvement in polycrystalline films 
only in part, unless substantial (>1000Â) film thickness is re
moved. 

Using an improved chemically vapor deposited film of n-GaAs 
on graphite, with a 9μΐη average grain size, a solar-to-electrical 
conversion efficiency of 7.3% is reached after Ru 3 + is chemisorbed 
at the grain boundaries.40 By chemisorbing first Ru 3 + from an acid, 
then Pb 2 + from a basic aqueous solution, the efficiency of the po
lycrystalline thin film n-GaAs|0.8M K 2Se-0.1M K 2 S e 2 - l M KOHlC cell 
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C E L L V O L T A G E 

Figure 6. Effect of chemisorption of Ru3+ on the grain boundaries of a chemically 
vapor-deposited, thin-film n-GaAs photoanode. The grains are of 3-5 ^m in size. 
The current-voltage characteristics shown are for the n-GaAs/0.8M K2Se-0.1M 

K2Se2-lM KOH/C cell. (( ; freshly etched; ( ; Ru3* chemisorbed) 
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is increased to 7.8%, the highest value for any GaAs cell of such 
small grain size.38 The current voltage characteristics of the 7.8% 
efficient cell following Ru 3 + and Pb 2 + treatments are shown in Fig. 
7. 

The improvement in performance following chemisorption of 
Ru 3 + at n-GaAs grain boundaries is not limited to semiconductor 
liquid junction solar cells. Charge collection scanning electron mi
croscopy at a gold-n-GaAs Schottky junction shows a drastic 
reduction in grain boundary recombination following the Ru 3 + and 
Ru 3 + plus Pb 2 + treatments. Figure 8 shows charge collection scan
ning electron micrographs for the same polycrystalline film before 
and after Ru 3 + treatment. 

While chemisorbed Ru 3 + reduces the surface and grain boun
dary recombination on n-GaAs
can be accounted for if th
the density of electron trapping states near the conduction band 
edge but not of hole trapping states near the valence band edge. 
It appears that in GaAs chemisorption of Ru3+ splits electron trap
ping surface states near the edge of the conduction band to form 
states above the edge of this band and states near the valence 
band (Fig. 9). While such a reaction prevents electrons from 
reaching the surface in η-type materials (Fig. 9, left) it does not 
prevent holes from doing the same in p-type materials (Fig. 9, 
right). Since holes and electrons are, respectively, abundant at 
surfaces of illuminated η and ρ type GaAs, only recombination at 
surfaces of η-type materials is reduced. 

One may speculate about the causes of strong chemisorption 
of some ions and the weak chemisorption of others. The four 
metals, with strongly chemisorbed ions on GaAs, (Ru, Pb, Ir, Rh) 
have several stable oxidation states and thus radii, some of which 
approach those of the lattice components. The orbitals of these 
metals and ions also have substantial mixed sp (—60%) and 
d(~40%) character, which makes varying orbital hybridizations 
and thus a range of orbitals of different directionality possible.41 In 
some cases, orbitals binding at two or more surface sites can be 
envisaged. 

The recombination velocity at a grain boundary can be re
duced not only by reducing the density of grain boundary states, 
but also by diffusing a dopant into the boundary and heavily dop
ing the nearby region of the grain. If n + -n or p + -p junctions are 
formed, the space charge region associated with the boundary is 
shrunk and minority carriers are no longer pulled to the grain 
boundary (by the field associated with the space charge region) 
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CELL VOLTAGE 

Figure 7. Current-voltage characteristics of an n-GaAs/0.8M K2Se-0.1M K2Se2-
1M KOH/C cell made with a chemically vapor-deposited, thin film of n-GaAs on 
W-coated graphite with Ru3^—) and with Ru3* and Pb2+ ( ) chemisorbed on 
the grain boundaries. The grains are of 9-μπι average size. The GaAs layer is 

20 μτη thick. 

Figure 8. Charge collection scanning 
electron micrographs for a gold-poly-
crystalline n-GaAs junction (a) before 
and (b) after Ru3* treatment. The darker 

the area the less the recombination. 
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Figure 9. Model for splitting of surface states upon chemisorption of Ru3+ on vi
and p-GaAs. 

Surface states before Ru3+ chemisorption (top) and after (bottom) are shown for n-GaAs 
(left) and p-GaAs fright). Note that the splitting of the electron trapping surface states 
decreases the density of State A, potentially accessible to the majority carrier in n-GaAs, 

but not in p-GaAs, where the recombination controlling State Β is a hole trap. 
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from the bulk of the grain. The high-low doping also produces a 
reflecting barrier to minority carrier diffusion (Fig. 10). Heavy 
doping has been proposed earlier10'15'16 as a means to reduce the 
recombination velocity at grain boundaries and Di Stefano and 
Cuomo42, who phosphorus doped p-Si grain boundaries, were suc
cessful in reducing recombination. 

In retrospect, we also explain as being due to the formation of 
n-n+ junctions the improvement in the conversion efficiency of 
solar cells made with hot-pressed, polycrystalline n-CdSe upon 
diffusion of cadmium metal, and η-type dopant, into the boun
daries.43 

The effectiveness of the doping approach is limited by the 
residual thermal diffusion of minority carriers to grain boundaries 
if n + -n or p+ -p junction
if the grain boundary recombinatio
strong chemisorption process proposed in this paper. With this 
method single crystal efficiency is approached in polycrystalline 
films made of small grained semiconductors. Indeed, we reach 
two thirds of the efficiency of single crystal n-GaAs cells with 
20μπι thick chemically deposited films of n-GaAs on graphite.3840 

We would have reached a still higher fraction of the single crystal 
efficiency had we been able to achieve a non-reflective surface by 
etching wavelength sized hillocks into the film surface, as we did 
in single crystal GaAs.30-31 

Based on our observations, we have reason to believe that sin
gle crystal performance will be approached in future thin film, po
lycrystalline semiconductor based solar cells with grain boundary 
recombination velocities reduced by strongly chemisorbed species. 
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5 
Charge-Transfer Processes in 
Photoelectrochemical Cells 

D. S. GINLEY and M. A. BUTLER 

Sandia National Laboratories, Albuquerque, NM 87185 

The promise of photoelectrochemica
photovoltaic and chemica
and reviewed extensively.(1,2,3,4) The criteria that these cells 
must meet with respect to stabil ity, band gap and flatband poten
tial have been modeled effectively and in a systematic fashion. 
However, it is becoming clear that though such models accurately 
describe the general features of the device, as in the case of 
solid state Schottky barrier solar cel ls , the detailed nature of 
the interfacial properties can play an overriding role in deter
mining the device properties. Some of these interface proper
ties and processes and their potential deleterious or beneficial 
effects on electrode performance will be discussed. 

Due to the chemical potential difference for species in the 
electrolyte and the photoelectrode, and by virtue of the fact 
that the electrode can be run in forward and reverse bias con
figurations, a number of important processes at the interface 
can be discerned. In each case, we wi l l be concerned with the 
energy required for the process under consideration to occur and 
its resulting effects on photoelectrode performance. We can 
think of these processes as being of four basic types: chemi
sorption, the desired electron or hole charge transfer, surface 
decomposition and electrochemical ion injection. In the rest of 
the paper we wi l l briefly summarize our present understanding of 
each. 

Chemisorption 

Chemisorption is the process by which various ions are ad
sorbed on the semiconductor surface with the formation of a 
chemical bond and can affect a number of important ce l l param
eters. 

As has been previously discussed,(5,6) the amount of band 
bending in the depletion region determines the amount of external 
bias (Vbais) needed for chemically producing PECs (photoelectro
chemical cells) or the open-circuit potential (Voc) for wet 
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photovoltaic c e l l s . Figure 1 i l l u s t r a t e s the energy l e v e l d i a 
gram for a t y p i c a l PEC. Under equilibrium conditions and no 
i l l u m i n a t i o n , the Fermi l e v e l i n the semiconductor should e q u i l i 
brate at the redox pot e n t i a l i n the e l e c t r o l y t e . Therefore, the 
amount of band bending i s determined by the difference between 
the redox l e v e l i n the e l e c t r o l y t e , E

r e < j o x > an<* t n e flatband 
po t e n t i a l of the semiconductor, V^. The flatband p o t e n t i a l 
i s a measure of the semiconductor electron a f f i n i t y r e l a t i v e 
to a reference electrode i n the e l e c t r o l y t e . I t includes not 
only the i n t r i n s i c electron a f f i n i t y which can be calculated 
using e l e c t r o n e g a t i v i t y arguments(_3) but also the po t e n t i a l drop 
across any dipole layer that may ex i s t at the i n t e r f a c e . Since a 
dipole layer can a r i s e due to cheraisorption of ions, the flatband 
po t e n t i a l and therefore V\ or V*. ^ w i l l be determined to some r oc bias extent by the chemisorption process. 

A cut and polishe
a large amount of disorde
states. The electrochemical p o t e n t i a l for an ion adsorbed on 
t h i s surface i s generally quite d i f f e r e n t from that of the same 
ion i n the e l e c t r o l y t e . If the free energy of the adsorbed ion 
i s s i g n i f i c a n t l y more negative than the hydration energy of the 
ions, they w i l l be adsorbed. Consequently, there i s a strong 
i n t e r a c t i o n of those ions with the surface. If the chemisorp
t i o n energy i s d i f f e r e n t for the anion and the cation, one w i l l 
be p r e f e r e n t i a l l y adsorbed giving r i s e to a net surface charge. 
A compensating charge layer w i l l e x i s t i n the e l e c t r o l y t e r e s u l t 
ing i n a capacitor l i k e structure. The p o t e n t i a l drop across 
t h i s dipole layer i s given by AV = Q/C where Q i s the net ad
sorbed charge and C the capacitance of the dipole layer. Since 
at equilibrium the electrochemical p o t e n t i a l of the adsorbed 
ions must equal the electrochemical p o t e n t i a l of the same ions 
i n s o l u t i o n and since the electrochemical p o t e n t i a l of a species 
i n a given phase depends on i t s a c t i v i t y , we can change the 
number of adsorbed anions and cations by a l t e r i n g t h e i r concen
t r a t i o n i n solu t i o n . This w i l l r e s u l t i n a change i n the net 
adsorbed charge and give r i s e to the Nernstian dependence of 
on ion concentration: 

V = V (PZZP) - * i In — - — K L 

fb fb zF a p z z p 

where (PZZP) i s the i n t r i n s i c flatband p o t e n t i a l determined 
by the semiconductor electron a f f i n i t y , "z" i s the ion charge F 
i s Faraday's constant and "a" the a c t i v i t y . C l e a r l y , at some 
point the number of adsorbed p o s i t i v e and negative charges w i l l 
be equal and the pote n t i a l drop across the Helmholtz layer w i l l 
be e f f e c t i v e l y zero. Only the small dipolar contribution of 
adsorbed water or other neutral molecules w i l l provide a poten
t i a l gradient. At t h i s point, the Point of Zero Zeta P o t e n t i a l 
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Figure 1. Energy level diagram for a photoelectrochemical cell illustrating the 
relationship between the electron affinity (EA) and the flatband potential (V/&). 

Energy levels are shown for zero external bias (E0 = 4.75 eV). 
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(PZZP), the flatband p o t e n t i a l i s a d i r e c t measure of the semi
conductor electron a f f i n i t y (EA). 

This point may be located a n a l y t i c a l l y by v i r t u e of the fact 
that a semiconductor powder i n a so l u t i o n of adsorbing ions acts 
as a buffer for those ions everywhere but at the PZZP. Thus, 
pot e n t i a l d r i f t or d i f f e r e n t i a l potentiometric titrations(7^,8^) 
can be employed to determine the PZZP as i l l u s t r a t e d i n Figure 2 
for CdS. Once the PZZP i s determined i n t h i s fashion, a d i r e c t 
comparison of EA and i s possible and has been done for a 
v a r i e t y of semiconductors. (9^) Figure 3 i l l u s t r a t e s the ν δ · 
pH data for p-GaP and shows good agreement between the predicted 
V f b a t t t i e P Z Z P f r o m e l e c t r o n e g a t i v i t y c a l c u l a t i o n s and the 
observed value.(9) 

The potential drop across the Helmholtz layer i s thus impor
tant to the biasing requirements of a PEC and i s d i r e c t l y 
affected by the chemisorptio / 
e l e c t r o l y t e i n t e r f a c e . 

The chemisorption of ions plays another role i n determining 
the properties of PEC devices. The adsorbed ions may create the 
chemical intermediates or s p e c i f i c reaction s i t e s necessary for 
charge transfer and chemical product formation. The rapid k i n e t 
i c s i n photoelectrolysis and wet photovoltaic c e l l s are i n no 
small part due to the fact that i n most of these systems the 
redox species are strongly adsorbed. Knotek(10,ll) and others 
(12,13) have shown that the nature of the T i 0 2 surface and the 
species adsorbed on i t greatly a f f e c t i t s c a t a l y t i c properties. 
We have observed that p-GaP seems to be an e f f e c t i v e hydrogen 
electrode because of the adsorbed aqueous species on the surface 
as r e f l e c t e d by the Nernstian dependence of on pH i n Figure 
3. Thus, i t appears i n many cases the chemisorption of ions 
at the interface i s a necessary step f o r rapid charge transfer to 
occur. This c l e a r l y has a strong bearing on recent observations 
of Fermi l e v e l pinning i n various PEC devices where strong chemi
sorption does not occur.(14,15) 

The influence of chemisorbed ions i s thus seen i n the poten
t i a l drop across the Helmholtz layer and i n the c a t a l y t i c a b i l i t y 
of the surface. Considerable work remains to be done on the 
chemical pretreatment of surfaces to maximize the c a t a l y t i c 
nature of the surface and enhance the adsorption of appropriate 
i o n i c species. 

Surface Decomposition 

While i t i s related to and sometimes dependent upon chemi
sorption e f f e c t s , one pathway for electrode decomposition can be 
looked upon as a separate type of charge transfer phenomenon. 
Here, charge transfer generally occurs between species i n the 
semiconductor near the surface and not across the interface to 
species i n the e l e c t r o l y t e . This charge transfer can be highly 
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Figure 2. Determination of the S= concentration at the PZZP of the CdS anode. 

(top) Data taken by the pX drift technique. In particular, we plot grams of CdS added 
to a 600 mL-sulfide solution of known initial pS= and 0.1 M KOH vs. measured pS=. 
Points on continuous lines represent successive additions to the same solution, (bottom) 
Three differential potentiometric titrations of a suspended amount of CdS, 1, 5, 10 gm 
in 600 mL 0.1 M KOH with Na2_S solution. The range of change of pS= with added 
titrant, dpS=/dS, is plotted vs. pS=. It is of note that the same peak for the PZZP is 
observed in both curves and that dpS=/dx scales inversely with the amount of added CdS. 
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+ 1.0 

+ 0. 5 h 

0. oh 

Figure 3. Experimental flatband potential for p-GaP vs. pH ( ) has a slope of 
59 mV/pH unit; (O) calculated V / 6 at the measured PZZP; (A) this work; (%) G. 

Horowitz (26)) 

ρ t d e c o m p 
1 R o x , R r e d 

, R o x , R r e d 
1 p b d e c o m p 

Figure 4. Relative positions of hole decomposition potentials for the semicon
ductor and desired redox potentials for a photoelectrochemical cell using xv-type 
semiconducting electrodes. All examples are thermodynamically unstable, but (b) 

is kinetically more stable than (a). 
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activated by the adsorption of ions on the surface since hydra
t i o n energies play an important role i n electrode d i s s o l u t i o n . 
However, the fundamental decomposition pathway i s bond breaking 
i n the semiconductor surface. 

Gerischer(16), Bard and Wrighton(17) have recently discussed 
a simple model for the thermodynamic s t a b i l i t y of a range of 
photoelectrodes. As has been discussed previously, except for 
the rare case where the anodic and cathodic decomposition poten
t i a l s l i e outside the band gap, the electrode w i l l be i n t r i n 
s i c a l l y unstable a n o d i c a l l y , c a t h o d i c a l l y , or both.(16) It i s 
the r e l a t i v e overpotential of the redox reaction of i n t e r e s t 
compared to that of the appropriate decomposition p o t e n t i a l 
which determines the r e l a t i v e k i n e t i c s and thus s t a b i l i t y of the 
electrode as i l l u s t r a t e d i n Figure 4. The cathodic and anodic 
decomposition potentials may be roughly estimated by thermody
namic free-energy c a l c u l a t i o n
t r u l y representative du

Once again the precise nature of the interface plays a cru
c i a l r o l e i n determining the decomposition products observed. 
This i s c l e a r l y i l l u s t r a t e d i n the case of p-GaP as shown i n 
Figure 5. In a 0.1 M NaOH s o l u t i o n decomposition i s by Ga loss 
from the surface as the hydroxide, and photocurrent decay i s 
rapid as a phosphate layer builds on the surface. In 0.1 M 
ΗβΡΟ^ s o l u t i o n decay i s again r a p i d but i n t h i s case the Ga i s 
not s o l u b i l i z e d but deposits on the surface as the metal. In 
the more o x i d i z i n g acids such as H2SO4 both Ga and Ρ are removed 
from the surface and the photocurrent remains high as the surface 
i s e s s e n t i a l l y photoetched. 

While desorption i s operative to some extent at most semi
conductor/electrolyte i n t e r f a c e s , i n some cases surface passiva
t i o n can occur. Here charge transfer across the interface i s 
used to e s t a b l i s h covalent bonds with e l e c t r o l y t e species, which 
r e s u l t s i n changes i n surface composition. This i s t y p i f i e d by 
the well-known oxide f i l m growth on n-GaP and n-GaAs surfaces i n 
aqueous solutions. In these cases, however, the passivation 
process can be competed with e f f e c t i v e l y by the use of high con
centrations of other redox species such as the polychalcogenides. 

Charge Transfer 

We have thus far talked about the chemisorption of ions at 
the semiconductor/electrolyte interface and charge transfer i n 
the semiconductor surface layer. The main charge transfer pro
cess of in t e r e s t i s the transfer of electrons and holes across 
the semiconductor/electrolyte interface to the desired e l e c t r o 
l y t e species r e s u l t i n g i n t h e i r oxidation or reduction. For 
any semiconductor, electrode charge transfer can occur with or 
without i l l u m i n a t i o n and with the junction biased i n the forward 
or reverse d i r e c t i o n . 
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1000 2000 3000 4000 
τ — ι — ι — ι — ι 1 1 1— 

C o u l o m b s 

Figure 5. Photocurrent for p-GaP illuminated with white light as a function of 
total charge passed through the interface. Note the different scales for different 

electrolytes. 
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One of the major questions that remains to be answered i s 
the detailed mechanism of charge transfer. For redox couples 
which l i e i n the gap of the semiconductor, isoenergetic electron 
transfer would require the existence of an appropriate surface 
state. While such states have been postulated, l i t t l e direct 
evidence of t h e i r existence i s a v a i l a b l e . An alternate possi
b i l i t y i s an i n e l a s t i c (non-isoenergetic) e l e c t r o n transfer 
process such as i s commonly observed i n s o l i d state devices.(18) 

As indicated i n Figure 1, i f a semiconductor i s biased to 
depletion i n contact with an e l e c t r o l y t e , a photocurrent can be 
generated upon i l l u m i n a t i o n . This occurs because the photo-
excited majority c a r r i e r s are driven by the e l e c t r i c f i e l d i n 
the depletion layer to the counter electrode and minority c a r r i 
ers migrate to the interface where they are trapped at the band 
edge. Nozik has recently speculated that hot minority c a r r i e r 
i n j e c t i o n may play a rol
Here the transfer time o
t h e i r thermalization time constant. 

In many PEC systems the chemical k i n e t i c s for the primary 
charge transfer process at the i n t e r f a c e are not observed at the 
l i g h t i n t e n s i t i e s of inte r e s t for p r a c t i c a l devices and the 
in t e r f a c e can be modeled as a Schottky b a r r i e r . This i s true 
because the inherent overpotential, the energy difference 
between where minority c a r r i e r s are trapped at the band edge and 
the l o c a t i o n of the appropriate redox potential i n the e l e c t r o 
l y t e , drives the r e a c t i o n of i n t e r e s t . The Schottky b a r r i e r 
assumption breaks down near zero bias where the e f f e c t s of i n t e r 
face states or surface recombination become more important.(13) 

The precise nature of the i n t e r a c t i o n of the p o t e n t i a l deter
mining species with the semiconductor surface w i l l determine the 
apparent redox potentials i n the e l e c t r o l y t e . K i n e t i c s would be 
ant i c i p a t e d to be of importance i n those cases where there i s 
not strong chemisorption of the p o t e n t i a l determining species. 
This i s the case for CdS i n a c i d i c or basic aqueous s o l u t i o n 
where photocurrents are nonlinear at low-light i n t e n s i t i e s and 
the dependence of V f b on pH i s non-Nernstian.(20) Recent observa
tions by Bard and Wrighton(14,15) indicate that Fermi l e v e l 
pinning and therefore supra-band edge charge transfer can occur 
i n S i and GaAs i n those systems ( i . e . , O^CN/t n-Bu^N]C10^) with 
various redox couples where l i t t l e e l e c t r o l y t e i n t e r a c t i o n i s 
anticipated. 

That surface interactions play such a ro l e c l e a r l y demands 
that some sort of surface state concept be invoked. However, no 
simple techniques have yielded direct information about the 
nature of such states. To expla i n charge t r a n s f e r , isoenergetic 
e l e c t r o n or hole processes are normally invoked with a subse
quent thermalization of the electron or hole i n the semiconductor. 
This unfortunately necessitates the existence of a surface state 
at the l e v e l of the redox p o t e n t i a l . This may of necessity occur 
when strong chemisorption i s present. However, i n those cases, 
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where t h i s i s not the case, i n e l a s t i c e l e c t r o n transfer may 
occur. Such charge transfer processes at s o l i d state interfaces 
are w e l l known( 18) and involve the e x c i t a t i o n of v i b r a t i o n a l 
modes, discrete e l e c t r o n i c t r a n s i t i o n s and c o l l e c t i v e excitations 
such as surface plasraons. I t seems very plausible that s i m i l a r 
processes should occur at the semiconductor/electrolyte i n t e r 
face. 

One way to probe the existence of such surface states i s to 
u t i l i z e another charge transfer phenomenon, that of photo-
emission. (21) Here electrons or holes may be i n j e c t e d d i r e c t l y 
into the e l e c t r o l y t e from an illuminated, biased electrode as 
i l l u s t r a t e d for e l e c t r o n photoemission i n Figure 6. Though 
photoemission from a semiconductor d i r e c t l y into an aqueous 
e l e c t r o l y t e has yet to be observed conclusively(22^), the tech
nique shows considerable promise as a surfce s e n s i t i v e probe for 
PECs. Figure 7 i l l u s t r a t e
i n 1 Ν - H2S0/t.(23) A positiv
s u f f i c i e n t l y negative p o t e n t i a l i s achieved so that hydrogen 
bronze formation occurs at the electrode surface. At t h i s point 
e l e c t r o n photoemission occurs. The nature of the p o s i t i v e photo
current i s not known. Threshold data, as shown i n the i n s e r t i o n 
Figure 7, i n d i c a t e that i t i s true photoemission being observed 
since the thresholds s h i f t l i n e a r l y with p o t e n t i a l and agree 
with those observed by others for photoemission from metal 
electrodes.(23) The peak i n the y i e l d curve at 3.5 eV i s 
i n t e r e s t i n g and unexpected and may be due to r e f l e c t i v i t y changes 
or modifications i n the f i n a l density of states. 

Hole photoemission may also occur i n appropriately biased 
PECs, although t h i s process has not yet been observed. The 
major problem with the observation of photoemission from semi
conducting electrodes i s interference from the much larger photo-
currents produced by the existence of the Schottky b a r r i e r at 
the i n t e r f a c e . 

Thus hole or e l e c t r o n transfer can follow a number of path
ways across the semiconductor/electrolyte i n t e r f a c e . F i r s t , one 
can have direct oxidative or reductive charge transfer to solu
t i o n species r e s u l t i n g i n desired product formation. Second, 
one can have direct charge transfer r e s u l t i n g i n surface m o d i f i 
c a t i o n , such as oxide f i l m growth on GaP or CdS i n aqueous PECs. 
F i n a l l y , one can have photoemission of electrons or holes 
d i r e c t l y into the e l e c t r o l y t e . A l l of these processes provide 
some information about the electronic structure of the i n t e r f a c e . 

Electromigation of Ions 

We have discussed the e f f e c t s of chemisorption and of elec
tron and hole transport across the semiconductor/electrolyte 
i n t e r f a c e . These have been shown to play a large role i n deter
mining electrode properties. Recently another mechanism of 
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Figure 6. The energy level structure for an n-semiconductor-electrolyte interface 
as is appropriate for electron photoemission. 

The vertical axis is in volts relative to the saturated calomel reference electrode (SCE). 
Photoemission in aqueous media is best performed in the electrochemical window, be
tween the hydrogen and oxygen evolution redox potentials, where small dc currents allow 
easier detection of the photoemission current. Protons are used for scavenging the 

photoexcited electrons. 
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Figure 7. Normalized photorespouses yield spectra for W03 in IN H2SOi,. The 
data are taken in order of decreasing negative potential at the potentials indicated. 
A11 of the currents are cathodic. The insert shows Fowler plots used to determine 

the photoemission threshold at each potential. 
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charge transport across the interface has been recognized and 
demonstrated to play a ro l e i n determining PEC c h a r a c t e r i s t i c s . 
(11,24) The f i e l d i n the depletion region i s only ~1 v o l t but 
t h i s potential i s normally dropped across a depletion layer of 
<1 ym depth. This gives r i s e to e l e c t r i c f i e l d s of 10 
volts/cm and l a r g e r . These f i e l d s , which are large enough to 
promote the movement of small charged ions, can e a s i l y be 
manipulated by the external bias. This movement of ions can 
e f f e c t the s t a b i l i t y , flatband and spectral response of a semi
conducting electrode. 

Figure 8 i l l u s t r a t e s the c r y s t a l structures for TiC^ and 
GaP, which are t y p i c a l examples of a η-type semiconducting oxide 
and a p-type main group semiconductor which show promise as photo-
electrodes. Both materials have channels through the l a t t i c e 
perpendicular to the exposed face. From a simple geometric 
argument a c r i t i c a l radius for ions that can f i t into the chan
nels has been determine
R c = 0.94 Â and for Ga
t e l l us immediately that we w i l l only have to worry about the 
migration of p o s i t i v e ions i n these and most other semiconductors 
since negative ions have too large a radius, the smallest being 
F~~ at 1.33 Â and 0~ at 1.32 Â. There do e x i s t , however, a 
large number of p o s i t i v e l y charged ions with an appropriate 
radius to f i t into the channels. The influence on anions at the 
semiconductor surface can be large however and t h i s w i l l be 
i l l u s t r a t e d l a t e r for F~ on SrTiC^. 

Under normal operating conditions, the f i e l d s i n the depletion 
region would be expected to cause the migration of p o s i t i v e ions 
f o r n- and p-type semiconductors as shown i n Figure 9. This 
c l e a r l y has large consequences for the defect doped metal oxides 
where i n t e r s t i t i a l metal atoms would be expected to be leached 
slowly from the surface changing the doping p r o f i l e . For TiOo 
and SrTiO^ t h i s i s i n fact exactly what i s observed. Figure 10 
shows the r e s u l t s of the anodic aging of a lightlydoped SrTiO^ 
wafer on i t s spectral response. As expected, the removal of 
i n t e r s t i t i a l T i 3 + ( R C = .76 Â) a l t e r s the doping p r o f i l e and 
t h i s widens the depletion region width allowing f o r the c o l l e c 
t i o n of electron-hole pairs from photons with a longer wavelength 
and a deeper penetration depth. This, i n e f f e c t , red s h i f t s the 
photoresponse. 

The doping p r o f i l e a f t e r anodic aging has been modeled by 
Butler(_5) and a t y p i c a l example i s shown i n Figure 11. After 
aging the TiC^ the resultant concentration gradient causes the 
room temperature migration of T i i n t e r s t i a l s and over a period 
of one week the doping p r o f i l e i s restored to near that of the 
v i r g i n sample. For SrTiOg the a c t i v a t i o n energy f o r movement of 
the i n t e r s t i t i a l s i s considerably larger and the anodically aged 
p r o f i l e i s r e l a t i v e l y stable at room temperature. At ~300°C 
and above the i n t e r s t i t i a l s can move more f r e e l y . Since only 
small changes i n sample stoichiometry <1 ppm occur no changes i n 
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Figure 9. The electric fields and directions of positive ion electromigration in the 
near-surface region of both n- and p-type semiconductors under anodic and cathodic 

bias 
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350 
WAVELENGTH (nm) 

Figure 10. Electrochemical anodic aging 
experiments on a lightly doped SrTiOs 

wafer. All experiments were performed 
in 1M NaOH. ((1) virgin SrTiOs; (2) 
anodically aged 21 h at 5 V vs. SCE; (3) 

annealed in air 16 hat 300° C) 
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Figure 11. The measured defect density profile in 3 Ω-cm Ti02 sample aged under 
constant voltage (-{-5 V) for 30 h. The data is normalized to the bulk density. 
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^fb a r e e x P e c t e d and none are observed as shown i n the top h a l f 
of Table I. While enhanced red response i s c l e a r l y useful i n 
these photoelectrodes, the consequences i n terras of o v e r a l l 
electrode s t a b i l i t y may outweigh any advantage gained. Cle a r l y 
s u b s t i t u t i o n a l doping would avert these problems and may be a 
preferable technique. 

Table 1 

DEPENDENCE OF VfU ON AGING CONDITIONS FOR SrTiOo 

Bias 

Ano die 

'fb 
I l l u m i n a t i o n 

On 

Conditions 

V i r g i n 

PC* 21 hrs. 

vs SCE 

-1.11 

Anodic On +1 V vs SCE 
PC 4 days 

-1.15 

Cat ho die 

Cathodic 

Off 

Off 

V i r g i n 

.2 mA-CC** 25 hrs. 

.2 mA-CC 21 hrs. 

-1.17 

- .95 

- .96 

*PC - Pot e n t i a l Control 
**CC - Current Control 
The anodic and cathodic aging experiments were done 
consecutively. 

For a p-type semiconductor operated i n the normal fashion or 
for an η-type material under cathodic bias (accumulation) i t i s 
possible to get p o s i t i v e i o n i n j e c t i o n into the semiconductor 
surface. As we have previously discussed, the e f f e c t s of such 
i n j e c t i o n can be quite dramatic including fracture of the elec
trode surface as i l l u s t r a t e d i n Figure 12. In aqueous media 
proton i n j e c t i o n i s most l i k e l y to occur and can have pronounced 
e f f e c t s on electrode performance. Figure 13 i l l u s t r a t e s the 
changes i n the spectral response of a SrTiO^ electrode that has 
had H + i n j e c t e d into the near-surface region by cathodic aging. 
The shape of the spectral response curve remains b a s i c a l l y 
unchanged as a consequence of the fact that the depletion layer 
width i s r e l a t i v e l y unchanged. The o v e r a l l quantum e f f i c i e n c y 
i s s i g n i f i c a n t l y reduced, which suggests that the i n j e c t e d H + 

s i g n i f i c a n t l y increases recombination center densities. Since 
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Figure 12. Photograph (4χ magnifica
tion) of an electrochemically deuterium-

D20 for 3 days at 10 mA. This resulted 
in a shattering of the sample in the region 

exposed to the electrolyte. 

300 350 

WAVELENGTH (nm) 

400 

Figure 13. Electrochemical cathodic ag
ing experiments under current-controlled 
conditions (ce) on a lightly doped SrTi03 

wafer. All experiments were performed 
in 1M NaOH. ((1) virgin SrTiOs; (2) 
cathodically aged 0.2 mA-cc for 25 h; 

(3) 0.0Vvs.SCEfor27h) 
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the amount of hydrogen injected i s large, the electron a f f i n i t y 
of the surface region should change and therefore changes would 
be expected i n V^. The lower portion of Table I i l l u s t r a t e s 

as a function of cathodic aging. The large change i n i t i a l l y 
represents a saturation of a v a i l a b l e s i t e s . The subsequent lack 
of change i s an i n d i c a t i o n that a d d i t i o n a l hydrogen penetrates 
further and that the concentration of hydrogen cannot go beyond 
the o r i g i n a l saturated l e v e l . We can use the e l e c t r o n e g a t i v i t y 
model(7^j8) to quantify the amount of hydogen incorporated. The 
bulk e l e c t r o n e g a t i v i t y for hydrogenated SrTiO^ w i l l be: 

X(SrTi0 3H x) = [ X ( S r ) X ( T i ) X 3 ( 0 ) X x ( H ) ] 1 / ( 5 + x > (2) 

From the measured flatband p o t e n t i a l and the relationship(_24) 

EA = V f K •+· Ε + Δrb ο r
where E Q i s the difference between the vacuum l e v e l and the SCE, 

i s a small correction term f o r the difference between the 
Fermi l e v e l and the conduction band and Δ i s the p o t e n t i a l 
drop across the Helmholtz layer due to adsorbed charge, we can 
c a l c u l a t e the materials apparent electron a f f i n i t y . We know as 
well that 

EA(mat) = X ( n i a t b u l k ) - 1/2 Ε (mat) (4) 

thus 

EA(observed) = [ X ( S r ) X ( T i ) X 3 ( 0 ) X x ( H ) ] 1 / ( 5 + x ) 

- 1/2 E g ( S r T i 0 3 ) (5) 

Since Eg remains unchanged from the v i r g i n value, ( F i g . 13) sub
s t i t u t i n g we f i n d X equals 0.2 or there i s one hydrogen for every 
f i v e titaniums. This r a t i o i s also found for T1O2 where i t i s 
substantiated by stimulated desorption experiments.(11) The 
hydrogen occupies a number of d i f f e r e n t s i t e s both hydroxyl and 
hydride as observed by i n f r a r e d spectroscopy.(11) As curve three 
i n Figure 13 shows, anodic aging of the sample removes a large 
portion of the hydrogen associated with recombination centers. 
But as the flatband indicates and surface measurements show, a 
s i g n i f i c a n t portion of the hydrogen cannot be removed i n t h i s 
fashion. 

An i n t e r e s t i n g e f fect has been observed i n p-GaP.(25) If the 
cathodic breakdown regime i s attained (10 V or greater vs SCE) i n 
the dark at cathodic currents of 10 mA or greater, luminescence 
i s observed from the electrode. This luminescence i s associated 
with the i n j e c t i o n of ions into the semiconductor. The lumines
cence i s broad band and occurs both above and below the band gap 
as i l l u s t r a t e d i n Figure 14a. Table I I i l l u s t r a t e s the depen-
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Figure 14. (a) Spectral distribution of the luminescence at a reverse-biased p-
GaP/electrolyte interface. The electrolyte is 0.15M HNOs and the current density 
flowing through the interface is ~ 20 mA/cm2. The low-energy limit of the spec
trum is determined by the photomultiplier sensitivity, (b) Strongly cathodically 
biased p-GaP/electrolyte interface. Hot electrons are created by tunneling from 
valence to conduction bands. These may decay radioactively to fill empty states 

created by cation infection or drive other redox reactions. 
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dence of the luminescence on the ion s i z e . C l e a r l y ions of 
radius greater than R c cannot be injected and thus do not cause 
luminescence. Ion i n j e c t i o n has been confirmed with forward 
scattering experiments which have detected L i i n j e c t i o n to depths 
of greater than 0.5 microns.(25) A possible luminescence mecha
nism i s i l l u s t r a t e d i n Figure 14b. Injected cations create 
vacant e l e c t r o n i c states below the conduction band of the 
semiconductor which may be f i l l e d by r a d i a t i v e decay of hot 
electrons injected into the conduction band. 

Table 2 

EFFECTS OF VARIOUS IONS ON THE LUMINESCENCE IN p-GaP 

Crysta  Ioni
Ion R a d i

— Yes** 

Mg4"* 0.66 Yes 

Li+ 0.68 Yes 

Zn4"* 0.74 Yes 

R c(GaP) = 0.85 Â 

Na + 0.97 No 

Cd4"4" 0.97 No 

K + 1.33 No 

NH 4
+ 1.43 Yes 

*Handbook of Chemistry and Physics, ed. by C. D. Hodgman 
(Chem. Rubber. Co., Cleveland, 1962) pg. 3507. 

**0nly at concentrations less than 0.5 M. 

Anions are nominally too large to be injected down channels 
i n the semiconductor. However, under strong anodic bias there 
may be electrochemical i n t e r a c t i o n s of the anions with the semi
conductor surface (possibly by an ion exchange mechanism). 
Figure 15 shows the spectral response and I-V c h a r a c t e r i s t i c s 
for a SrTiO^ electrode i n 1 Μ KOH a f t e r being aged f o r two days 
at +5 V vs SCE i n 1 M KF. These electrode properties appear 
constant with respect to operation i n a PEC. The quantum e f f i 
ciency at 0 V vs SCE i s s u b s t a n t i a l l y improved as i s the c o l l e c -
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wavelength (nm) 

Figure 15. (top) Spectral response curves 
for a reduced SrTi03 electrode before and 
after aging in F" solution, (bottom,) I-V 
data for the same aging conditions. The 
I-V and spectral response curves were 
obtained in 0.7M NaOH, and the elec
trode was aged in 1M KF for 2 days at 

potential vs SCE + 5 V vs. SCE. 
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t i o n e f f i c i e n c y near the flatband potentials This increase i n 
the f i l l factor and enhancement of surface charge transfer may 
be i n d i c a t i v e of improved electrode k i n e t i c s or the elimination 
of surface recombination. Work i s currently i n progress to 
determine which process i s important. 

Summary 

Four main charge transfer phenomena appear important i n 
PECs. Cheraisorption of ions creates a potential drop across the 
Helmholtz double layer and provides chemical intermediates which 
can s i g n i f i c a n t l y a l t e r the k i n e t i c s of the reaction. Surface 
bond breaking i s a potent means of electrode degradation. Elec
tron and hole transport across the semiconductor/electrolyte 
i n t e r f a c e may be e l a s t i c or i n e l a s t i c and give r i s e to c l a s s i c a l 
electrochemistry. Photoemissio
noncl a s s i c a l products an
i n t e r f a c i a l e l e c t r o n i c structure. Electromigration of ions can 
change doping p r o f i l e s and be used by way of electrochemical ion 
i n j e c t i o n to modify electrode surface and near-surface regions. 
Much remains to be understood concerning the d e t a i l s of these 
processes. Such an understanding i s v i t a l to the successful 
production of an optimum photoelectrode. 

*This work was supported by the Materials Sciences D i v i s i o n , 
O f f i c e of Basic Energy Sciences, U. S. Department of Energy 
under Contract DE-AC04-76-DP00789. 
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The Role of Interface States in Electron-Transfer 
Processes at Photoexcited Semiconductor 
Electrodes 
R. H. WILSON 

Corporate Research and Development, General Electric Company, 
P.O. Box 8, Schenectady, NY 12301 

Electronic energy levels localized at the surface of a semiconductor 
have frequently been used to explain, experimentally observed currents at 
semiconductor-electrolyte junctions.1-9 These surface or interface states 
are invoked when the observations are inconsistent with direct electron 
transfer between the conduction or valence band of the semiconductor 
and electronic states of an electrolyte in contact with the semiconductor. 
Charge carriers in the semiconductor bands are transferred to surface 
states that have energies within the bandgap of the semiconductor. From 
these states electrons can move isoenergetically across the interface to 
or from electrolyte states in accordance with the widely accepted view of 
electron transfer. 

The process by which the semiconductor carriers reach the surface 
to react with surface states must be considered. The case of greatest 
importance under photoexcitation is with the semiconductor biased to 
depletion as shown in Figure 1. While it is possible for semiconductor 
carriers to reach the surface of the semiconductor through tunneling, or 
impurity conduction processes, these processes have not been shown to be 
important in most examples of photoexcited semiconductor electrodes. 
Consequently, these processes will be ignored here in favor of the normal 
transport of carriers in the semiconductor bands. Furthermore, only 
carriers within a few kT of the band edges will be considered, i.e., "hot" 
carriers will be ignored. 

Figure 1 illustrates different modes of electron transfer between 
electrolyte states and carriers in the bands at the semiconductor surface. 
If the overlap between the electrolyte levels and the semiconductor bands 
is insufficient to allow direct, isoenergetic electron transfer, then an 
inelastic, energy-dissipating process must be used to explain experi
mentally observed electron transfer. Duke10 has argued that a complete 
theory for electron transfer includes terms that allow direct, inelastic 
processes. The probability of such processes, however, has not been 
treated quantitatively. 

On the other hand, inelastic transfer of carriers in the bands to 
surface states is well known11,12,13 and reaction rates sufficient to 
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Figure 1. Schematic of various electron transfer processes between semiconductor 
carriers at the surface and electrolyte and surface states 
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explain many of the experimental observations can be readily estimated. 
The objective of this paper is to focus on this reaction between carriers 
and surface states and to emphasize the reaction cross section as an 
important parameter in charge transfer as well as in surface recombin
ation. The role of surface states in charge transfer at the semiconductor-
electrolyte interface is contrasted with effects at semiconductor-vacuum, 
semiconductor-insulator and semiconductor-metal interfaces. Factors 
affecting the magnitude of the reaction cross section are discussed and 
the theoretical understanding of the capture process is briefly reviewed. 

Finally, some experimental observations are discussed in which 
charge transfer to surface states is important. The emphasis is on 
methods to be quantitative in describing the role of surface states by 
determining their density and reaction cross sections. Some previously 
published observations as well as preliminary new results are used to 
illustrate the role of surface bound species as charge transfer surface 
states. 

Quantitative Reaction Rates 

Localized states in the bulk of a semiconductor that have energies 
within the bandgap are known to capture mobile carriers from the 
conduction and valence bands.— The bulk reaction rate is determined by 
the product of the carrier density, density of empty states, the thermal 
velocity of the carriers and the cross-section for carrier capture. These 
same concepts are applied to reactions at semiconductor surfaces that 
have localized energy levels within the bandgap.—1— In that case the 
electron flux to the surface, F n , reacting with a surface state is given by 

F n = n s N e O " n v n <*> 

where Ν is the density of electrons in the conduction band at the surface, 
Ν isthe s area density of empty surface states, CT is the electron capture 
cross section of the surface states and ν is the thermal velocity of 
electrons. This is clearly an oversimplified description of the capture 
process which hides many of the complexities in the phenomenological 
parameter, CT. Nevertheless, this approach has been usefully applied in 
describing the kinetics of semiconductor surface states in a variety of 
circumstances. 

For holes near the edge of the valence band with density, ρ , at the 
surface the analogous expression for the hole flux to the surface, F , 
reacting with a filled surface state of area density, N r , is p 

F r ^ = P c N f < ^ V n ( 2 ) 

ρ *s 1 Ρ ρ 
By including terms to describe the rate of emission of electrons and holes 
from filled and empty surface states respectively, constraining the total 
number of surface states to by N x + N e = and assuming that the 
states do not interact, the electron-hole recombination at. the.surface has 
been analyzed— s— in analogy with Hall-Shockley-Read^ 2*^ recombin
ation. These methods are important in the study of semiconductor-
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insulator interfaces.— Similar rgethods are applied to the kinetics at 
semiconductor-gas interfaces.^— When the semiconductor surface is 
coupled through a capacitance small compared with the semiconductor 
space charge capacitance (semiconductor-gas, semiconductor-vacuum, 
metal-thick insulator-semiconductor) the surface potential is very sensi
tive to the net change in surface states. (In the standardized terminology 
for metal-insulator-semicor^uctor structures this charge is referred to as 
interface trapped charge).— 

In the case of a metal-semiconductor junction the semiconductor 
surface is closely coupled to the metal. As a result electrons in the 
conduction band at the surface see a high density of empty metal states 
into which they can cross the interface isoenergetically. Similarly, 
valence band holes see a high density of filled electron states in the 
metal. As a result, electron transfer is usually treated as direct transfer 
in a thermionic process and surface states are2^5^ated to a minor role in 
surface generation and recombinatio

By contrast, electrolyt
distribution than metal conduction band states so that in many cases 
electron transfer through surface states may be the dominant process in 
semiconductor-electrolyte junctions. On the other hand, in contrast to 
vacuum and insulators, liquid electrolytes allow substantial interaction at 
the interface. Ionic currents flow, adsorption and desorption take place, 
solvent molecules fluctuate around ions and reactants and products 
diffuse to and from the surface. The reactions and kinetics of these 
processes must be considered in analyzing the behavior of surface states 
at the semiconductor-electrolyte junction. Thus, at the semiconductor-
electrolyte junction, surface states can interact strongly with the electro
lyte but from the point of view of the semiconductor the reaction of 
surface states with the semiconductor carriers should still be describable 
by equations 1 and 2. 

In the next section factors that affect the reaction cross section are 
discussed. It is argued that electrolyte species on the surface of the 
semiconductor can qualify as surface states. In the subsequent section 
several examples of such surface states will be discussed. 

Factors Affecting Cross Section 

As a hole or electron moves through a semiconductor its cross 
section for encountering neutral impurity atom should be an atomic 
dimension, about 10" cm . The probability that the carrier be captured 
during that encounter, however, may be much less than one, depending on 
the energy of the available impurity level and the quantum state of the 
carrier and impurity levels. When the capture occurs an amount of energy 
equal to the difference between the band edge and the impurity level is 
lost by the electron. This energy must be carried away by photon and/or 
phonon emission. The maximum phonon energy in the available phonon 
spectrum of the semiconductor crystal is generally less than one-tenth of 
an electron-volt. Consequently, for radiationless capture (no photon 
emission) of a carrier by a deep level more than a tenth of an electron-
volt from the band, emission of many phonons is required. In that case 

In Photoeffects at Semiconductor-Electrolyte Interfaces; Nozik, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



6. WILSON Interface States in Electron-Transfer Processes 107 

the capture probability per enççunte^ might be quite low so that cross 
sections on the order of 10" cm are expected^ Observed cross 
sections, however, are frequently on the order of 10" cm . (For a more 
complete discussion see Ref. 14, p. 91.) Theory to explain such large 
cross-j sections is not well established. The cascade capture model of 
Lax 1 has had some success?but a multiphonon emission process is 
more appropriate for deep levels.— 

A similar situation exists for carrier capture by surface states. 
Relatively large capture cross sections are observed but no adequate 
theoretical treatment exists. Theory to describe the capture process is 
greatly complicated by presence of the surface. The carrier motion as 
well as the vibrational behavior of the crystal is perturbed by the surface. 
What does seem clear, however, is that the surface state should be tightly 
enough bound to the crystal lattice so that phonon emission is possible. In 
addition, the state should be close enough to the semiconductor to overlap 
the wave function of the semiconducto

As a working definition
level within the bandgap of the semiconductor located at its surface that 
is coupled to the semiconductor lattice strongly enough to allow inelastic 
capture of carriers from the semiconductor bands. Several examples of 
possible surface states are illustrated in Figure 2. In the next section 
experimental manifestations of some of these are described. 

Experimental Examples 

Sulfide ions on CdS. When Na2S is added to an aqueous electrolyte 
the flatband voltage of a CdS electrodes shifts to more negative-poten-
tials by an amount linear in the log of the Nâ S concentration.— The 
change in flatband voltage is due to a change in voltage across the 
Helmholtz layer. The Nernstian dependence on concentration suggests 
that some form of negative sulfide ion is bound to the semiconductor 
surface by a chemical reaction. An estimate of the sulfide ion concentra
tion on the surface has been made using a simple capacitive model of the 
Helmholtz layer.— The result is shown in Figure 3 based on the flatband 
voltage measurements of Inoue et al.— In addition, when their current-
voltage data are replotted relative to the flatband voltage as shown in 
Figure 4, significant effects in addition to the flatband voltage changes 
are evident. The photocurrent onset is shifted to more negative poten
tials than observed in the absence of sulfide. The role of the sulfide ions 
can be interpreted in several ways. 

One interpretation presumes that the photocurrent onset in the 
absence of sulfide is determined by electron-hole recombination. The 
sulfide ions on the surface are then supposed to be bound to these surface 
recombination levels rendering them unavilable for recombination reac
tions. The charge transfer reactions could then proceed at lower 
voltages. In this case the corrosion suppression role of the sulfide ions 
would be to reduce the oxidized corrosion site before a cadmium ion could 
go into solution. A variation on this theme is to consider the corrosion 
site to be the recombination state, i.e., the site on the surface that 
normally leads to corrosion when oxidized by a photoexcited hole can be 
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Figure 2. Illustration of various kinds of surface states that can react with carriers 
at the surface of the semiconductors. 

(a) an intrinsic surface state of the semiconductor that may be due to lattice termination 
or a dangling bond. Subsequent reactions of such a state may lead to corrosion, (b) A 
specfically adsorbed electrolyte species. After reacting with a carrier it may desorb. 
(c) An intermediate in a multielectron reaction. After first hole capture, for example, 
the intermediate product may form a surface state capable of a second hole capture with 
subsequent release of the final product to solution, (d) A molcule attached to the surface 
by chemical treatment prior to immersing in the electrolyte. Such a surface state could, 

for example, be oxidized by a hole and subsequently be reduced from the electrolyte. 
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Journal of the Electrochemical Society 

Figure 3. Surface density Ν of adsorbed sulfide ions calculated from the change in 
flatband potential V / b reported in Ref. 26 (21). 

Journal of the Electrochemical Society 

Figure 4. Current-voltage curves of a CdS electrode in 0.2M Na^O^ from Ref. 26. 
Figure 10 replotted relative to flatband voltage. (1) No Na2S added; (2) 5 X 10'4M 

Na2S; (3) 10'3M Na2S; (4) 10'2M Na2S; (5) lO'M Na2S (21). 
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reduced by an electron from the conduction band before the next step in 
the corrosion process takes place. In the absence of sulfide this 
recombination would be the dominant process at low voltages when the 
surface concentration of electrons is high. When sulfide is present in the 
electrolyte the sulfide ions could deposit on the corrosion sites and 
prevent their oxidation thereby simultaneously suppressing recombination 
and allowing current onset at lower voltages. 

Another interpretation would be to suppose that the adsorbed sulfide 
ion forms a surface state that can be directly oxidized by a hole in the 
valence band. In this case the shift in current onset to lower voltages 
would be due to an increase in the charge transfer rate rather than the 
decrease in the recombination rate discussed in the preceeding paragraph. 
The corrosion suppression associated with the sulfide could then be 
partially attributed to the rapid kinetics of hole capture by these surface 
sulfide ions and partially due to reduction of oxidized corrosion sites by 
sulfide ions in solution. 

It is not the objectiv
Additional experimental work is needed to do this. The objective of this 
work is to show how both the corrosion sites and adsorbed sulfide ions can 
be treated as surface states and to further suggest that quantitative 
treatment of these surface states can be useful in considering experi
ments to elucidate the role of the sulfide ions. 

First, by referring to Figure 4· it can be seen that change of more 
than two orders of magnitude in sulfide concentration in solution causes 
only a small change in the photocurrent onset voltage. This is readily 
understood from Figure 3 if the adsorbed sulfide ions rather than the 
solutio^ ions are responsible for the change in current onset. Thus, about 
3x10 sulfide ions per square centimeter are responsible for the shift in 
photocurrent onset. Since this number is only a few percent of the 
available atomic sites on the surface it would be surprising if that few 
sulfide ions could passivate all the corrosion sites. On the other hand, if 
the adsorbed sulfide ions act as surface states for direct, inelastic capture 
of valence band holes their surface9 reaction constant for holes is 
S =N (Γ ν >(3 χ 10ij> cm"Z) (10"° cmZ) (1θ' cm/sec) = 3x10̂  cm/sec on 
tne assvPmiftion that the coulomb attraction of the negatively charge 
sulfide ions fot the positive holes would make the cross section greater 
than 10 cm . 

If the corrosion sites are treated as surface states on the CdS (as 
seems logical since the cadmium atoms that eventually receive the holes 
are part of the semiconductor surface) the first step corrosion rate 
constant for holes, Sc, may be analyzed in a similar fashion Sc=N C7̂  v,. 
To explain the shift in current onset.£«Sgis required. Assuming<TSJc=iÎ0^ 
cm"", S <10 cm/sec if <r <10" ccm . This is a reasonable number 
for a neutral surface state,c¥herefore, this explanation for the observed 
shift in current onset passes a test of reasonableness. On the other hand, 
it is hard to be more quantitative without some independent measure of 
capture cross sections. A method jn measuring cross sections applicable 
in some cases has been reported— and will be discussed later in this 
section. 
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Some additional experiments relevant to the data in Figure 4 are 
suggested by the preceding discussion. In particular, if the corrosion sites 
also act as the recombination centers that control current onset in the 
absence of sulfide ions (as discussed earlier) then there are no oxidized 
recombination centers before exposure to light. In that case a CdS 
electrode biased at a voltage below the saturated portion of curve 1 in 
Figure k would show a higher initial current than indicated in curve 1 and 
then decay in time to the curve 1 value. This situation can be analyzed 
by: 

dN =pN C T v - n N <7~ ν - ρ Ν fj'v - Ν k (3) -j^ce ^"cf vcp ρ s ce en η Hs ce vcp ρ lNce v / 

where N c e is the surface density of oxidized corrosion sites that have 
captured one hole, Ν , is the density of corrosion sites that are still filled 
(Ncx+N c e=N c, the total densit f corrosio  sites) d k i
for the reaction of the oxidize

The net photo current, j r , associated with these processes is 

jc = p Ν r ^ ν +p Ν <7"' ν - η Ν <Γ ν (4) 
~ *s cf cp ρ Fs1Nce cp vp ns iNce cn vn v^7 

When an n-CdS electrode is suddenly illuminated with light capable of 
producing holes in the CdS, j , would almost immediately reach some 
large value (equal to or less than the saturation current of curve 1) and 
then decay to the steady state value of curve 1 as the steady state value 
of Ν is approached according to equation 3. If such a transient does not 
occuf̂ the oxidized corrosion site acting as a recombination state is not 
the controlling factor in the photocurrent onset. 

Another quantitative consideration involves the rate of replacement 
of the sulfide ions on the surface during illumination assuming that they 
are the states with which the holers react. The rate at which sulfide ions 
reach the CdS surface for £ χ 1 0 " M concentration can be estimated to 
be greater than 10 c m i % s e c \ w n*^f * o r c u r v e 2 of Figure 4 the first 
plateau occurs at j /q- 10 cm" sec" suggesting that the value of Ν is 
not limited by the replacement of the sulfide ions. The plateau in curve 2 
has been quantitatively attributed to a change in su îde ion concentration 
at the surface due to a diffusion-limited process.— If that is the case 
capacitance measurements made under the operating conditions of the 
plateau in curve 2 would indicate a reversion of the flatband voltage to 
that of curve 1 with no sulfide in solution. If such a shift is observed then 
operation in the plateau area does not help elucidate the mechanism of 
charge transfer since the same diffusion limitation occurs for surface ion 
or solution ion transfer. 

The objective of the preceding discussion of CdS electrodes has been 
to point out the possible role of two types of identifiable surface states: 
one a state intrinsic to the CdS surface, presumably associated with Cd, 
which is eventually ionized by reaction with a hole and dissolved into 
solution; the other is a sulfide ion deposited on the CdS surface from 
solution. By considering these as surface states capable of inelastic 
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capture of carriers from the semiconductor bands quantitative estimates 
of their role in charge transfer were made to illustrate the usefulness of 
this approach. 

28 
Oxygen evolution on TiO ?. In a previous report— the dark reduction 

peak (curve 3 in Figure 5) produced by photoexciting a TiO^ electrode was 
discussed. The extra dark current was analyzed using equation & and 

n s = nbexp- q(V-Vfb)/kT 

where n, is the bulk electron density and V.^ is the flatband voltage. 
The resulting current during a negative voltage sweep at a rate dV/dt is 

where N. is the area densit
was initiated and V is th
The cross section, ^P, for electron capture by these states is given by 

All of the parameters except N. and cr are determined by other 
observations. N. is determined by tne area under the curve and cr by the 
position of the cfurrent peak. Comparison of experimental and calculated 
curves are shown in Figure 6. A better fit could be achieved by assuming 
a distribution of cross sections, but that did not seem justified. More 
experimental work is needed but the surface state analysis fits the 
available experimental observations in all essential details with reason
able values for N. and <Γ. 

As discussed previously, the surface states responsible for the 
reduction peak could be intrinsic surface states or states associated with 
a surface-attached intermediate in the series of reactions leading to 
evolution. The latter possibility was deemed to be more likely since no 
change in voltage across the Helmholtz layer (no change in capacitance) 
was observed when these states are in the oxidized form. 

Regardless of the nature of the surface state it is clear that it can 
capture an electron from the conduction band producing cathodic current. 
This cathodic current balances the anodic current produced when the 
photoexcited holes produced the oxidized surface state. The net result of 
these two processes is electron-hole recombination leading to no net 
current. This recombination process is what controls the voltage of 
photocurrent onset as can be seen in curve 2 of Figure 5. 

The results summarized here illustrate the important role surface 
states play in O 2 evolution from photoexcited T1O2 and provide an 
example of a quantitative determination of the density and electron 
capture cross section of these states. 

Attached molecules. A molecule attached to a semiconductor 
surface could behave as a surface state if it has an energy level within the 
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Figure 5. Current-voltage curves of a Ti02 electrode in 1 .OM KOH with 200 mV/s 
scan from 0 V (SCE). Curve 1, in dark; Curve 2, with 350-nm light on; Curve 3, 

in dark after 30 s illumination with 350-nm light atOV (SCE) (28). 
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-); analogous Figure 6. Comparison of extra experimental reduction current ((-
to the difference in Curves 1 and 3 in Figure 5) with calculated (( ) using 
Equation 5 in (a) 1.0M KOH and (b) 0.5M H2SOh using N i = 6.7 Χ 1013 cm'2 and 
1.9 Χ 1013 cm'2, respectively with peak positions matched to experimental curves 

(2S). 
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bandgap. The cross section for carrier capture would depend on the 
nature of the attachment process, the strength of the bond and the 
distance from the surface. 

Figure 7 shows some preliminary results obtained from ^ T i O -
electrode to which Ru(4-OHLQ 3 - C O O H o - p h e n X b i p y y P F ^ ^ was 
attached using a silane process.— The curves are analogous to Tigure 5 
except the photoexcitation prior to curve 3 in Figure 7 was with 470nm 
light. This wavelength light does not produce electron hole pairs in T i C ^ 
but is at the maximum of absorption of the ruthenium compound. The 
photocurrent is presumed to be due to transfer of an electron from the 
excited state of the attached material to the conduction band of the TiC>2 
leaving behind the oxidized compound. The current decreases in time 
indicating that the reduced form is not being regenerated. 

The reduction peaks in curve 3 of Figure 7 are presumed to be due 
to the transfer of an electron from the conduction band to the oxidized 
compound. After the voltag
curve 1 and the 470 nm photocurren
process is repeatable and delays of several minutes between photoexcita
tion and voltage sweep show little change in curve 3. 

Peaks at about -0.21V. and -0.5^V can be distinguished. Using -0.2 
V/sec scan rate, 10 cm" for n^, 10 cm/senior v^ and -0.7V i§ 
equation 6 gives cross sections of 5 χ 10" cm and «2 χ 10^ cm 
respectively for those peaks. Each yields about 3 χ 10 cm" for its 
surface density. 

It should be emphasized that these results are preliminary and 
subject to modification as further checks and measurements are made. 
They are included here to illustrate how a surface attached molecule can 
be treated quantitatively as a surface state. 

Conclusions 

There is a growing tendency to invoke surface states to explain 
electron transfer at semiconductor-electrolyte interfaces. Too frequently 
the discussion of surface states is qualitative with no attempt to make 
quantitative estimates of the rate of surface state reactions or to 
measure any of the properties of these surface states. This article 
summarizes earlier work in which charge transfer at the semiconductor-
electrolyte interface is analyzed as inelastic capture by surface states of 
charge carriers in the semiconductor bands at the surface. This approach 
is shown to be capable of explaining the experimental results within the 
context of established semiconductor behavior without tunneling or im
purity conduction in the bandgap. Methods for measuring the density and 
cross section of surface states in different circumstances are discussed. 

A working definition of a surface state as any energy level within 
the bandgap that is bound to the surface sufficiently to allow inelastic 
electron transfer to or from the semiconductor bonds was introduced. 
This allows adsorbed electrolyte species, reaction intermediates and 
attached layers to be considered as surface states. The experimental 
observations discussed illustrate such states. 
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Figure 7. Current-voltage curves for a Ru(4-OH,3-COOH,o-phen)(bipy)2(PF6)2 

coated Ti02 electrode in pH 7 Na2SOk. Current curves analogous to Curves 1 and 
3 in Figure 5 except the illumination was at -\-0.5 V and with 470 nm light. 
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While the ability to treat capture cross sections theoretically is very 
primitive and the experimental data on capture cross sections are very 
limited this phenomenological parameter seems to be an appropriate 
meeting place for experiment and theory. More work in both of these 
areas is needed to characterize and understand the important role of 
surface states in electron transfer at semiconductor-electrolyte inter
faces. 
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van de Vaste Stof, Krijgslaan 271, B-9000 Gent, Belgium 

1. Introduction 

As part of the research on solar energy conversion by photo-
electrochemical methods, a considerable amount of investigation 
has been carried out during the last half decade on the stabili
zation of illuminated η-type semiconductor electrodes by means 
of competing hole reactions with reducing agents added to the 
solution. However, very little attention has hitherto been paid 
to the influence of the light intensity upon the relative rates 
of the competing reactions. Recently, it has been reported that 
the ratio of the rate of anodic photodissolution of the ZnO elec
trode versus that of electrooxidation of dissolved halide ions 
is light-intensity dependent, and an interpretation has been 
given to this effect based upon the concept of the quasi-Fermi 
level (_1). Independently, we have also found that the stabiliza
tion of n-GaP by Fe(CN)g" ion in aqueous medium is light-intensi
ty dependent, and here, the effect has been interpreted in kine
tic terms (2, 3). In the present work, we have extended the ex
perimental cTata on light-intensity dependent stabilization of 
η-type III-V semiconductor electrodes, as well as the kinetic 
analysis of this phenomenon. 

2. Experimental 

The measurements were made by means of the rotating ring-
disk technique. The ring consisted of Au (for the determination 
of Fe(CN)3") or of amalgamated Au (for the determination of l f i 

Fe(III)-EDTA). The disk consisted of either n-InP (Nn = 5 χ 10 i D 

cnr3) or n-GaP (ND = 1.6 χ 1017 cm"3). The characteristic di
mensions of the RRDE were rj = 2.50 mm, = 2.65 mm and r̂  = 
2.95 mm (for InP) or r 3 = 3.65 mm (for GaP). For both semicon
ductors, the (III) face was exposed to the electrolyte. Before 
each experiment, the electrode surface was etched, the etchant 
being 0.3 % Br2 in CH30H for InP and 0.5 Μ KOH + 1 M K3Fe(CN)6 
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in H2O for GaP, respectively. The indifferent electrolyte con
sisted of 0.25 M KoS0 4 plus buffer in H 20, the buffer being 
either phtalate (pH - 3.8) or borax (pH - 9.2). Reducing agents 
added to the solution were either Fe(II)-EDTA (at pH = 3.8) or 
Fe(CN)$" (at pH = 9.2). Three types of interfaces were studied, 
i.e. n-InP/Fe(II)-EDTA, n-GaP/Fe(II)-EDTA and n-GaP/Fe(CN)g". 
For the disk potential, a value within the saturation photocur
rent region was chosen (0.0 V vs. the sulphate electrode for InP 
and 0.0 or + 1.0 V vs. the sulphate electrode for GaP). The elec
trode was illuminated with a Hg lamp, and the Fe(III) complexes 
formed by photoelectrochemical oxidation were reduced at the 
ring (at - 1.4 V and - 0.80 V vs. the sulphate electrode for 
Fe(III)-EDTA and Fe(CN)3", respectively). By changing the rota
tion velocity of the RRDE between 500 and 2000 rpm, it was certi
fied that the effects further described were not due to rate-
limiting transport of th  fro  th  solutio  th  disk

The results were expresse
tio s, given by 

where Ιγ represents the current corresponding to the anodic oxi
dation of the reducing agent Y (the Fe(II) complex), and Ipn the 
total photocurrent measured at the disk. The value of Ιγ was de
termined from the measured ring current increase Δΐ̂  by means of 
the relationship 

Ν being the collection efficiency of the RRDE. For the latter, 
the theoretical value was used, as it follows from the characte
ristic dimensions of the RRDE. In one case (nGaP/Fe(CN)g~) where 
from independent measurements, the conditions are known under 
which s = 1, we were able to check that the experimental Ν value 
is in good agreement with the calculated one. 

All results which will be reported pertain to steady-state 
values of both I R h and s. At relatively high values of the ratio 
of photocurrent density vs. concentration at pH = 3.8 , an initial 
decrease of the photocurrent was observed, indicating the forma
tion of some surface layer. Such cases have not been taken into 
consideration here. 

All results were obtained at room temperature and with the 
exclusion of oxygen. 

3. Results 

For the three systems considered, the stabilization ratio s 
was determined as a function of the total photocurrent density 
jp n = I p n /A (A = surface area) and the concentration of reducing 
agent y. In all cases, s was found to increase with increasing 

s = v1^ (i) 

Ι γ = - Δίβ/Ν (2) 
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y and to decrease with increasing j . . Typical examples are 
shown in Figures 1 and 2. p 

4. Discussion 

4.1. Kinetic analysis. The observed light-intensity effect 
should permit a deeper insight into the mechanism of photoelec
trochemical reactions. In this framework, a kinetic analysis of 
the stabilization process will now be made for an η-type compound 
semiconductor AB, which is being oxidized photoelectrochemically 
according to the over-all reaction equation 

AB + η h+ —> products (3) 

with η = 6 for GaP (4, b) and 6 < η < 8 for InP (6). The oxida
tion of the dissolveïï reducin
equivalent, i.e. 

γ + h

+ —> Ζ (4) 

and, for simplicity, the reverse step of reaction (4) will be 
assumed to be negligible. 

Reaction (3) must obviously be complex, and we will assume 
that in a first step, a hole arriving from the interior reacts 
at the semiconductor surface (AB) to form some surface interme
diate according to 

+ k l 
(AB) + h+ X. , (5) 

-1 
ki and k_̂  being the forward and reverse rate constants respecti
vely. 

It will be further assumed that the competing reactions with 
the reducing agent Y either occurs with holes coming from the 
bulk directly, according to 

. kn 

Y + h — >̂ Ζ case (Η) (6) 

or with the intermediate, according to 

k" 

Y + Xj — ^ Ζ + (AB) case (X) (7) 
Reactions (6) and (7) are denoted as the cases (H) and (X) res
pectively. 

We will use the symbol j to indicate the number of holes 
consumed in electrochemical reactions per unit of surface area 
and per second. Hence, if e represents the elementary charge, 
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jph/μΑ cm-2 

Figure 1. Stabilization ratio s as a function of the photocurrent density }ph at dif
ferent concentrations of solved reducing agent y, n-InP/Fe(II)-EDTA (rotation 

speed of the electrode 1000 rpm) 

0 50 100 150 200 
j p h /μ A.cm-2 

Faraday Discussions 

Figure 2. Plot of s vs. ]ph for different y, n-GaP/Fe(II)-EDTA (1) (rotation speed 
1000 rpm) 

In Photoeffects at Semiconductor-Electrolyte Interfaces; Nozik, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



7. GOMES ET AL. Competing Photoelectrochemical Reactions 123 

Assuming that Y is not adsorbed, the following expressions 
can then be written for sj, the fraction of j associated with the 
anodic oxidation of Y: 

- case (H) : sj = kQ y ρ (9) 

- case (X) : sj = y χ χ (10) 

with ρ the free hole concentration at the electrode surface and 
x<L the surface concentration of X̂  intermediates. 

We will further define a rate constant k\ which takes into 
account the consumption of X̂  species through the reverse reac
tion (5) as well as throug

Κι = k_i + k"i y (11) 

As we have assumed that the reactions (6) and (7) do not occur 
simultaneously, it follows that k̂ , Ξ k in the case (H). As 
for the case ( X ) , we will assume tnat the consumption of X^ pre
dominantly occurs through reaction (7), so that here, k!!]y » k_̂  
and hence k^ - k"̂ y. 

We will now consider two possibilities for the nature of 
the intermediate Xj. The first possibility will be that Xj is 
localized, i.e. represents an electron missing in a well-deter
mined surface bond; this case will be denoted by (L). The al
ternative is that Xi is mobile within the surface, in a manner 
analogous to that of a free hole in the bulk. Energetically 
speaking, X^ might then belong to a surface energy band. This 
case will be denoted in what follows by the symbol (M). If one 
further takes into consideration the possibilities that reaction 
(5) may be either irreversible (I) or reversible (R), a series 
of different possible reaction mechanisms can now be discussed, 
constituting combinations of the alternatives described above. 
A survey of these mechanisms is given in Table I. 
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Table I. 
Expressions of the stabilization 
ratio for different reaction me

chanisms. 

(AB)S + h+ ^ Xj Table I. 
Expressions of the stabilization 
ratio for different reaction me

chanisms. 

(L) 
Xj localized: 

Xj + h+ -> X2 

(M) 
X̂  mobile: 

2Xj —» X2 

(H) J (I) 
Y + h + —> Ζ (AB)s + h+ -> Xj 

(L)(H)(I) 
s Φ f(j) 

(M)(H)(I) 

s / f(j) 

1 (R) 

! (AB)  + h+ Χ

(L)(H)(R) 
2 2 

(M)(H)(R) 
2 2 

(X) 

Y + Xx ->Z + (AB)S 

(L)(X) 

s = f (}, 

(M)(X) 
2 2 s y 

Case (L). It is logical to assume here that the further 
oxidation of an AB unit occurs through consecutive hole-capture 
steps, so that reaction (5) is followed by the steps 

x 1 + h
+ X x 2 1 

X ( 1_ 1 + h + products (13) 

which for simplicity will be taken to be irreversible. As a con
sequence of the steady-state which is established, the formation 
rates of all η oxidation products of AB will be equal and hence 
each given by (l-s)j/n, since (l-s)j is the fraction of j corres
ponding to the photodecomposition of AB. For the formation rate 
of Xj, one has: 

(l-s)j/n = k l P - k^Xj ; (14) 

for that of the higher intermediates: 

(l-s)jVn = k2xxp = = ^ χ η _ ! Ρ 

Elimination of Xj from eqns. (14) and (15) leads to: 

k,p 
k', 

η I k~p 

(15) 

(16) 
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In the case (L), the two alternatives (H) or (X) for the oxida
tion of Y can be considered. For the alternative (H), distinc
tion can further be made between the case where reaction (5) 
would be either irreversible (I) or reversible (R). This leads 
to the following possible mechanisms. 

- Mechanism Ο-^(Η)^Ι) : since here, Ξ = 0> combina
tion of eqns. (?) and (16) leads to an expression of the type 

s/(l-s) * y (17) 

which is independent of j and hence of the light intensity. 

- Mechanism iL^(H)jR| : assuming that the reverse reaction 
(5) is fast with respect to reaction (12), so that 
k'_j Ξ k_1 » k^p, it follow

2 2 
(li 

1-s J v 

- Mechanism jL]̂ (X) : we recall that we have postulated in 
this case that the reverse reaction (5) can be neglected with 
respect to reaction (7), so that kl^ - ku ŷ. By combination of 
eqns. (10), (15) and (16), one gets an expression of the type 

(19) 

Case ( M ) . Let us now consider the alternative in which Xi 
stands for a mobile surface intermediate. In this case, we will 
postulate that the two-equivalent oxidation product X 2 is formed 
by the encounter of two Xj species, that the subsequent oxidation 
reactions occur with X^ species and that all these reaction steps 
are irreversible. 

2X, — ^ X~ (20) 
k3 

X2 + Xx > X3 J (21) 

k 
V l + X l P r o d u c t s ( 2 2) 

(for simplicity, the same symbols for the rate constants have 
been used as for case (H)). 

Under steady-state conditions, the following rate equations 
can be written here: 
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j = kjp - k - 1 x 1 + k Q y p ( 2 3 ) 

( l - s ) j / n = k 2 x x
2 = k 3 x 2 x 1 = = k n x n _ 1 x 1 (24) 

The l a s t t e r m i n e q n . (23) d i f f e r s f r o m z e r o i n t h e c a s e (H) o n l y . 
H e r e a g a i n , t h e a l t e r n a t i v e s (H) and (X) w i l l be d i s c u s s e d , 

and i n t h e f o r m e r c a s e , d i s t i n c t i o n w i l l be made between t h e p o s 
s i b i l i t i e s o f t h e f i r s t s t e p i n t h e d e c o m p o s i t i o n r e a c t i o n b e i n g 
e i t h e r i r r e v e r s i b l e o r r e v e r s i b l e . H e n c e , t h e f o l l o w i n g c a s e s 
c a n be c o n s i d e r e d . 

- M e c h a n i s m |MJ|(H)XI| : p u t t i n g k l i a k _i = 0 i n e q n . ( 2 3 ) 
and c o m b i n i n g t h i s w i t h e q n . ( 9 ) , a r e l a t i o n s h i p o f t h e t y p e (17) 
i s o b t a i n e d . 

- M e c h a n i s m (M)(H
t h a t a q u a s T - e q u i T i b r i u

k l p = k - l x l ( 2 5 ) 

From e q n s . ( 9 ) , (24) and ( 2 5 ) t h e n f o l l o w s an e x p r e s s i o n f o r s o f 
t h e t y p e o f r e l a t i o n s h i p ( 1 8 ) . 

- M e c h a n i s m XM^(X ) : a r e l a t i o n s h i p o f t h e t y p e (18) i s o b 
t a i n e d f r o m t h e a p p r o p r i a t e e x p r e s s i o n s , i . e . e q n s . (10) and ( 2 4 ) . 

The r e s u l t s o f t h i s k i n e t i c a n a l y s i s have been i n c l u d e d i n 
T a b l e I . I t c a n be s e e n t h a t , i f b o t h t h e a n o d i c d e c o m p o s i t i o n 
o f t h e s e m i c o n d u c t o r and t h e a n o d i c o x i d a t i o n o f t h e c o m p e t i n g 
r e a c t a n t w o u l d o c c u r by i r r e v e r s i b l e h o l e - c a p t u r e s t e p s 
( ( L ) ( H ) ( I ) o r ( M ) ( H ) ( I ) ) , as was h i t h e r t o g e n e r a l l y a c c e p t e d , t h e 
s t a b i l i z a t i o n s h o u l d be i n d e p e n d e n t o f l i g h t i n t e n s i t y , i n c o n 
t r a d i c t i o n w i t h t h e r e s u l t s d e s c r i b e d a b o v e . The mechanism i n 
w h i c h t h e r e d u c i n g a g e n t r e a c t s by d o n a t i n g an e l e c t r o n t o a l o 
c a l i z e d s u r f a c e h o l e ( ( L ) ( X ) ) l e a d s t o an e x p r e s s i o n i n w h i c h s 
i s a f u n c t i o n o f t h e v a r i a b l e ( y / j ) o n l y . The t h r e e o t h e r me
c h a n i s m s c o n s i d e r e d l e a d t o t h e r e l a t i o n s h i p o f t h e t y p e ( 1 8 ) , i n 
w h i c h s i s a f u n c t i o n o f ( y 2 / j ) . 

4 . 2 . I n t e r p r e t a t i o n o f e x p e r i m e n t a l r e s u l t s . I n o r d e r t o 
compare t h e f o r e g o i n g c o n c l u s i o n s w i t h e x p e r i m e n t a l f i n d i n g s , we 
have r e p l o t t e d t h e d a t a f o r I n P / F e ( I I ) - E D T A o f F i g u r e 1 as a 
f u n c t i o n o f t h e v a r i a b l e ( y / j p h ) i n F i g u r e 3 and o f ( y 2 / j p h ) i n 
F i g u r e 4 . I t c a n be s e e n t h a t , w h e r e a s s c a n n o t be c o n s i d e r e d as 
a f u n c t i o n o f ( y / j p n ) o n l y , t h e d a t a a r e r e a s o n a b l y w e l l g r o u p e d 
on one s i n g l e c u r v e when p l o t t e d as s v s . ( y V j p n ) . The same 
c o n c l u s i o n i s o b t a i n e d f o r G a P / F e ( I I ) - E D T A (compare F i g u r e s 5 and 
6) and f o r G a P / F e ( C N ) £ " ( 3 ) . In F i g u r e 7 f i n a l l y , t h e r e s u l t s o f 
F i g u r e 2 have been r e p l o t t e d as l o g ( s 2 / ( l - s ) ] v s . l o g ( y 2 / j p n ) > 
d e m o n s t r a t i n g t h a t r e l a t i o n s h i p (18) g i v e s an a c c e p t a b l e d e s -
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Figure 3. Plot of log s vs. log (y/jph); same data as in Figure 1; (y/']pn) in arbitrary 
units 

ι 1 Γ 

log ( y 2 / j p h ϊ 

Figure 4. Plot of log s vs. log (y2/]p1}); same data as in Figure 1; (y2/]Ph) in arbi
trary units 
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l o g ( y / j p h > 

Faraday Discussions 

Figure 5. Plot of log s vs. log (y/]Ph); same data as in Figure 2; (y/)Ph) in arbitrary 
units (7) 

ι " - — τ - τ
η - GaP • Fe(ir) - EDTA 

ι 

- -

X 

Sx 

ι ι ι _ l I I I I I -8 -7.5 -7 -6.5 -6 -5.5 
l o g ( y 2 / j p h ) 

Faraday Discussions 

Figure 6. Plot of log s vs. log (y2/)ph); same data as in Figure 2; (y2/]ph) in arbi
trary units (1) 

In Photoeffects at Semiconductor-Electrolyte Interfaces; Nozik, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



7. GOMES ET AL. Competing Phoîoelectrochemical Reactions 129 

Figure 7. Plot of log [s2/(l — s)] vs. log (y2/]Ph); same data as in Figure 2; (y2/]Ph) 
in arbitrary units (1) 
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cription of the stabilization kinetics. (One has to consider 
that, with s 2/(l-s) as the variable, experimental errors become 
relatively important for s either close to zero or to one). 

According to the foregoing discussion, it must hence be con
cluded that either the first step in the decomposition process is 
reversible, or that the mechanism is that in which the decomposi
tion involves a bimolecular step between two mobile surface holes 
Xl and in which the reducing agent reacts by donating an electron 
to such a partially broken surface bond. 

It must be finally noted that for all light-intensity depen
dent cases discussed here, the stabilization ratio was found to 
decrease with increasing light intensity. All reaction schemes 
proposed here to explain this effect are based upon the fact that 
the decomposition reaction is two- or multi-equivalent (see Table 
I). It might hence well be that this multi-equivalence is at the 
origin of the observed
This effect may constitut
solar cells which for economic reasons may be used under concen
trated sunlight, since this would lead to greater deterioration 
of the electrode under concentrated light. 

Abstract. 

The stabilization of illuminated n-type III-V semiconductor 
electrodes through competing hole capture by reducing agents ad
ded to the aqueous solution has been studied as a function of 
concentration and of the light intensity. The main result con
cerns the observed light-intensity dependence. From a kinetic 
analysis of the stabilization process, i t follows that two types 
of reaction mechanisms can be held responsible for the observed 
kinetics. 
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Factors Governing the Competition in 
Electrochemical Reactions at Illuminated 
Semiconductors 
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Department of Applied Chemistry, Faculty of Engineering, Osaka University, 
Yamadakami, Suita, Osaka 565, Japan 

Electrochemical reaction t metal electrode t 
their redox potential i
cases of semiconductor electrodes, however, different situations 
are often observed. For example, oxidation reactions at an 
illuminated η-type semiconductor electrode commence to occur at 
around the flat-band potential Ef^ irrespective of the redox 
potential of the reaction E r e c j o x i f Ef^ is negative of E r e ( j o x 

(1»1»2). Therefore, it is difficult to control the selectivity of 
the electrochemical reaction by controlling the electrode potential, 
and more than one kind of electrochemical reactions often occur 
competitively. The present study was conducted to investigate 
factors which affect the competition of the anodic oxidation of 
halide ions X" on illuminated ZnO electrodes and the anodic 
decomposition of the electrode itself. These reactions are given 
by Eqs 1 and 2, respectively: 

ZnO + 2p+ + Zn 2 + + l/202 (1) 

2X~ + 2p+ + X2 (2) 

Until now, it has been pointed out that at least two factors 
play important roles in determining the degree of competition, 
neglecting kinetic factors. One is concerned with thermodynamics, 
and predicts that the most negative E r e ( j o x for a reaction will be 
the most reactive. The theoretical background for this concept 
was given by Gerischer (4,5j and by Bard and Wrighton (6), and 
experimental work to verify this concept has been done by Honda's 
group (Z>8»2) which included ZnO electrodes. Another important 
factor, which was proposed by Gerischer (5,10), is illumination 
intensity, and we have already reported preliminary results to 
support this view (Y\) for the present electrode/electrolyte systems. 

Experimental 

The competitive reactions were studied by using the rotating 
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r i n g - d i s k e l e c t r o d e t e c h n i q u e ( 7 , 1 2 ) . A s c h e m a t i c i l l u s t r a t i o n o f 
t h e e x p e r i m e n t a l s e t u p i s g i v e n i n F i g . 1 . A s i n g l e c r y s t a l o f 2 
mm t h i c k n e s s was m a c h i n e d t o 5 . 8 mm d i a m e t e r and mounted i n a 
T e f l o n e l e c t r o d e h o l d e r a s t h e d i s k e l e c t r o d e . A p l a t i n u m r i n g 
e l e c t r o d e h a v i n g 7 . 0 mm i n n e r d i a m e t e r and 9 . 0 mm o u t e r d i a m e t e r 
was a l s o mounted i n t h e T e f l o n h o l d e r c o a x i a l t o t h e ZnO d i s k 
e l e c t r o d e . 

P r e t r e a t m e n t s o f t h e e l e c t r o d e w e r e c a r r i e d o u t by s o a k i n g 
f i r s t i n HC1 f o r 10 s and t h e n i n H-PO* f o r 5 m i n , f o l l o w e d by 
w a s h i n g w i t h d e - i o n i z e d w a t e r . The RRDE was t h e n s e t i n a RRDE 
m e a s u r i n g s y s t e m ( N i k k o K e i s o k u , model D P G S - 1 ) . The r o t a t i o n r a t e 
o f t h e e l e c t r o d e was u s u a l l y 1000 rpm e x c e p t where s p e c i a l l y n o t e d . 
E l e c t r o l y t e s w e r e o f r e a g e n t g r a d e c h e m i c a l s and t w i c e d i s t i l l e d 
w a t e r . A 500 W s u p e r h i g h p r e s s u r e m e r c u r y a r c lamp ( U s h i o 
E l e c t r i c , moàet USH-500D) was u s e d as a l i g h t s o u r c e . A h o r i z o n t a l 
l i g h t p a t h f r o m t h e lam
i l l u m i n a t e t h e e l e c t r o d
p o t e n t i a l s c i t e d i n t h i s o a p e r a r e r e f e r r e d t o a SCE w h i c h was u s e d 
a s a r e f e r e n c e e l e c t r o d e i n t h i s s t u d y . 

A c c o r d i n g t o Eqs 1 and 2 , h a l o g e n m o l e c u l e s , z i n c i o n s and 
o x y g e n m o l e c u l e s a r e p r o d u c e d by t h e c o m p e t i t i v e r e a c t i o n s . I f t h e 
P t r i n g e l e c t r o d e i s s e t a t a p o t e n t i a l where o n l y h a l o g e n 
m o l e c u l e s a r e s e l e c t i v e l y r e d u c e d , t h e d i s k c u r r e n t due t o t h e 
o x i d a t i o n o f h a l i d e i o n s i D c a n t h e n be e s t i m a t e d by d i v i d i n g t h e 
m e a s u r e d r i n g c u r r e n t Î R by t h e c o l l e c t i o n e f f i c i e n c y o f t h e r i n g 
e l e c t r o d e N: 

i D ( X " ) = i R ^ ) " ^ ( 3 ) 

W i t h e s t i m a t e d i D ( X " ) , t h e p e r c e n t a g e o f o x i d a t i o n o f h a l i d e i o n s 
Φ ( Χ ~ ) c a n be d e t e r m i n e d a s a r a t i o o f IQ t o t h e t o t a l d i s k 
p h o t o c u r r e n t m e a s u r e d : 

Φ(ΧΊ = [iD(X')/i t o t a 1]-100 (4) 

T h e r e f o r e , i t i s i m p o r t a n t t o f i n d o u t t h e p o t e n t i a l o f t h e P t r i n g 
e l e c t r o d e where o n l y h a l o g e n m o l e c u l e s a r e s e l e c t i v e l y r e d u c e d . 
The p o t e n t i a l o f t h e P t r i n g e l e c t r o d e most s u i t a b l e f o r d e t e c t i o n 
o f Xp was d e t e r m i n e d a s t h e p o t e n t i a l where r e d u c t i o n o f X 2 o c c u r s 
u n d e r d i f f u s i o n - l i m i t e d c o n d i t i o n s b u t oxygen and Zn^ were n o t 
r e d u c e d a t a l l . The p o t e n t i a l s t h u s d e t e r m i n e d were 0 V f o r I 2 , 
0 . 0 5 V f o r B r 2 , and 0 . 2 V f o r C l 2 when 0 . 5 M I C S O , was u s e d a s t h e 
b a s e e l e c t r o l y t e . I n c a s e s where t h e b a s e e l e c t r o l y t e was more 
a c i d i c t h a n 0 . 5 M K 2 S 0 * , t h e s e p o t e n t i a l s were a l i t t l e c h a n g e d 
d e p e n d i n g on t h e pH v a l u e o f e l e c t r o l y t e s . 

R e s u l t s 

F i g u r e 2 g i v e s i Q and i R as a f u n c t i o n o f t h e d i s k e l e c t r o d e 
p o t e n t i a l i n 0 . 5 M K 2 S 0 4 c o n t a i n i n g 1 0 " 2 M K I . I t i s s e e n t h a t i R 
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1 

Figure 1. Schematic of experimental 
setup for measurements of the rotating 
ring-disk electrode: (1) dual potentiogal-
vanostat; (2) ZnO disk electrode; (3) Pt 

Pt counter electrode; (8) SCE; (9) mirror; 
(10) H g arc lamp 

c 

^04 ' 0 ' OA ' 08 ' 
Potential of disk electrode/V v s S C E 

Figure 2. Ring current and disk current as a function of potential of the ZnO disk 
electrode. Potential of Pt ring: 0 V vs. SCE; rotation rate: 1000 rpm; solution: 

10-2MKIin 0.5M K2SOk. 
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was proportional to in, and both ip and TR became saturated at disk 
potentials positive of 0.5 V. The ratio of IR to in, which was 
0.35 in this case, did not vary with increasing concentration of KI 
and/or with decreasing pH values of electrolytes. Furthermore, 
under experimental conditions giving the results shown in this 
figure, no signal for reduction of O2 could be seen in I R - T D curves 
at ring electrode potentials where oxygen can be reduced in 
addition to the reduction of I 2 . Therefore, this ratio, 35%, was 
judged to show the collection efficiency of the ring electrode N. 
The value obtained was almost the same as that given theoretically 
(13). 

Figure 3 shows Φ(Χ ) (X = I, Br) as a function of the concen
tration of electrolytes for two different disk currents. According 
to this figure, a large Φ(Χ~) was obtained for a high concentration 
of KI, as easily expected from general electrode kinetics. However, 
it is noticed that the concentratio
different even for the sam
is different. In order to investigate this point in detail, Φ(Χ") 
was obtained as a function of ip for different concentration of 
halide ions. 

Figure 4 shows results for iodide ions. It is seen in this 
figure that in a region of relatively small ip, Φ(Ι") is relatively 
high and constant with concentration. However, it decreases with 
an increase in ip i f the magnitude of the disk photocurrent exceeds 
a certain critical value which depends on the concentration of 
iodide ions. The decrease in the percentage was judged to reflect 
a simple mass transport problem, because Φ (Γ ) increased when the 
rotation rate of_the electrode was increased. In the region where 
the constant Φ(Ι~) was observed, it was not influenced by the 
rotation rate of the electrode but was varied by changing the pH 
values of electrolytes, as shown in Figure 5. According to this 
figure, Φ ( Γ ) increased with increasing acid concentration of the 
electrolytes. 

Figure 6 shows Φ{ΒΓ") as a function of ip for a variety of 
electrolyte concentrations. By comparing this figure with Figure 4, 
it is noticed that the dependency of Φ ( Β θ on ip is quite 
different from the case of iodide ions. Φ(Β^) increases with an 
increase in ip in a region of relatively small disk currents, and 
complete suppression of the anodic dissolution could be achieved 
under certain critical ip in solutions having a concentration about 
thousand times higher than that required for iodide solutions. In 
a region of photocurrents where an ascending trend of Φ ( Β θ was 
observed, the percentage was not changed by the rotation rate of 
the electrode, suggesting that Φ ( Β θ in this region is not 
controlled by any factor on the solution side. As in the case of 
iodide ions, Φ(Β^) was distinctly affected by solution pH, and 
was high for solutions of low pH. The results to show this are 
given in Figure 7. 

Figure 8 shows Φ(01") as a function of ip. The ability of 
chloride ions to suppress the anodic decomposition of the electrode 
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of  for  different
rents: (-Ο- -0-) 105 A; (-·-, 
4.5 X W5 Α; (-Ο- - · - ; KI in 0.5M 
K2SO,,; (-0-, KBr in 0.5M ^SO^; 

rotation rate—1000 rpm 

_l I I I I III • ' 1 ' I I I ι I III 
10"* 10"° 10 10 

Disk current/A 

Chemistry Letters 

Figure 4. Percentage of oxidation of /", Φ(Γ), as a function of disk current for a 
variety of concentrations of KI in 0.5M Κ2ΞΟ/,. Concentration (Μ): (-Ο-) 1 X 
ΙΟ*; (-V-; 3.16 χ ΙΟ3; (-0-) 1 χ 10~3; (-A-) 3.16 X 10A; 1 X 10A 

(U). 
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100h 

Figure 5. As in Figure 4, but for a variety of solution pH (concentration of KI: 
10~4M\ rotation rate: 1000 rpm; pH value: (-Ο-) 4.2; (-0-) 5.5; (-A-) 6.2; 

(-D-)8.0) 

100h 

Chemistry Letters 

Figure 6. Plot of Φ(ΒΓ) as a function of disk photocurrent for a variety of concen
trations of KBr in 0.5M K2SOh (concentration (M)* (-Ο-) 1 Χ ΙΟ1; (-0-) 1 χ 

70-2; (-Δ-j 3.16 Χ ΙΟ4; (~Π~) 1 X 10~4; rotation rate: 1000 rpm (11) 
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Figure 8. Plot of &(CÏ) as a function of disk current for different concentrations 
of KCl in 0.5M K2SOj, (rotation rate: 1000 rpm; concentration (M): (-0-) 1.0; 

(-0-) 0.562; (-A-) 0.316) 
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cn -6 

ο 

^decomp " _Îr 2/Br" 

Electrode Electrolyte 

χ ζ 

• * 
ο 
α 

Η3 ~ 

Chemistry Letters 

Figure 9. Energetic correlation between ZnO electrodes and halide solutions at 
pH = 6.0 E c , E r , and Edccomp denote the energy level of the conduction band edge, 

valence band edge, and the decomposition reaction of ZnO, respectively f l l j . 
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was much poorer than that of bromide ions, as judged from a 
comparison of Figures 6 with 8. Although ascending trends of 
Φ(01~) with iQ were observed also in this case, the complete 
suppression of the electrode decomposition was not achieved even 
in solutions as high as 1.0 M. 

Discussion 

In Figures 4 to 8, Φ(Χ~) is given as a function of i n . Since 
in. is the saturated photocurrent and is proportional to tne 
illumination intensity, the results given in these figures can be 
read in such a way that Φ(Χ~) is given as a function of the 
illumination intensity. From the results given above, therefore, 
the following are important factors affecting the degree of 
competition: the concentration of halide ions, the illumination 
intensity, the acidity
the electrolytes, and kineti

The importance of the first factor, the concentration, is 
clear because the anodic photocurrent due to oxidation of halide 
ions should be proportional to the product of the concentration of 
positive holes at the electrode surface and that of halide ions in 
solution. When ip becomes large, the supply of halide ions to the 
electrode surface by diffusion_becomes unable to follow i D , 
resulting in_a decrease of Φ(Χ~), which depends on the concen
tration of X". 

Up to date, the importance of illumination intensity has been 
paid little attention. According to the results obtained, Φ(Β^) 
and Φ(Π~) were noticeably affected by the illumination intensity, 
although this was not the case for iodide ions. The ascending 
trend of Φ(Χ") observed with increasing ip, which was invariant 
with changing the rotation rate of the electrode, is believed to 
reflect an illumination intensity effect. 

Figure 9 shows the energetic correlation of the ZnO electrode 
and the electrolyte at pH = 6. According to this figure, the 
energy level of the I"/l2 couple is higher than that of the anodic 
decomposition reaction of ZnO, while a reverse relation is seen 
for the cases of Br"/Br2 and C I " / C I 2 - By changing the pH value 
from 6 to 2, these energetic correlations are not upset, because 
the redox potentials of the competitive reactions are not changed 
by chanqina the pH values of electrolytes as long as the solution 
conditions are acidic. It is noticed from such energetic 
correlations that the illumination intensity effect is dependent 
on the relative positions of the energy levels of the competing 
reactions. 

The energy level of the quasi-Fermi level of positive holes, 
pEp, which gives a measure of the average energy of positive holes, 
is given by Eq 5. 

p E F = E v - k T[Zn ( p 0 + p*)/Nv] (5) 
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In t h i s e q u a t i o n , Ev i s t h e e n e r g y l e v e l o f t h e v a l e n c e band e d g e , 
Ny t h e e f f e c t i v e d e n s i t y o f s t a t e s o f t h e v a l e n c e b a n d , p * t h e 
c o n c e n t r a t i o n o f p h o t o - g e n e r a t e d p o s i t i v e h o l e s , and pp t h a t o f 
p o s i t i v e h o l e s i n t h e r m a l e q u i l i b r i u m i n t h e d a r k w h i c h c a n be 
e v e n t u a l l y i g n o r e d i n a s e m i c o n d u c t o r o f l a r g e band gap s u c h a s 
ZnO. 

A c c o r d i n g t o t h i s e q u a t i o n , pEp a p p r o a c h e s t h e v a l e n c e band 
w i t h an i n c r e a s e i n t h e i l l u m i n a t i o n i n t e n s i t y . Under d y n a m i c 
c o n d i t i o n s i n w h i c h e l e c t r o c h e m i c a l r e a c t i o n s a r e o c c r i n g , p h o t o -
g e n e r a t e d p o s i t i v e h o l e s a r e c o n s u m e d . I n a d d i t i o n , some f r a c t i o n 
o f t h e s e h o l e s r e c o m b i n e w i t h e l e c t r o n s and a r e a n n i h i l a t e d . 
T h e r e f o r e , t h e d e t e r m i n a t i o n o f t h e c o n c e n t r a t i o n o f p o s i t i v e h o l e s 
a t t h e i l l u m i n a t e d s u r f a c e o f t h e e l e c t r o d e i s q u i t e d i f f i c u l t , 
m a k i n g i t a l s o d i f f i c u l t t o e s t i m a t e t h e e x a c t p o s i t i o n o f p E p . 
Even s o , t h e i n c r e a s e o f Φ ( Χ " ) w i t h an i n c r e a s e i n i p c a n be 
q u a l i t a t i v e l y u n d e r s t o o d f r o m t h e s h i f t o f pEp w i t h i l l u m i n a t i o n 
i n t e n s i t y . 

The e n e r g e t i c p o s i t i o n o f t h e a n o d i c d e c o m p o s i t i o n r e a c t i o n 
o f ZnO i s h i g h e r t h a n t h o s e o f B r 2 / B r " and C I 2 / C T . W i t h an 
i n c r e a s e i n t h e i l l u m i n a t i o n i n t e n s i t y , p E ? a t t h e s u r f a c e s h i f t s 
down f i r s t t o r e a c h t h e e n e r g y l e v e l o f t h e a n o d i c d e c o m p o s i t i o n 
r e a c t i o n o f t h e e l e c t r o d e . The a n o d i c d i s s o l u t i o n o f t h e e l e c t r o d e 
i s t h e r e f o r e p r e d o m i n a n t u n d e r i l l u m i n a t i o n o f r e l a t i v e l y l o w 
i n t e n s i t y . I f t h e r a t e c o n s t a n t o f t h e a n o d i c d e c o m p o s i t i o n 
r e a c t i o n i s s o l a r g e t h a t t h e r e a c t i o n p r o c e e d s r e v e r s i b l y , t h e 
r a t e o f p o s i t i v e h o l e c o n s u m p t i o n w i l l be h i g h enough n o t t o b r i n g 
a b o u t a f u r t h e r s h i f t o f p E p t o w a r d s t h e l o w e r l e v e l w i t h f u r t h e r 
i n c r e a s e i n t h e i l l u m i n a t i o n i n t e n s i t y . H o w e v e r , i f t h i s i s n o t 
t h e c a s e , t h e p E p w i l l t h e n s h i f t down t o r e a c h E B r . / B r " a n c ' 
E C l 2 / C l " d e p e n d i n g on t h e n a t u r e o f e l e c t r o l y t e s . I n t h i s c a s e , 
t h e a n o d i c o x i d a t i o n o f X" becomes f e a s i b l e . I f t h e r a t e c o n s t a n t 
o f t h e a n o d i c o x i d a t i o n r e a c t i o n o f h a l i d e i o n s i s l a r g e r t h a n 
t h a t o f t h e a n o d i c d e c o m p o s i t i o n r e a c t i o n o f t h e e l e c t r o d e i t s e l f , 
t h e f o r m e r r e a c t i o n must o c c u r p r e f e r e n t i a l l y . The i n c r e a s e i n 
Φ ( Β ^ ) and Φ ( 0 1 " ) w i t h i n c r e a s i n g i l l u m i n a t i o n i n t e n s i t y i s 
b e l i e v e d t o r e f l e c t s u c h e f f e c t s o f t h e i l l u m i n a t i o n i n t e n s i t y . 
I f t h e r a t e c o n s t a n t o f t h e a n o d i c o x i d a t i o n o f X" i s s m a l l e r t h a n 
t h a t o f t h e d e c o m p o s i t i o n r e a c t i o n , t h e p e r c e n t a g e o f t h e o x i d a t i o n 
o f h a l i d e i o n s w i l l n o t be a p p r e c i a b l y i n c r e a s e d w i t h i n c r e a s i n g 
i l l u m i n a t i o n i n t e n s i t y . I n t h e c a s e o f i o d i d e s o l u t i o n s , t h e 
e n e r g y l e v e l o f t h e r e d o x e l e c t r o l y t e i s h i g h e r t h a n t h a t o f t h e 
a n o d i c d e c o m p o s i t i o n r e a c t i o n o f ZnO, so t h a t p r e f e r e n t i a l 
o x i d a t i o n o f i o d i d e i o n s o c c u r s . The o b s e r v e d i n v a r i a n c e o f Φ ( Ι " ) 
w i t h i l l u m i n a t i o n i n t e n s i t y seems t o r e f l e c t t h a t t h e r a t e c o n s t a n t 
o f t h e a n o d i c o x i d a t i o n o f i o d i d e i o n s i s l a r g e enough f o r p E p t o 
be p i n n e d a t a f i x e d e n e r g e t i c p o s i t i o n g f E I ? / j - . Under s u c h 
c i r c u m s t a n c e s , a r e l a t i v e p o s i t i o n o f p E p t o t n e e n e r g e t i c p o s i t i o n 
o f t h e d e c o m p o s i t i o n r e a c t i o n i s a l s o f i x e d , so t h a t t h e r a t i o o f 
t h e a n o d i c o x i d a t i o n o f i o d i d e i o n s t o t h e d e c o m p o s i t i o n r e a c t i o n 
i s i n v a r i a b l e . 

In Photoeffects at Semiconductor-Electrolyte Interfaces; Nozik, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



8. TAMURA ET AL. Competition at Illuminated Semiconductors 141 

As Figures 5 and 7 show, Φ(Χ~) was large in solutions of low 
pH. It is known from the energetic correlation between ZnO and 
electrolytes that the energy level of the redox electrolyte 
relative to that of the anodic decomposition reaction is invariant 
with changing pH values of the electrolytes. Therefore, the pH 
dependency observed cannot be explained from a point of thermo
dynamics. The energy separation of Εχ 2 /χ- from the valence band 
edge increases with an increase in acidity of electrolytes, making 
it difficult to explain the observed pH dependence from the point 
of view of overlaps of the density of states of electrolytes and 
the valence band. 

It may be plausible to assume that the energy levels of 
surface states match well with those of halide ions with decreasing 
pH values of the electrolytes (8). However, similar pH 
dependencies of Φ(Χ~) are also observed on other n-type 
semiconducting oxides suc
Furthermore, increasin
oxidation of iodide and bromide ions with an increase in acidity 
of electrolytes has been reported for SnÛ2 (15). Similar pH 
effects are also observed for the anodic oxidation of chloride 
ions at metallic conductive Ru02 electrodes (16). Considering 
such a broad pH dependence of the reactivity of halide ions, 
arguments based on surface states do not seem valid. 

Based on surface chemistry arguments, the double layer 
structure of metal oxide surfaces is effected by the solution pH 
(17,18), and hydroxide groups of the surface becomes less abundant 
with a decrease in solution pH. The process may be represented by 
the following equation (18); 

M m + (0H) m (H 2 0) n ^J^ ^ ( O H J m - i ("2θ) η + 1 ] + 1 (6) 
- Η 

In this equation, M represents a surface metal cation and the sum 
of m and η fulfills the coordination of M. Such a change in 
surface conditions is reflected in the pH dependence of the flat-
band potential of ZnO electrodes (19). Judging from the point of 
zero charge (pzc) of ZnO, which is at about pH=8.7 (20), the 
surface of the electrode must be charged positively in the soltuion 
chosen in the experiments. Then, there may arise specific 
adsorption of halide ions onto the cationic sites, and a mechanism 
is postulated that the observed pH effects of Φ(Χ") is due to 
contribution from the specifically adsorbed halide ions. 
Measurements of the flat-band potential of ZnO electrodes as a 
function of the concentration of iodide ions, however, gave no 
indication of the specific adsorption. Then, this model is ruled 
out. 

Another model for giving an explanation of the pH dependence 
of the reactivity of halide ions may be that surface cations serve 
as effective sites for adsorption of reaction intermediates which 
are produced in the course of the anodic oxidation of halide ions. 
Usually, the anodic oxidation of halide ions is believed to 
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proceed according to the following equation: 

X" + P+ + Xad (7) 

followed by either 

Xad + Xad - X2 (8) 

or 
Xad + Χ" + Ρ ·> X2 0 ) 

If the adsorption of neutral halogen atoms occurs on the surface 
cation sites with replacing surface-bound water, then the amount 
of the adsorbed intermediates will be high in acidic solutions, 
as implied by Eq 6 , resulting in an increase in apparent reactivity 
of halide ions with decreasin

The importance of
reactions has already been discussed from theoretical and 
experimental points of view as described in the Introduction. The 
difference in reactivity created by difference in the redox 
potential of X2/X" systems is clearly reflected in the results 
obtained in the present study in that the concentration required 
to stabilize the electrode is different among the kind of halide 
ions ( lowest for iodide but highest for chloride ions). 

Conclusion 

We have discussed the important factors which determine the 
degree of competition. These factors are usually intermixed and 
hence make the observed phenomena complicated. However, the 
present study has revealed that there are cases where the 
illumination intensity plays an important role in determining the 
degree of competition. Furthermore, it is suggested from the 
present study that stabilization of electrodes will be achieved by 
appropriate choices of electrolytes, solution pH, and illumination 
intensity even for electrode/electrolyte systems of thermodynamic 
instability. 

Abstract 

The anodic oxidation of iodide, bromide and chloride ions at 
illuminated ZnO electrodes, which occurs in competition with the 
anodic decomposition of the electrode i tself , was studied as 
functions of halide ion concentration, illumination intensity and 
solution pH in order to investigate factors which affect the degree 
of competition. The reactivity of halide ions, obtained under 
fixed conditions, was in the order of I- > Br- > Cl - ,reflecting the 
importance of the redox potential in determining the reactivity. 
The illumination intensity was found to influence on the degree of 
competition, and the effects were different among the kind of 
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halide ions. The observed phenomena are interpreted from the 
point of shift of the quasi-Fermi level of positive holes with 
illumination. The pH values of electrolytes was also found to 
have a marked effect on determining the degree of competition in 
such a way that the apparent reactivity of halide ions increased 
with decreasing pH values. The importance of the hydration 
structure of the electrode surface is suggested. 
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Electrochemical Behavior and Surface Structure 
of Gallium Phosphide Electrodes 

Y. NAKATO, A. TSUMURA, and H. TSUBOMURA 

Department of Chemistry, Faculty of Engineering Science, Osaka University, 
Toyonaka, Osaka, 560 Japan 

The p r a c t i c a l success of semiconductor electrochemical photo
c e l l s depends on how to prevent the photo-corrosion of the elec
trode materials. The various electrochemical processes at the 
surface of semiconductor photo-electrodes electron transfer as 
well as decomposition reactions have been discussed so far 
mainly by taking account of the s t a t i c electronic energy levels of 
the semiconductors and the solution; that i s to say, the conduction 
band edge, E c, the valence band edge, E v, the redox potentials of 
the redox couple i n the solution, E°(Ox/R), the decomposition 
potential, E^; etc. ( j L - 6 ) . However, the competition between the 
electron transfer process and the decomposition reaction paths 
should better be understood from a kinetic point of view (4). 
Namely, i f the rate of the former i s faster than the l a t t e r , the 
photoanode i s maintained stable. Also, i t seems v i t a l l y important 
to take into account the presence of the surface state whose energy 
and structure may be dynamically changed by the electrode reactions. 

In this paper, we w i l l report our experimental findings on the 
photo-anodic behavior of η-type gallium phosphide (GaP) in aqueous 
electrolyte and discuss them based on a picture of the reaction 
intermediates, which are to play an important role on the reaction 
pathway as well as on the creation of photo-voltages and photo-
currents. The main point i s that the surface band energies (de
picted for an η-type semiconductor in Fig. 1), which play the most 
important role i n the electrode processes, by no means remain con
stant, although this has been t a c i t l y assumed to be the case in 
many previous papers, but change during the photoelectrode pro
cesses by the accumulation of surface intermediates and of surface 
charge (7,8). 

For later discussions, we also define a potential U s, which 
i s a potential at which the inverse square of the d i f f e r e n t i a l 
capacitance 1/C^ tends to zero as determined from the 1/C^ vs 
potential plot (Mott-Schottky p l o t ) . It i s related to E§ i n the 
following way: 

0097-6156/81/0146-0145$05.00/0 
© 1981 American Chemical Society 
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Figure 1. Schematic of the band structure and energy terms of a semiconductor 
Π) 

Journal of the Electrochemical Society 

Figure 2. Current-potential curve for the illuminated (lll)-face of an n-GaP 
electrode in aO.lM NaOH solution (1 ) 
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E c - " e U s + Δ 

where e i s the elementary charge and Δ a small energy difference 
between the conduction band edge i n the bulk and the Fermi l e v e l . 

Experimental 

The η-type GaP used was a single c r y s t a l in the form of wafers, 
99.999%pure and doped with sulfur to the concentration of 2 to 3 
χ 1 0 1 7 cm~3 (Yamanaka Chemical Industries Ltd.). The p-type GaP 
used was doped with zinc to 3.7 χ 10 7 cm~3 (Sanyo E l e c t r i c Co., 
Ltd.). Both were cut perpendicular to the [ l l l ] - a x i s . The ohmic 
contact was made by vacuum deposition of indium on one face of the 
c r y s t a l , followed by heating at ca. 500 °C for 10 min. The side 
connected with a wire was covered with epoxy resin. Before the 
experiment, the crystal
regia. The (111)-face
distinguishable by microscopic inspection of the etched surfaces, 
the former very rough and the l a t t e r smooth. 

The current-potential curve was obtained with a Hokutodenko 
HA-101 potentiostat. The d i f f e r e n t i a l capacitance was measured 
mostly with a Yokogawa-Hewlett-Packard Universal Bridge 4265B, 
having a modulation frequency of 1 kHz and a modulation amplitude 
of 20 mV (peak to peak). The frequency dependence of Mott-Schottky 
plots were checked by connecting a function generator to the 
bridge. The electrode was illuminated through a quartz window with 
a 250 watt high pressure mercury lamp. The li g h t intensity was 
attenuated by use of neutral density f i l t e r s made of metal nets. 

Solutions were prepared from deionized water by using reagent 
grade chemicals, in most cases, without further p u r i f i c a t i o n . They 
were deaerated by bubbling nitrogen and s t i r r e d with a magnetic 
s t i r r e r . The pH of the solutions i n the range of 3 to 11 was con
t r o l l e d by using buffer mixtures; acetate, phosphate, borate, or 
carbonate, each at about 0.01 M, where M means mol/drn^. This 
abbreviation i s used throughout the present paper. 

Results and Discussions 

1. The Effect of Illumination. In an alkaline solution, an 
n-GaP electrode, (111) surface, under illumination shows an anodic 
photocurrent, accompanied by quantitative dissolution of the elec
trode. The current-potential curve shows considerable hysterisis 
as seen i n Fig. 2; the anodic current, scanned backward, (toward 
less positive potential) begins to decrease at a potential much 
more positive than the onset potential of the anodic current for 
the forward scanning, the l a t t e r being s l i g h t l y more positive than 
the U s value i n the dark, U s(dark). 

These results suggest that the GaP surface with backward 
scanning develops an oxidized structure, which i s acting as a pre
cursor, or precursors, to the anodic dissolution reactions. 
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We have found that a good linear Mott-Schottky plot can be 
obtained for the electrode not only i n the dark but also under 
weak illumination (Fig. 3). This means that, even under anodic 
polarization and illumination, the state of the surface i s main
tained at a constant condition. The U g value determined from the 
intercept of the plot with the abscissa i s somewhat less negative 
than the U s value determined simi l a r l y i n the dark. The U s values 
i n the dark and under illumination, respectively, at various pH 
are given in Fig. 4 for the (111) face of GaP, together with the 

value, the l a t t e r defined as the potential at zero current for 
backward scanning (see Fig. 2). The linear dependence of U g(dark) 
on pH i s understood, as i s generally the case for some semiconduc
tors (9,10), to be the result of the acid-base equilibrium on the 
surface. The deviation of U s ( i l l . ) (the U g value under illumina
tion) from U s(dark) increases s l i g h t l y with the illumination inten
s i t y , and i s explained
intermediates. That i s
the holes generated by illumination are drawn to the surface by 
the b u i l t - i n potential gradient, and cause anodic decomposition of 
the electrode. As Gerischer suggested for Ge or GaAs electrodes 
(5,9,11), intermediates are formed as the precursors i n the decom
position or dissolution path: 

-P v Ρ- Ρ Ga-OH 
-P w-Ga -OH P- Ga" P- Ga— OH Ga- P— OH 

The extent of the accumulation of such intermediates depends on 
their rates of the formation and those of the ensuing decomposi
tion (or dissolution) reactions. If the l a t t e r are not high, the 
t o t a l density of such surface intermediates becomes so high that 
an appreciable surface potential Δψ i s created by the e l e c t r i c 
double layer formed by the charge unbalance of these intermediates, 
as well as by the approach of counter ions and the hydration around 
these intermediates. The experimentally obtained difference 
between U g(dark) and U G ( i l l . ) can be attributed to this Δψ. 

The surface potential postulated above should affect the U S 

and the U Q mentioned previously by an equal magnitude. However, 
the s h i f t of from U g(dark) as seen in Fig. 4 i s much larger 
than that of U s ( i l l . ) . This large s h i f t of the former may be ex
plained by assuming that the surface intermediates capture elec
trons i n the conduction band and act e f f e c t i v e l y as recombination 
centers. 

2. The Surface Potential arising from the Interaction between 
the Surface "States" and the Redox Couples i n the Solution. When 
the ferricyanide/ferrocyanide redox couple i s present i n a 0.1 Ν 
NaOH solution, the dark cathodic current of the n-GaP (111)-face 
sets out at —1.1 V (SCE) , showing that an electron transfer occurs 
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Figure 4. The U 8 (dark), U s (illuminated), and U 0
a for the (lll)-face of n-GaP in 

solutions of 0.05M Να230^ and buffers. The anodic photocurrents flowing during 
measurements are shown in units of liAcm'2. 
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from the conduction band of n-GaP to the ferricyanide. This onset-
potential i s ca. 0.6 V more anodic than the onset potential for the 
cathodic current which corresponds to H 2 evolution observed i n a 
solution lacking the redox couple (Fig. 5), the l a t t e r being close 
to U s(dark). This quite large anodic deviation i s analogous to 
the anodic s h i f t of U Q from U s(dark) mentioned above, and indicates 
the formation of surface intermediates which act as an effective 
electron transfer mediator as well as being responsible for 
s h i f t i n g the surface band energy E^. As Fig. 6 shows, the dark 
cathodic current for a p-GaP electrode i n the presence of the 
ferricyanide/ferrocyanide couple sets out at ca. 0 V (SCE), i n d i 
cating that hole injection to the valence band of GaP occurs from 
the ferricyanide. This suggests that holes are injected by f e r r i 
cyanide into GaP and supports the above idea that holes are chem
i c a l l y relaxed at the surface to form surface intermediates. 

A good linear Mott-Schottk
face of n-GaP in a solutio
i n Fig. 7. The U G values determined from such plots, i n electro
lyte solutions either with the absence or with the presence of the 
redox couple ( U S and U S(redox), respectively), are plotted at 
various pH (Fig. 8). Although the U G changes l i n e a r l y with pH, the 
U G(redox) stays constant from pH 5 to pH 10, yielding a constant 
difference of 1.7 V with the observed redox potential E(0x/R) of 
the ferricyanide/ferrocyanide couple. This result can be under
stood by again assuming that a surface potential, arising from the 
accumulated surface intermediates, (including surface trapped 
holes), brings down the electronic energy of the surface-trapped 
hole (as well as the surface band energies) to the l e v e l of the 
redox potential of the redox couple i n the solution and achieves 
electron exchange equilibrium. The surface trapped hole may be 
visualized as the electron deficient Ga-P bond, st a b i l i z e d by the 
di s t o r t i o n of the surface Ga-P framework and the hydration or the 
approach of OH" ions i n the solution. There also might possibly 
be contributions from the intermediates formed by the chemical 
relaxation processes thereof. However, in the present discussion, 
we tentatively assume that only one species a surface trapped 
hole i s responsible for the electrochemical behavior. This 
species, and the unreacted Ga-P bonds, would constitute a redox 
system which i s characterized by a redox potential Eft related to 
the surface potential ψ: 

kT 
E h = E£ + -£±-lnC h + ψ + const. 

where C^ i s the density of the surface trapped hole which i s under 
reversible electronic equilibrium with the solute. In most cases, 
the effect of ψ on E^ i s much stronger than the second term of the 
above equation. 

With this view, the energy intervals between the E^, E^ and 
-eEj^ becomes nearly constant, because these levels a l l change 
equally with ψ. We can determine their r e l a t i v e positions by the 
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U / V vs SCE 

- 2 . 0 - 1 . 5 - 1 . 0 0 

Journal of the Electrochemical Society 

Figure 5. Current-potential curves for the (lll)-face of n-GaP in aO.lM NaOH 
solution, in the absence (a) and the presence (b) of 0.05M potassium ferrocyanide 

and 0.05M potassium ferricyanide (1 ). 

Figure 6. Dark cathodic currents at a p-GaP electrode in solutions of 0.05M 
potassium ferricyanide and 0.05M potassium ferrocyanide 
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Figure 7. Mott-Schottky plots for the (lll)-face of an n-GaP electrode in solu
tions containing 0.05M potassium ferricyanide and 0.05M potassium ferrocyanide 

Figure 8. Us values for the (lll)-face of n-GaP (dark) at various concentrations 
of the ferricyanide/ferrocyanide couple (equal concentrations): (Φ) OM; (O) 
0.005M; (A) 0.05M; (A) 0.4M; E(Ox/R) redox potential of the redox couple 
determined by the cyclic voltammetry; (Us

p) the Us for a p-GaP in the absence of 
the redox couple. 
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following argument. As mentioned before, at the equilibrium with 
the ferricyanide/ferrocyanide couple the difference between U s and 
E(Ox/R) i s 1 . 7 V. Then, by taking Δ to be 0 . 1 V, the difference 
between and E ( 0 x / R ) becomes 1 . 8 V. If we set E h = Ε(ferricy
anide/f errocyanide) , which i s observed to be 0 . 2 V (SCE), then 
from the band gap, Ε , of GaP ( 2 . 3 V), E^ i s calculated to be 0 . 5 
V below Ε^. As an example, the U s of n-GaP at pH 6 with no redox 
couple present i n the solution i s — 1 . 6 V (SCE). This shows that 
Ε^ without a redox couple i s ca. + 0 . 1 V (SCE). I t i s then under
stood that the interaction of a ferricyanide/ferrocyanide couple 
sh i f t s Eft, as well as U g, by 0 . 1 V to the anodic direction at pH 
6 (Fig. 1 1 ) . At pH 1 0 , the s h i f t i s 0 . 4 V. 

The breakdown at a pH higher than 1 0 of the parallelism be
tween the U s(redox) and the redox potential of the redox couple 
in solution can be explained by assuming that the rate of the d i s 
solution reaction, cause
face trapped hole, i s s
exchange equilibrium at the interface i s no longer achieved. 

For the ( Ϊ 1 Ϊ ) face of n-GaP, the measured U g(redox) changed 
almost l i n e a r l y with the pH, showing that the surface-trapped hole 
i s less stable than that for the case of the ( 1 1 1 ) face above men
tioned. 

In the presence of a ferric/ferrous (Fe^ +/Fe 2 +) couple, and 
that of tetraammine copper (II) Cu(NH3)^^+ ion, the measured U g 

values also shifted. The redox potential for the ferric/ferrous 
couple, both i n equal concentrations, i s + 0 . 5 V (vs SCE) i n a low 
pH region, and that for the tetraammine copper (II)/(IŒ) couple i s 
0 to — 0 . 2 V, depending on the concentration of ammonia. In the 
presence of a vanadate/vanadite (V^ +/V 2 +) couple at pH < 3, whose 
formal redox potential i s very highly negative ( — 0 . 5 V (SCE)), the 
U g shifted very l i t t l e and was the onset potential for the catho
dic current. 

It was pointed out previously ( 1 2 , 1 3 ) that n-GaP emitted lumi
nescence under cathodic polarization i n contact with a ferricyanide 
or other oxidant solution. We have also measured the electrochemi-
luminescence spectrum i n the presence of the ferricyanide/ferrocy
anide couple (Fig. 9). The spectrum i s similar to that observed 
by Pettinger, Schoppel and Gerischer, while that measured by Beckman 
and Memming showed two peaks. The luminescence peak measured by us 
i s at 1 . 6 eV, which i s i n rough agreement with the energy d i f f e r 
ence between E| and E^ ( 1 . 8 eV). The luminescence can be observed 
only when the cathodic current i s f a i r l y strong and only when the 
redox couple i s present. Hence the luminescence can be probably 
assigned to an electronic transition from the conduction band to 
the surface trapped hole. 

3. S t a b i l i t y of Illuminated n-GaP in Redox Solutions. Figure 
1 0 shows the current-potential curves for the n-GaP electrode under 
illumination, i n the presence of ferrous oxalate F e ^ 2 0 4 ) 2 ^ a n ( i 
ferrocyanide Fe(CN) 6^~, together with that for the solution without 
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Figure 10. Current-potential curves for the (lll)-face of n-GaP under illumina
tion at pH 6.0 in the presence of 0.05M ferrous oxalate (a) and 0.05M ferrocya
nide (b), together with that of a solution containing only 0.05M Na2SOk as a sup

porting electrolyte 
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a reducing agent. For the case of ferrous oxalate, (pH 6.0), the 
onset potential for the photoanodic current i s largely moved to 
the negative, and the i-U curve has lost i t s strong hysteretic be
havior, indicating that the surface trapped holes are ef f e c t i v e l y 
quenched by ferrous oxalate and that the electrode i s kept from 
corrosion. The sharp increase of the cathodic current at —1.3 V 
i s undoubtedly due to hydrogen evolution. For the case of ferro
cyanide, the onset potential of photoanodic current i s somewhat 
more cathodic but the hysteresis s t i l l remains, indicating that 
there are s t i l l some surface trapped holes. The electrode i s , 
however, kept intact from corrosion, the photocurrent showing no 
decay even at the magnitude of 100 μΑ/cm , in contrast to the case 
of the solution containing no reducing agent, where the photocur
rent decays quickly by the oxide f i l m formation i f the i n i t i a l 
value of the photocurrent i s higher than 30 μΑ/cm . 

A l l these results
posed above (cf. Fig. 11)
standard redox potential E° (Ox/R) of —0.2 V (SCE), which i s a 
l i t t l e more negative than the E^ of the surface trapped hole l o 
cated ca. 0.5 V above E^, the surface trapped hole i s ef f e c t i v e l y 
quenched by the rapid reduction, and the photoanodic current flows 
without decomposition. With ferrocyanide, having an Ε(Ox/R) of 
0.2 V (SCE), which i s more positive than the E^ of the surface 
trapped hole, the surface trapped holes are accumulated to the 
extent that the surface potential created w i l l l e v e l i t down to 
the Ε(Ox/R) of the redox couple. At this point, the rates of nu-
c l e o p h i l l i c attack of E^O and OH" to the surface trapped holes are 
s t i l l low and the electrode decomposition i s prevented. 

Concluding Remarks 

In the discussions by many authors of the energy conversion 
efficiency of semiconductor photoelectrochemical systems, i t has 
been t a c i t l y assumed that the maximum theoretical photovoltages 
produced i s the difference between E| (in units of eV) and Ε(Ox/R). 
The best conversion efficiency should then be obtained with a redox 
couple whose standard redox potential i s as low as possible, with 
a reasonable margin x, say 0.3 V, above E^ (Fig. 11). From this 
i t follows that the maximum photovoltage obtainable i s equal to the 
band gap, E g, i n an eV unit, minus a small margin χ plus Δ. 

It has been pointed out by some authors (1,2) that for a semi
conductor having a thermodynamic decomposition potential, E^, in 
between E c and E^, a redox couple with a standard redox potential, 
E°, more negative than E^ i s needed i n order to operate the photo-
anode without decomposition. Then, the maximum photovoltage a t t 
ainable i s U s - E d, which i s often much lower than Ε - Δ - χ . For 
GaP, this i s only 0.8 V (_4) (Fig. 11). 

In this regard, the main conclusion of the present paper i s 
as follows: 
1) The n-GaP photoanode can be operated i n a stable condition with 
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n-GaP Electrolyte (pH = 6.0) 

Figure 11. Energy diagram of the interface between n-GaP and an electrolyte 
solution of pH 6.0 
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a reducing agent (e.g., ferrocyanide) having E° more positive than 
the decomposition potential E^. This means that the theoretical 
l i m i t of the output photovoltage can be higher than U s - E^. 
2) The best photovoltage can be obtained with a redox couple 
having E° s l i g h t l y higher (say —0.2 V) than the E^ of surface 
trapped hole (0.1 V), e.g., ferrous oxalate. The use of a redox 
couple having E° much more positive than that has no merit because 
in that case the surface trapped holes are accumulated and the sur
face potential moves up so that not only E^ but also U s are shifted 
more positive, thus reducing the theoretical l i m i t of the photo-
voltage. 

F i n a l l y i t i s pointed out that these conclusions for n-GaP 
can be extended to other various η-type semiconductors for general 
c r i t e r i a of the performance of photoelectrochemical systems. 

Abstract 

The current-potential curves of the n-GaP electrode were 
studied in aqueous solutions in the dark and under illumination, 
in connection with the surface conduction band energy Esc of the 
GaP, which is equivalent to the electrode potential Us determined 
from the Mott-Schottky plots. From the hysteresis in the current-
potential curves, and the change of Us under anodic polarization 
caused by the action of light or by an oxidizing agent in the solu
tion, it has been concluded that the surface trapped holes or sur
face intermediates of the anodic decomposition reactions are rather 
stable in the region of pH between 5 and 10, and, by the accumula
tion of these species, a surface potential is built up, causing the 
shift of Us to the positive. In such a pH region, the Us values 
are fixed by the presence of a redox couple, e.g., ferricyanide/ 
ferrocyanide. It is deduced that the redox couple is in an elec
tron transfer equilibrium with the surface trapped holes having a 
'standard'redox potential E°(trapped hole) of 0.5 eV above the 
valence band edge. Electrochemiluminescence spectrum was observed 
and attributed to the electron transition from the conduction band 
to the surface trapped hole. Based on these results, it has been 
theoretically concluded that a photoelectrochemical cell can be 
operated as a stable system when a redox couple is present in the 
aqueous phase which has E°(redox) slightly more negative than E° 
(trapped hole). This conclusion has been experimentally varified. 
The photovoltage of such a photocell can have the theoretical limit 
defined by the difference between Us and E°(trapped hole), which 
is much higher than those previously quoted rather pessimistically, 
on the basis of the thermodynamic decomposition potentials. 
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Strontium titanate
siderable attention as
ysts in the dissociation of water (1,2,3), and in other photoas-
sisted reactions. Knowledge of how the surface composition and 
electronic structure of these materials change under illumination 
when in contact with gases or liquid electrolytes is essential i f 
detailed understanding of the mechanisms of semiconductor photo
chemistry is to be achieved. Although these wide bandgap oxides 
do not exhibit gross photocorrosion under most reaction conditions 
(2) and would appear less susceptable to possible Fermi-level 
pinning than many semiconductors with smaller bandgaps (4), more 
subtle surface chemical effects have been documented. Evidence 
for photocorrosion (5,6,7), surface-state mediation of electron 
and hole transfer to electrolyte species (8,9), and the dependence 
of quantum efficiencies on surface preparation techniques (10), 
indicate important roles for surface species on wide bandgap 
materials. 

Most detailed studies of water photodissociation on SrTiO3 

and TiO2 have concentrated on photoelectrochemical cells (PEC 
cells) operating under conditions of optimum efficiency, that is 
with an external potential applied between the photoanode and 
counterelectrode. We have become interested i n understanding and 
improving reaction kinetics under conditions of zero applied 
potential. Operation at zero applied potential permits simpler 
electrode configurations (11) and i s essential to the development 
of photochemistry at the gas-semiconductor interface. Reactions 
at the gas-sold, rather than l i q u i d - s o l i d , interface might permit 
the use of materials which photocorrode i n aqueous electrolyte. 
The gas-solid interface i s also more amenable to the application 
of ultrahigh vacuum surface anal y t i c a l techniques. 

In this paper the hydroxide concentration dependence of the 
rate of hydrogen production i n SrTi0 3 systems (JL2) i s discussed 
in l i g h t of surface analytical results. The surface elemental 
composition before and after illumination i n various aqueous 
electrolytes has been monitored with Auger electron spectroscopy 
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and i s compared with the composition obtained by ultrahigh vacuum 
surface preparation techniques. Auger spectroscopy, while less 
sensitive than photoelectron spectroscopies to subtle changes i n 
the oxidation states of surface species, i s more easily applied to 
the imperfectly clean surfaces obtained i n basic aqueous electro
lytes using present technology. Carbon and s i l i c o n impurities 
are found on surfaces exposed to electrolytes; the carbonaceous 
species have some f i l l e d states which may make them effective for 
the mediation of charge transfer across the interface. The 
effects of surface p l a t i n i z a t i o n on photoactivity are discussed 
and evidence for a thermal reaction between Pd and T i 0 2 surfaces 
i s given. (13) 

A hydrogen-producing stoichiometric photoreaction occurs 
between pre-reduced SrTi0 3 and ̂ .O"7 Torr water vapor.(14) At 
these low pressures surface T I 3 and hydroxyl species can be ob
served by photoelectro
tion conditions require
pressure water vapor and from aqueous electrolyte allows some 
speculation as to the roles of hydroxyl species. 

II. Experimental 

II.1. Liquid-solid Interface Experiments. Single c r y s t a l 
wafers for experiments i n l i q u i d electrolyte were cut to within 
2% of the (111) face and etched 3-5 minutes i n molten NaOH held 
i n a gold lined crucible. Wafers were then rinsed i n water, 
soaked 5 minutes i n aqua regia, rinsed, soaked 5 minutes i n high 
purity 35% aqueous NaOH (Apache SP 7329), rinsed i n 7M-ft t r i p l y 
d i s t i l l e d water, and a i r dried. 

Liquid phase hydrogen photogeneration experiments were 
carried out with a gas chromatographic detection system described 
i n more d e t a i l elsewhere.(12) Crystals rested i n a 2-10 ml pool 
of electrolyte within a bor o s i l i c a t e glass vacuum flask. The de
tection system was sensitive to rates of at least 5x10 1 5 molecules 
H2/hr-cm2 S r T i 0 3 (=5 monolayers/hr), but slow rates of oxygen pro
duction could not be followed. A 500W high pressure mercury lamp 
provided a flux of bandgap photons of 10 1 6cm 2s"1. 

The electrolyte for most experiments was compounded from re
agent-grade materials and low conductivity water. However, i n 
some experiments high purity (Apache SP7329 35% NaOH) or u l t r a -
purity (Alfa 87864 30% NaOH) solutions were employed. Glassware 
for these experiments was prepared by soaking i n 1:1 H2S0<,;HN03, 
thoroughly rinsing i n 7M-ft water, and rinsing i n the electrolyte 
to be used. 

After being illuminated, the crystals were rinsed i n low 
conductivity water, allowed to dry i n a i r , and transferred into 
either a Physical Electronics 590 scanning Auger microprobe or 
into a UHV chamber equipped with a sample enetry lock, a Varian 
c y l i n d r i c a l mirror Auger analyzer, and a glancing incidence elec
tron gun. Unless otherwise noted, crystals received no argon 
sputtering, heating, or other cleaning treatments in vacuo. 
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II-2 Gas-solid Interface Experiments, Low pressure photo-
r e a c t i v i t y experiments were carried out i n a UHV chamber previous
l y described (15) equipped with an electron analyzer for Auger, 
photoelectron, and low resolution energy loss spectroscopies. 
D 20 vapor was admitted into the chamber through a variable leak 
valve. Photogenerated projects were detected with a UTI quadru-
pole mass spectrometer. The system was sensitive to H 2 generation 
rates as low a 0.3 monolayers/hour and had s t i l l higher s e n s i t i v 
i t y to oxygen. 

A Physical Electronics single-pass CMA and a Phi 4-grid LEED 
Optics unit were used i n the studies of metal films on T i 0 2 . Pd 
and Au films were evaporated from high-density alumina effusion 
sources. 

SrTi0 3 and T i 0 2 crystals for gas-phase studies were polished 
with l y diamond paste. TPre-reduced" SrTi0 3 crystals were baked 
four hours i n flowing hydroge
duced in vacuo. Clean
and thermal annealing. 

I I I . Results 

I I I - l . Hydrogen production and surface stoichiometry. 
Hydrogen production was observed upon illumination of both stoich
iometric and pre-reduced SrTi0 3 crystals i n concentrated NaOH 
solutions. On metal-free crystals, rates of hydrogen production 
of 20 and up to 100 monolayers per hour (1 monolayer 5 10 1 5 

molecules/cm 2 SrTi0 3) were commonly observed, corresponding to a 
quantum efficiency for photons with hv>3.2 eV of 0.03-0.15%. 
Hydrogen production required bandgap radiation and could be main
tained for hours (Figure 1). Rates of hydrogen evolution from 
platinum-free crystals i n various electrolytes are l i s t e d i n 
Table I. The rate of hydrogen production increases at high 0H~ 
concentrations.(12) Similar rates were observed i n 10M NaOH 
prepared from reagent-grade NaOH (heavy metal impurities 1 ppm 
s e n s i t i v i t y , Pt not reported). No hydrogen production was obser
ved i n 10M NaClO^ compounded from a reagent containing 5 ppm 
heavy metal impurities. 

Figure 2 shows Auger spectra of water-rinsed SrTi0 3 crystals 
(A) before illumination, (B) after illumination i n 30% NaOH, and 
(C) after illumination i n NaC10A. (Spectrum D w i l l be discussed 
later.) These spectra were taken with high beam current densi
ties to allow more ready detection of impurities. Figure 3 shows 
Ti-0 Auger spectra previously taken at low beam currents (<0.1]iA) 
to minimize beam damage to the surface. The 0(507 eV/Ti(380 eV) 
peak rati o of 2.6 i s the same before and after hydrogen-producing 
illumination i n 30% NaOH, but i s higher (3.8) after illumination 
i n 10M NaCIO*. Crystals illuminated i n other electrolytes (pure 
water, 1 M H2S0*J gave spectra similar to those for illumination 
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Table I. Hydrogen Photogeneration from Stoichiometric, Initially 
Metal-Free, SrTiO,3 in Various Electrolytes 
(prereduced crystal; 30% NaOH = 10M) 

Electrolyte 

30% reagent NaOH 

30% ultra-pure NaOH 

30% high purity 
NaOH, acetate 
added to 8xlO" 2M 

30% reagent NaOH 
Pt (IV) added 
to 4X10~4M 

10M reagent NaCIOz, 

7M-ft water 

1M H 2S0 4 

40% reagent NaOH 

Run 

12 

17 

18 

12 

24 

13 

15 

10 

Normalized H 2 

1300 

940 

1250 

19,200 

0 

36 

0 

600 

Average y i e l d 
(monolayers/hr

110 

55 

70 

1600 

0 

3 

0 

60 
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Nature 

Figure 1. Hydrogen accumulation as a junction of time on a stoichiometric, metal-
free SrTiOs crystal in 20M NaOH (41) 
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Figure 2. Auger spectra of water-rinsed stoichiometric crystals (A) after pretreat-
ment described in Experimental section; (B) after illumination in 30% (10M) NaOH 
(H2 produced); (C) after illumination in 10M NaClOk (no H2 produced); (D) after 

illumination in 30% (10M) NaOH with Pt(IV) added to4X 10'4M 
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i n NaOH. although no hydrogen was produced. The Sr (66 eV)/Ti 
(380 eV) peak ratios before and after illumination i n NaOH were 
also i d e n t i c a l at 0.11. Oxygen mapping with the scanning Auger 
microprobe showed no regions of cry s t a l illuminated i n NaOH to be 
si g n i f i c a n t l y depleted i n oxygen, with a spati a l resolution of 
^3y. Thus no obvious development of macroscopic anodic and cath-
odic regions of the crys t a l occurs. 

After c r y s t a l illumination, spectrophotometry examination of 
the electrolyte by the pertitanate method (16) showed no dissolved 
titanium with a s e n s i t i v i t y on the order of 10 monolayers. It 
appears that no i r r e v e r s i b l e change i n the surface stoichiometry 
of constituent elements accompanies the slow photogeneration of 
hydrogen on metal-free crystals i n aqueous NaOH. Although a change 
in stoichiometry occurred i n NaClO^, no such change occurs i n 
other electrolytes which are also ineffective for hydrogen pro
duction. 

III-2. Surface Contaminants. Most discussions of the role of 
surface states i n the photochemistry of metal oxides have con
sidered primarily states i n the metal-oxygen system (8), induced 
by adsorption of major species from the electrolyte (17), or gen
erated by intentional d e r i v i t i z a t i o n of the surface.(18) Surface 
impurities may also play a role i n mediating charge transfer 
across the interface. A major carbon impurity (272 eV) was ob
served on a l l crystals contacted with l i q u i d water. Typical 
carbon coverage was on the order of one monolayer, as estimated 
from Auger s e n s i t i v i t y factors based on T i 0 2 and graphite. The 
carbon peak shape was more characteristic of graphite or a par
t i a l l y hydrogenated carbon layer than of a carbide (19) and the 
signal was too intense to be due to a carbonate.(20,21) Figure 9 
shows Auger spectra of SrTi0 3 after A r + sputtering (A), exposure 
to room a i r (B), and exposure to t r i p l y d i s t i l l e d water. Even on 
this highly reactive (22) sputtered surface the majority of carbon 
contamination arises from exposure to l i q u i d water rather than to 
a i r . 

UPS spectra of clean A r + sputtered and in vacuo carbon-con
taminated surfaces are shown i n Figure 4. On the clean, sputtered 
surface a f i l l e d state due to T i 3 + l i e s 0.6 eV below the conduc
tion band.(22) Carbon-induced f i l l e d states l i e i n a broad peak 
with considerable intensity between the valence band edge and the 
T i ^ + peak. Frank et reported evidence that a state lying 
about 1.2 eV above the valence band mediates electron transfer 
from T i 0 2 electrodes. Although these carbon states are as of now 
poorly defined and have not been d i r e c t l y implicated i n any aque
ous photochemistry, their nearly ubiquitous presence should be 
considered i n discussions of charge transfer at re a l oxide 
surfaces. 

The presence of carbon contamination on SrTi0 3 surfaces 
raises the question of whether a carbonaceous species, rather than 
water, i s oxidized during hydrogen photogeneration on Pt-free 
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Figure 3. Low-beam current (< 0.1 fiA) Auger spectra: (A) before illumination; 
(B) after illumination in 30% (10M) NaOH; (C) after illumination in 10M CaClOk 

Figure 4. UPS spectra of clean, Ar*-sput
tered SrTi03 before (A) and after (B) 
contamination with about 1 monolayer C 

in vacuo BINDING ENERGY (EV) 
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crystals, where d i f f i c u l t i e s with detection of slow oxygen produc
tion and the low photoactivity leave the issue unresolved. 
Several authors (23,24) have reported photoassisted reactions be
tween carbon and water yielding some hydrogen and C0 2• Photo-
Kolbe reactions of carboxylates have also been demonstrated (25). 
However, neither addition of acetate to 0.08M nor an unintentional 
gross contamination of the 10M NaOH electrolyte with charred 
epoxy residue caused s i g n i f i c a n t acceleration of hydrogen produc
tion i n our experiments. The presence of carbon monolayers on 
SrTi0 3 shows the need for caution i n evaluating photoreactions 
where the t o t a l product y i e l d i s on the order of one monolayer or 
less. 

S i l i c o n (Auger peaks at 92 and 1613 eV) appeared on SrTi0 3 

surfaces after illumination i n both NaOH (where hydrogen was pro
duced) and i n NaCIOz, (where no hydrogen evolution occurred) . Less 
Si deposited from NaOH
ed after illumination i
was evolved. It appears that high a l k a l i cation concentrations 
accelerate the etching of the boros i l i c a t e reaction vessel. Sur
faces illuminated i n NaCIO*, exhibited an unusual oxygen peak 
shape, most cl e a r l y v i s i b l e i n the higher-resolution spectra of 
Figure 5 as the feature with an i n f l e c t i o n point at 484.5 eV. 
Knotek (26) has reported a similar peak shape on a T i 0 2 surface 
exposed to water vapor and aged in vacuo. The feature may be due 
to a peculiar form of hydroxylation or peroxidation of the surface. 
However, Legare et al.(27) reported a s t r i k i n g l y similar spectrum 
for a i r oxidized s i l i c o n and ascribed this peak to a bulk plasmon 
i n S i 0 2 . The ambiguity i n this data produced by s i l i c o n contamin
ation i s indicative of the problems encountered i n the use of 
glassware with highly concentrated electrolytes. Some advantages 
may be found i n the use of adherent thin films of electrolytes.(12) 

III-3. Metallic Impurities and Surface Metallization. 
Kraeutler and Bard (28) have demonstrated that metal ion impuri
ties i n aqueous electrolytes readily plate out on illuminated 
T i 0 2 . No heavy metal contaminants were observed on SrTi0 3 sur
faces illuminated i n the electrolytes used here, though surface 
coverages less than 1% of a monolayer would have remained unde
tected. When H 2 P t C l 6 was added to a concentration of 4xlO_z»M 
(2000 monolayers Pt i n solution) i n 30% NaOH and a stoichiometric 
c r y s t a l was illuminated for 12 hours therein, platinum deposited 
unevenly onto the illuminated surface. As the Pt plated out, the 
rate of hydrogen evolution increased from an i n i t i a l 50 monolayers 
/hr. to 2000 monolayers/hr. Figure ID shows the spectrum of the 
thickest part of the Pt deposit, which formed around a hydrogen-
containing bubble trapped under the c r y s t a l . The Auger equivalent 
of 3 or 4 monolayers of platinum i s present. The carbon/titanium 
peak ra t i o appears s i g n i f i c a n t l y smaller than observed on metal-
free surfaces, possibly due to carbon-consuming photoreactions (23, 
24) or selective deposition of Pt on carbon. 
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Figure 5. Details of oxygen Auger spec
tra of SrTiOs crystals: (A) Af -sputtered; 
(B) illuminated in 7M Q H20; (C) illumi
nated in 30% NaOH; (D) illuminated
10M NaClOj,; (E) illuminated in 1M 
H2SOk. Inflection point of main oxygen 

peak at 501 eV. 
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Figure 6. Auger spectra of Pd film evaporated onto Ti02 before and after annealing 
((left) ~ 12 monolayers Pd deposited on Ti02 (110) at room temperature, E{ = 3.1 

KeV; (right; after 5 min anneal at 700°C) 
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Reducible oxides such as T i 0 2 and SrTi0 3 have been shown to 
exhibit strong metal-support interaction effects i n a number of 
c a t a l y t i c reactions(29). It i s possible that direct metalliza
tion of oxide semiconductors may lead to somewhat different chem
i s t r y from that obtainable with discrete oxide and metal elec
trodes. Bahl et al.(30) have undertaken photoemission studies of 
platinized SrTi0 3 surfaces and have found in vacuo evidence of 
p a r t i a l negative charge transfer from SrTi0 3 to each surface Pt 
atom. Under more severe conditions intermetallic compounds may 
form.(13) Figure 6 shows the Auger spectrum of about 12 monolayers 
of Pd evaporated onto vacuum-reduced T i 0 2 . Both the titanium and 
oxygen Auger signals are almost completely masked by the overlying 
Pd. Upon annealing above 700°C the T i , but not the 0, signal grows 
indicating a d i f f u s i o n of T i to the surface. The T i peak shape i s 
more metallic i n character than that seen on clean T i 0 2 . The T i 
dif f u s i o n i s more pronounce
Ti3+ concentration and i
a - A l 2 0 3 . 

Figure 7 shows a schematic representation of low energy 
electron d i f f r a c t i o n patterns on the Ti0 2(110) and the v i c i n a l 
(320) " stepped" surfaces. The pattern i n Figure 7A was obtained 
after annealing a Pd f i l m on either surface at V500°C; spots due to 
the substrate and to (111)-faced Pd c r y s t a l l i t e s were observed.The 
pattern i n 7B developed on the stepped surface after annealing at 
higher temperature; superimposed on the patterns due to the sub
strate and P d ( l l l ) i s another set of spots whose l a t t i c e parameter 
i s consistent with the hexagonal basal plane of a known in t e r 
metallic compound, Pd 3Ti.(31) It i s not yet clear whether such 
metal-metal oxide reactions can be stimulated photochemically. 
Such reactions could modify the photoelectrochemical properties 
of the system, as platinum-niobium intermetallics have proven 
superior to pure platinum for the electrocatalysis of oxygen re
duction at elevated temperatures.(32) 

III-5. Comparison of Hydrogen Production with Current Mea
surements. To allow direct comparison of hydrogen evolution re
sults from stoichiometric metal-free crystals i n aqueous electro
l y t e with rates obtained from a photoelectrochemical c e l l , d i s 
crete SrTi0 3 and platinized platinum electrodes were mounted i n 
the vacuum reaction flask. The SrTi0 3 electrode was prepared from 
a c r y s t a l polished with l y diamond paste, etched i n molten NaOH, 
and reduced 4 hours i n hydrogen at 1270 K. Contact was made 
through Ga-In eutectic and s i l v e r epoxy, and the contact was i n 
sulated with UHV-grade epoxy. Current measurements were made v i a 
the voltage drop across an 110, r e s i s t o r placed across the elec
t r i c a l vacuum feedthroughs to which the electrodes were attached. 
Figure 8 shows the results of simultaneous measurements of inte
grated photocurrent and hydrogen accumulation, as measured with the 
gas chromatograph, i n NaOH electrolytes of varying concentration. 
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Structure A (110 and stepped) 

Structure B (stepped surface) 

a"* II T i 0 2 [ l l o j 
Figure 7. Schematics of LEED patterns and their real-space interpretations for 
Pd on Ti02 (110) and (320). Key to spots: (%) substrate; (A) Pd( 111 )-faced 

crystallites; ([J) intermetallic crystallites. 
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Figure 8. Simultaneous measurements of H2 yield and integrated current passed 
as a function of NaOH electrolyte concentration for a n-SrTiOs/Pt PEC cell ((left) 
gas chromatography; (right) coulometry). Each vertical division corresponds to the 
equivalent of 5000 monolayers H2 produced. ((A) 0.01 F; (O) 1 F; (V) 10 F; 

(D)20F) 
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The same trend of increasing photoresponse with increasing hy
droxide concentration i s seen i n both measurements, showing that 
the hydroxide dependence of hydrogen production i s not simply an 
a r t i f a c t of the greater s o l u b i l i t y of hydrogen i n less concentra
ted solutions preventing escape of photogenerated hydrogen to the 
gas phase. However, some of the discrepancies between current 
and hydrogen measurements i n dilute solutions may be due to this 
s o l u b i l i t y factor. The role of dissolved oxygen and hydrogen i n 
al t e r i n g the effective "Fermi l e v e l " of the solution (33) has not 
yet been thoroughly investigated. Although oxygen i s much less 
soluble i n concentrated than i n d i l u t e NaOH solutions, i t also 
diffuses much less rapidly at higher OH" concentrations.(34) 
The r e l a t i v e oxygen concentrations i n solutions of variable OH" 
concentration deaerated by vacuum pumping (as used here) or by 
argon or nitrogen purging for f i n i t e times remain undetermined. 

III-6. Stoichiometr
S r T i 0 3 . A l l of the Auger spectra i n Figures 2, 3, and 5 were 
taken after rinsing the c r y s t a l i n t r i p l e d i s t i l l e d water to re
move electrolyte residue which would interfere with Auger analysis. 
Figure 9 shows the changes wrought upon an A r + sputtered SrTi0 3 

surface prepared in vacuo (A), upon exposure to room a i r for two 
minutes (B), or after a one minute rinse i n t r i p l e d i s t i l l e d 
water (C). The vacuum-prepared surface, with or without a i r ex
posure, shows a higher Sr (68 eV/Ti 383 eV) r a t i o (0.5) than i s 
seen i n the surface exposed i n l i q u i d water (0.2). Tench and 
Raleigh (35) showed that immersion i n water also removed Sr from 
SrTi0 3 cleaved i n a i r . The effect i s too large to be accounted 
for as d i f f e r e n t i a l attenuation by the carbon monolayer. The 
higher Sr concentration of the vacuum-prepared surface should 
lead to a lower surface electron a f f i n i t y , giving electrons i n 
the conduction band under flat-band conditions (which are l i k e l y 
on strongly illuminated, Pt-free crystals) greater reductive 
power than would be attainable at the water-dipped surface. 
Since rinsing i n water can change the stoichiometry of vacuum-
prepared crystals, i t i s possible that this rinsing step may ob
scure reversible changes i n surface stoichiometry which occur 
during immersion and/or illumination i n diverse electrolytes. The 
use of v o l a t i l e electrolytes or gas-phase reactants i s thus de
s i r a b l e . 

III-7. Hydrogen Photogeneration from Low-Pressure Water 
Vapor. Water vapor can react with oxygen vacancies of il l u m i n 
ated pre-reduced SrTi0 3 surfaces to y i e l d hydrogen and l a t t i c e 
oxide.(14) Vacuum-prepared (111) surfaces of pre-reduced and 
stoichiometric SrTi0 3 were heated to 400°C i n 10" 7 Torr D 20 i n a 
UHV system equipped with a quadrupole mass spectrometer. Illum
ination of the pre-reduced c r y s t a l caused an increase i n the D 2 

pressure of the system equivalent to D 2 production of 3 mono-
layers/hr. No such effect was seen on the stoichiometric c r y s t a l . 
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Electron energy loss spectra showed that the surface T±3+ con
centration was smaller during illumination i n water vapor than 
during dark exposure to water vapor. In 10 Torr D 20 photo-
production of HD, but not D 2 was observed. At cr y s t a l tempera
tures below 200°C photoproduction of neither D 2 or HD could be 
measured. No molecular or atomic oxygen photogeneration was ob
served under any conditions. In the absence of D 20, heating the 
pre-reduced cr y s t a l to 400°C caused the slow evolution of hydro
gen from the pre-reduced bulk, but no photoeffects were seen i n 
the absence of water vapor. Both oxygen vacancies and hydrogen 
appear to diffuse towards the surface at 400°C. An oxygen d i f f u 
sion c o e f f i c i e n t of 7xl0" 1 2cm 2S (obtained by extrapolating the 
data of Paladino (26) to 400°C) would allow 3 x l 0 1 3 oxygen vacan-
cies-cm 2S~l to reach the surface i n i t i a l l y from a c r y s t a l with a 
bulk vacancy concentration of 1019cm~^. This rate seems adequate 
to account for the lac
experiment. No hydroge
reduced crystals near roo  temperatur  vapo p
20 Torr pressure.(12) 

IV. Discussion 

IV.1 Hydrogen Production on Metal-free Crystals. Hydro
gen i s photogenerated on metal-free, as well as 'platinized 1 

SrTi0 3 crystals i n aqueous a l k a l i electrolytes. The use of elec
trolytes of higher purity d?.d not s i g n i f i c a n t l y decrease the rate 
of hydrogen production. Similar results were obtained i n the ad
herent electrolyte films i n which the t o t a l amount of metallic 
impurities was several orders of magnitude less than i n the bulk 
l i q u i d electrolyte.(12) Hydrogen photoproduction was observed 
from the more rigorously Pt-free crystals exposed to water 
vapor. While a c a t a l y t i c role for very low levels of metallic 
impurities can not be ruled out, i t appears that the clean oxide 
surface does have some residual a c t i v i t y . Weber (37) has re
ported Tafel plots for hydrogen evolution on anodized sodium 
tungsten bronze, another perovskite semiconductor, under condi
tions carefully designed to prevent platinum contamination. On 
this material currents equivalent to hydrogen photoproduction on 
metal-free SrTi0 3 (^2yA) required an overpotential of 150 mV. 
As this i s less than the difference between the flatband poten
t i a l of SrTi0 3 and the hydrogen redox l e v e l (2) i t i s quite 
possible that the SrTi03 i t s e l f has s u f f i c i e n t c a t a l y t i c a c t i v i t y 
to account for the observed production. 

During hydrogen evolution on metal-free SrTi0 3 photogener
ated electrons must diffuse to the surface against an e l e c t r i c 
f i e l d within the depletion layer which tends to drive electrons 
into the c r y s t a l bulk. Krauetler and Bard (25) have proposed the 
existence of shallow surface electron traps to account for reduc
tive chemistry on n-type oxides. The only electron-trapping sur
face species as yet i d e n t i f i e d by UPS on SrTi0 3 or T i 0 2 i s the 
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T i J state. Though i t has been impossible to monitor this state 
at the l i q u i d - s o l i d interface, the T i ^ + concentration decreases 
during hydrogen producing illumination i n water vapor. One 
would expect an increase i n T i ^ + upon illumination i f photopopu-
la t i o n of this electron trap state controlled the reaction rate. 
It thus appears that even on metal-free SrTi0 3 conduction-band 
electrons are the primary reductants. Since similar reaction 
rates occur on pre-reduced and stoichiometric crystals with d i s 
parate depletion layer widths, the electrons do not tunnel through 
the depletion layer. With no Pt to provide an outlet for elec
trons at potentials far positive of the flatband potential, 
strong illumination would f l a t t e n the bands almost completely and 
allow electrons to reach the semiconductor surface. The presence 
of both electrons and holes at the surface could lead to unique 
chemistry as well as high surface recombination rates. 

On stoichiometri
illuminated surface accelerate
nization of dark areas had l i t t l e e ffect. Short diffusion d i s
tances for electrons (and/or possibly hydrogen atoms) between 
SrTi0 3 and Pt centers are bene f i c i a l to hydrogen production. 
Since addition of platinum, a good hydrogen evolution catalyst, 
does not alt e r the hydroxide concentration effect, the effect 
bears on oxygen, rather than hydrogen production. 

V-2. The Hydroxide Concentration Effect. The higher 
rates of hydrogen evolution obtained i n highly concentrated a l 
kaline electrolytes are not predicted by simple photoelectro-
chemical theory since the pH dependence of the flatband potential 
i s expected to be the same as that of the hydrogen and oxygen re
dox potentials.(2) Although the photoresponse of SrTi0 3 PEC c e l l s 
have been shown to be independent of electrolyte pH 02), these 
measurements were taken at a high applied potential. Kawai and 
Sakata (38) have found that pH-related differences i n the dynamic 
response~To pulsed l i g h t of T i 0 2 electrodes disappear upon appli 
cation of an external anodic potential. At zero applied poten
t i a l surface recombination i s more rapid, and the speed of trans
fer of charge carriers to the solution may become c r i t i c a l to the 
conversion efficiency of the system. Small changes i n band bend
ing due to s p e c i f i c chemical effects would also be more important 
at zero applied potential. 

pH-Dependent changes i n surface stoichiometry could increase 
band bending by decreasing the electron a f f i n i t y of the surface, 
as probably occurs during A r + sputtering. However, no such 
stoichiometry changes have been observed by Auger, and more purely 
kinetic explanations of the hydroxide effect should be considered. 

That rate-limiting step i n oxygen production may be (1) ab
sorption of a f a c i l e hole-acceptor species, (2) hole transfer to 
an absorbed or electrolyte species, or (3) desorption of oxidized 
products. These steps must compete with bulk and surface recom
bination processes. Williams and Nozik (39) have shown that 
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step (2) i s l i k e l y to be highly i r r e v e r s i b l e and the s o l i d - l i q u i d 
interface, casting doubt onto whether step (3) could be rate con
t r o l l i n g . Comparison of the conditions required for hydrogen 
photogeneration from aqueous electrolytes and from low pressure 
water vapor may shed some l i g h t on steps (1) and (2). 

Hydrogen photogeneration from 10" 7 Torr water vapor occurs 
only on pre-reduced crystals at elevated temperatures where a 
stoichiometric reaction with reduced centers (Ti^ +-Vo~) from the 
cry s t a l bulk i s possible. These oxygen vacancies could react with 
zero valent oxygen produced at the surface i n a reaction analo
gous to that yielding 0 2(g) i n aqueous solution. Alternately, 
the oxygen from water may never be oxidized above the -II or -I 
state, and holes may be d i r e c t l y accepted by the reduced center. 
Figure 10 shows the energies of known surface species (from UPS 
spectra (22)) and estimates of the f i l l e d state d i s t r i b u t i o n of 
several aqueous specie
A l l of the UPS-detectabl
of low pressure water vapor l i e well below the band edge, where 
neither thermalized nor somewhat hot holes could be accepted. On 
the clean, water vapor exposed surface only the T i ^ + species 
could accept holes, though considerable relaxation of the hole 
must occur. Oxidation of T i ^ + i s , i n fact, observed upon i l l u m i 
nation. The f i l l e d state d i s t r i b u t i o n of aqueous OH" i s believed 
to overlap the SrTi0 3 valence band edge, and rapid isoenergetic 
hold transfer i s possible, leading to the c a t a l y t i c oxidation of 
water. At high electrolyte concentrations hydroxide-hydroxide 
reactions may increase the overlap, thereby f a c i l i t a t i n g hole 
transfer. If the aqueous energy levels are as shown, no adsorbed 
surface species would be needed to mediate charge transfer, 
though carbon states are available at the proper energy. 

It should be noted that while UPS could not detect an ad
sorbed hydroxide species with surface coverage less than 10% of a 
monolayer, such a species could be chemically active. The same 
hole-acceptor could be present at both the gas-solid and l i q u i d -
s o l i d interface, but the rate of i t s formation may be inadequate 
to compete with oxygen dif f u s i o n into the bulk from the gas-solid 
interface. Mu nuera (40) has found that measurable rates of 
restoration of a hydroxyl species linked to the photoactivity of 
T i 0 2 powders for oxygen desorption require treatments harsher 
than immersion i n l i q u i d water. 

IV-3. Summary. No Auger detectable changes i n surfaces 
composition correlate with the higher rates of hydrogen photo
generation on metal-free SrTi0 3 observed i n highly concentrated 
aqueous alkaline electrolyte. Platinized crystals and PEC c e l l s 
show similar enhancement of photoactivity at high hydroxide con
centrations. Although no hydrogen photogeneration i s seen from 
water vapor at pressures up to 20 Torr on crystals near room 
temperatures, hydrogen photogeneration does occur on pre-reduced 
crystals at temperatures where oxygen diffusion into the bulk i s 
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Figure 10. Filled levels of surface and 
aqueous species referenced to SrTiOs band 

edges and H2, Oz redox couples 
SrTiO, I E L E C T R O L Y T E 

3 PH = I3 
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rapid. Kinetics of hole-transfer or hydroxylation may determine 
the overall reaction rate at zero applied potential. Carbon 
states lying within the SrTi0 3 forbidden gap may mediate charge 
transfer i n some photochemical reaction systems, and intermet-
a l l i c compound formation may alt e r the ca t a l y t i c properties of 
dir e c t l y metallized titaniferous semiconductors. 
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11 
Photocorrosion in Solar Cells 
The Enhanced Effectiveness of Stabilization 
Agents Due to Oxide Films1 

S. ROY MORRISON, MARC J. MADOU, and K A R L W. FRESE, JR. 

SRI International, Menlo Park, CA 94025 

Studies of the corrosio
show that Fe(II) EDTA,
ethanol) stabilize silicon temporarily against photocorrosion, 
but only do so after a thin oxide layer is formed. Analysis of 
voltammetric C/V and I/V curves suggests the reason for this 
behavior: a voltage develops across the oxide that raises the 
energy levels of the reducing agent in solution, relative to the 
energy of the valence band edge, and increases their hole capture 
efficiency. This effect may also be present with other systems, 
e.g. GaAs and GaP, where for some stabilizing agents the greatest 
stability is found at intermediate pH where the Ga2O3 is relative
ly insoluble. An important side benefit of the observation is the 
possibility of analyzing the voltammetry data for the reorgani
zation energy, λ. Preliminary values of λ are given. Finally 
the disadvantages of requiring a thin oxide on a photoelectro-
chemical solar cell are briefly discussed. 

In the development of photoelectrochemical (PEC) solar c e l l s , 
one of the most d i f f i c u l t problems i s the corrosion problem. In 
any solvent, but p a r t i c u l a r l y i n solvents with water present, 
anodic currents flowing from the s o l i d to the solution w i l l usual
ly lead to corrosion. S p e c i f i c a l l y the corrosion w i l l take the 
form of anodic oxidation of the semiconductor, with the products 
remaining as a f i l m , dissolving into the solution, or evolving 
as a gas. Any such action w i l l degrade the solar c e l l . 

We have been studying s i l i c o n as a PEC c e l l , partly because 
s i l i c o n would be an exceptionally valuable material for solar 
c e l l s i f the corrosion could be controlled, and partly because 
the corrosion product, Si02, has p a r t i c u l a r l y simple character
i s t i c s : i t i s generally insoluble i n aqueous solutions, and i t 

1 Supported by the Solar Energy Research Institute 

0097-6156/81/0146-0179$05.00/0 
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i s a good insulator. Thus s i l i c o n not only has potential for a 
solar c e l l material, but i t i s of great interest for studies to 
generate new basic information regarding photocorrosion. 

In this report we w i l l try to summarize our observation (1) 
that the presence of a thin oxide layer on the surface of s i l i c o n 
has a dominating effect on the effectiveness of s t a b i l i z i n g agents 
i n the solution. The mechanism i s simple. As photoproduced holes 
are captured by interface states, a voltage develops across the 
oxide layer and the energy levels of the ions i n solution become 
higher r e l a t i v e to the edge of the valence band. Then the photo-
produced holes are more easily captured by the energy levels of 
the s t a b i l i z i n g agent. Now the increased a b i l i t y of the reducing 
agent to capture holes arises because the valence band edge be
comes isoenergetic with the higher density part of the Gaussian 
di s t r i b u t i o n of energy levels (2,3). Thus i f we plot the current 
to the s t a b i l i z i n g agen
oxide layer, the most importan
the reorganization energy, \
i n this oxide layer model i s that from such measurements we can 
evaluate the parameter \. In the discussion to follow, f i r s t we 
w i l l consider the experimental observations, secondly, we w i l l 
go into the theory of the measurement of X and of how the presence 
of the oxide improves the effectiveness of the s t a b i l i z i n g agent. 

As mentioned above, s i l i c o n has been found to be a very 
valuable material with which to study the influence of the oxide 
layer. This i s because the oxide layer on s i l i c o n i s an excellent 
insulator, i . e . there i s no problem with carrier transport through 
impurity bands. This makes the interpretation much simpler with 
s i l i c o n than i t would be, for example, with the oxide on gallium 
arsenide (4) where the oxide seems to have s u f f i c i e n t conductance 
to complicate the interpretation. 

Results and Discussion 

A lack of s t a b i l i z a t i o n of the s i l i c o n means that when holes 
reach the surface the oxide continually grows. In our measure
ments on s i l i c o n , the loss of s t a b i l i t y i s thus observed by the 
decrease i n photocurrent at a given voltage as the oxide grows. 
In a ty p i c a l run we cycle the electrode potential of the s i l i c o n 
from strongly cathodic to strongly anodic and back. If the holes 
oxidize the s i l i c o n during the anodic part i n the cycle, then the 
current at a given voltage becomes lower during the next cycle 
because of the growth of the insulating s i l i c o n oxide. The loss 
of current i s assumed due to lower tunneling probability. If on 
the other hand, the s t a b i l i z i n g agent i s ef f e c t i v e , the current 
at a given voltage i s maintained at a constant l e v e l through 
several cycles. 

In the bottom of Figure 1 we show a series of sweeps from 
cathodic to anodic, with a saturated solution of ferrocene i n 
ac e t o n i t r i l e present i n the solution. The effect of the growing 
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Figure 1. Voltammetry under illumination with ferrocene in acetonitrile for sta
bility. The system does not stabilize the silicon, as shown by the decrease in current 

in consecutive Curves 1-4. 
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oxide on the current voltage characteristics i s clear. The photo-
corrosion at a given voltage i s lower i n each successive cycle. 
We show results where the s t a b i l i z i n g agent i s ineffective rather 
than results with no s t a b i l i z i n g agent present because the intent 
i s to show the slow change i n successive cycles due to a slowly 
increasing oxide thickness. With no s t a b i l i z i n g agent present 
the current decreases after one anodic sweep. 

In the top half of Figure 1 the behavior of the capacity i s 
shown, as we sweep from the accumulation layer with i t s very high 
capacity toward a depletion layer with i t s rather low capacity. 
On the f i r s t sweep (#1) a substantial band bending can be induced 
by the positive electrode potential as indicated by the low capa
c i t y attained. In successive sweeps however we are unable to 
develop as much band bending at the same electrode potential. 
The capacity found to be frequency-independent, i s assumed to 
r e f l e c t the voltage dro
a b i l i t y to reach a low
drop appears across the oxide. 

In Figure 2 we show the equivalent results with a reasonably 
effective s t a b i l i z i n g agent, ferrocyanide, present. In this 
figure we show results with HF present (no oxide) for comparison 
as curve (d). The f i r s t cycle of a freshly etched electrode i n 
the 0.1 M potassium ferrocyanide/water solution i s indicated i n 
the current/voltage characteristics as curve (a). Now i n curve 
(a) the current begins at the same voltage as i t begins with HF 
present. In both cases there i s no oxide present on the surface 
so the current i s characteristic of an oxide-free s i l i c o n sample. 
However, as anodic current begins to flow, the curve (a) deviates 
from the HF curve. Curve (a) resembles curve (1) i n Figure 1, 
and the deviation from the HF curve can be attributed to corro
sion (oxide growth). So curve (a) indicates the development of 
an oxide at the surface of the s i l i c o n . As we sweep back cathod-
i c , we sweep along curve (b). Following this f i r s t cycle, the 
onset of current i s shifted as shown i n the anodic sweep to curve 
(b) . Now the si g n i f i c a n t difference between Figure 1 and Figure 2 
i s that curve (b) of Figure 2 i s similar for the anodic and ca-
thodic sweep, and i s reproducible i n successive cycles. There i s 
apparently no rapid oxide growth; there i s no further change i n 
the characteristics of the sample as was observed i n Figure 1. 

After the oxide i s grown i n the f i r s t cycle, the results of 
Figure 2 thus indicate s t a b i l i t y against photocorrosion. A l 
though not shown i n the figure, i t i s found that the photocurrent 
rises to a saturation value close to the saturation current ob
served with the same l i g h t intensity with HF present i n the solu
tion. As further indication that the changes from curve (d) to 
curve (b) i s due to an oxide layer, we have intentionally formed 
an oxide. After a thin oxide i s grown on s i l i c o n (in a 0.1 M KC1 
e l e c t r o l y t e ) , and then the sample i s transferred to a solution 
containing a s t a b i l i z i n g agent, curve (d) i s observed d i r e c t l y , 
bypassing the "oxide growing" step of curve (a). 
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The mechanism by which the oxide promotes s t a b i l i t y can be 
determined by observing the capacity/voltage relationship i n the 
top half of Figure 2. The curve again shows the case with HF 
present i n the solution. Curve (b) i n the C/V plot corresponds to 
curve (b) i n the current/voltage plot. The i n i t i a l part of the 
C/V characteristics under illumination, more cathodic than about 
-0.2 volts (SCE), looks very much the same as the characteristic 
with the HF present. However, as the electrode potential i s made 
more positive, a plateau i n the C/V curve (b) appears. The p l a 
teau i n the capacity extends from an applied voltage of about 
-0.3 to +0.1 volts (SCE). Because the capacity r e f l e c t s the v o l 
tage i n the space charge region, i t i s clear that a constant 
capacity means that the voltage i n the space charge region i s 
constant. Thus the change i n applied voltage must appear else
where. S p e c i f i c a l l y , the changes i n applied voltage must appear 
across the oxide layer

Thus as we sweep th
the voltage appears across the oxide layer, r a i s i n g the energy 
le v e l of ions i n solution r e l a t i v e to the energy l e v e l of the 
valence band i n the s i l i c o n . Eventually the energy levels of the 
ferrocyanide come close enough to the energy l e v e l of the valence 
band so that holes can tunnel through the oxide, reaching the 
reducing agent energy levels i n solution. 

In Figure 3 we show a case to indicate that the sample i s 
indeed changed i n a way consistent with such a development of an 
oxide layer. Curve (i) indicates that the capacity/voltage r e l a 
tionship before any oxide i s grown. Curve ( i i ) i s representative 
of a capacity/voltage curve with the l i g h t on, which can be re
peated several times. Curve ( i i i ) i s again i n the dark with no 
holes present, after these repeated cycles under illumination. 
It i s observed that the cycles under illumination caused a s h i f t 
i n the f l a t band potential of the sample that i s consistent with 
the presence of another phase or an adsorbed species at the sur
face. 

It i s noted that i n Figure 3 s t a b i l i z a t i o n i s found with 
ferrous (EDTA) ions i n the solution. Ferrocene i n ethanol i s a 
third effective s t a b i l i z i n g agent (5). The effectiveness of 
various s t a b i l i z i n g agents can be approximately compared by com
paring the number of cycles that can be applied to the sample 
before degradation due to excessive oxide growth i s observed. 
With equivalent voltage and photocurrent, such as the values 
shown i n Figure 2, and with a sweep speed of 0.01 V/s, ferro
cyanide ions s t a b i l i z e the s i l i c o n for about half a dozen cycles. 
Typically, with ferrous (EDTA) present, the curves are unchanged 
for about 10 to 20 cycles and with ferrocene i n ethanol present 
the curves are unchanged for s i g n i f i c a n t l y more. For any of these 
systems, however, exceeding some photocurrent l i m i t (the l i m i t 
depending on the s t a b i l i z i n g agent) or some voltage li m i t (close 
to + 0.16 SCE) w i l l result i n rapid degradation of the character
i s t i c s as t y p i f i e d by Figure 1. 
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Figure 3. Shift in dark capacity due to oxide growth in ferrous-EDTA: (i) first 
curve in dark; (ii) one of several curves in light; (Hi) dark again 
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In Figure 4 we suggest a band model for the s i l i c o n under 
three bias conditions: (a) strongly cathodic, (b) f l a t band, and 
(c) strongly anodic. The energy levels i n solution are considered 
a constant reference system and are shown together with the s i l i 
con band diagram i n Figure 4(b). Now with a strongly cathodic 
bias, as i n Figure 4(a), a sig n i f i c a n t negative charge may accu
mulate i n the interface states between the s i l i c o n and the s i l i c o n 
oxide. Such charging i s suggested by the f l a t band s h i f t i n 
Figure 2 between curve (d) and curve (b) or (c) as i s observed i n 
the cathodic region (< -0.2 V SCE) of the C/V curves. With the 
negative charge i n interface states a voltage appears across the 
oxide as i s indicated i n Figure 4(a) and the valence band of the 
semiconductor w i l l be substantially raised from the energy levels 
of the reducing agent i n solution. We have indicated i n curve 
(b) (the f l a t band case), that here also the energy l e v e l of the 
valence band i s too hig
ducing agent i n solution
illumination, Figure 4(c), hole trapping w i l l occur at the i n t e r
face states. The switch from negative to positive charge on the 
interface states w i l l be observed as a plateau on the C/V charac
t e r i s t i c s . The positive charge w i l l lead to a substantial lower
ing of the valence band r e l a t i v e to the ions i n solution, as 
indicated i n Figure 4(c), and now holes not only can come to the 
surface, but when they reach the surface they are at an energy 
highly favorable for tunneling through to the energy levels of 
the reducing agent. 

We can easily develop the theory i n more mathematical d e t a i l , 
especially the equations for low surface barrier V s, and use the 
results to estimate X9 the reorganization energy of the reducing 
agent. The reorganization energy i s a parameter i n the expression 
describing the probability that the energy l e v e l of the ion i n 
solution has the energy E. Because of fluctuations i n the polar
iz a t i o n of the medium and i n the bond lengths between the ion and 
i t s ligands, the energy of the ion fluctuates widely i n energy 
with a normal dis t r i b u t i o n function, as indicated i n Figure 4, 
dominated by X. Figure 5 indicates the symbolism used. We assume 
that the current to the surface, J a , i s proportional both to the 
density of holes at the surface and to the density of ions i n 
solution with a donor l e v e l isoenergetic with the valence band 
edge. The proportionality constant includes 

a tunneling probability exp (-yxQ), with y 
constant. 

J a = B p s e x p £ - ( E v s ~ E r e d ) 2 / 4 m } e xP("Yx Q) (D 
From Figure 5, with E-p (SCE) defined as zero, and (as common with 
the band model) the potentials more positive toward the bottom of 
the figure, we fi n d : 

- ( E v s - E r e d ) " q Vm " <*Vs " ( E ^ > + « E° + X (2) 
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Figure 4. Band model of oxidized silicon. 
The energy levels in the solution are kept constant, and the applied voltage shifts the 
bands in the oxide and the silicon. The Gaussian curves in Figure 4b represent the 
ferrocyanide/ ferricyanide redox couple with an excess of ferrocyanide. E° is the standard 
redox potential of iron cyanide. With this, one can construct (a) to represent conditions 
with an accumulation layers, (b) with flatbands, where for illustration, we assume no 
charge in interface states, and (c) with an inversion or deep depletion layer (high anodic 

potential). 

J a = Bp s exp|-(E v $ - E red)2/4XkT}exp(-7x0) 
where (E v $ - E r e d ) = q V m - q.Vs - (E g - n) + qE ° + X 
Assume Ps = Pb* exp{qVs/kT} 
then 

CnJa - qV s/kT = const - ( ^ ) |(qVm - qV s - (Eg - M) + qE ° + X)2/\] 
and curve fitting to give slope = 1/4kT provides best X. 

Figure 5. Determination of X 
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Now at low V s we can assume: 

p 2 = p* exp{qVs/kT} (3) 

where p g i s the surface, p* the bulk hole density. Then 

XnJ - qV /kT = const - (4kT)""1{qV - qV -(Eg-p,) + qE° +X}2/X a s m s 
(4) 

The physical picture i s as follows. As the valence band 
edge i s lowered re l a t i v e to the energy levels of the reducing 
agent, that i s , E v s - E r e ( j becomes smaller, the anodic current 
w i l l change. The parameter that dominates this change i s the 
parameter X. A l l the slope-determining parameters i n Equation 4 
except X are measurable. The anodic current i s measured d i r e c t l y , 
of course; the surface barrier V  i s measured by measuring the 
capacity of the s i l i c o
i t s Fermi energy [L are
i s the standard electrode potential of the couple. From a plot 
according to Equation (4) we find the value of X that gives a 
slope of (4 kT)" 1. By curves such as shown i n Figure 2 we have 
been able to analyze X i n preliminary measurements, finding the 
order of 0.45 eV for ferrocene and the order of 0.9 eV for ferro
cyanide. Careful experiments intended to determine X more accu
rately using this method are i n progress. 

Concluding Remarks 

The a b i l i t y to measure X for various reducing agents i n solu
tion i s of course c r i t i c a l i n photocorrosion. The understanding 
of the role of thin passivating (possibly oxide) layers i s also 
important. It i s observed i n the present study that the presence 
of the oxide may be desirable and i n some cases i s probably neces
sary to make the s t a b i l i z i n g agents effective i n preventing photo-
corrosion. This observation i s not limited to s i l i c o n . It i s 
well known that gallium arsenide (5) and gallium phosphide (6) 
show most s t a b i l i t y under the conditions of pH where the gallium 
oxide i s insoluble i n an aqueous solution. By analogy to the pre
sent work we suggest that i n these cases one also apparently needs 
a thin oxide to promote the greatest s t a b i l i t y against photocorro
sion. 

To i l l u s t r a t e i n s l i g h t l y more d e t a i l how the oxide can be 
effective i n photocorrosion, Equation 1, giving the anodic current 
to the s t a b i l i z i n g agent as a function of the thickness of the 
oxide, i s plotted i n Figure 6. Actually we plot the maximum cur
rent that the s t a b i l i z i n g agent can accept. The value of AE = E v s 

E r ed> w l t n zero voltage across the oxide, and X are indicated 
as the parameters for the curves of Figure 6. We have used 0.5 

for the tunneling coefficient y and 10l3 c m-2 f o r the interface 
state density (which determines the maximum voltage obtainable 
across the oxide) and 3 for the d i e l e c t r i c constant of the oxide. 
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Figure 6. Maximum hole current to a reducing agent as a function of oxide thick
ness. Equation 1 is plotted, with ps assumed constant and incorporated into J 0. 
AE = E v s — Ered with no oxide, A. is the reorganization energy, and other constants 

have been chosen as described in the text. 
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In Figure 6, where we plot the maximum current that the s t a b i l i 
zing agent can accept, i f the current rises above the value i n d i 
cated, the surface i s by de f i n i t i o n unstable. Consider for exam
ple the curve where AE = 1 and X = 0.7. If we consider a current 
of, say 10 -4 j Q A/cm2, i t i s observed that with no oxide there i s 
no s t a b i l i t y , so the oxide w i l l grow. The oxide w i l l grow, ac
cording to this curve, u n t i l i t i s 5 X i n thickness. Then i t w i l l 
provide s t a b i l i t y . I f , however, the oxide grows beyond 18 X i n 
thickness then the s t a b i l i z i n g agent can no longer capture the 
holes, primarily because with the value of y chosen, the tunnel
ing current i s too low. Then again the s i l i c o n w i l l no longer 
be stable. Of course i n practice 100% s t a b i l i t y cannot be ex
pected for any value of oxide thickness—even i f 99.99% s t a b i l i t y 
i s achieved, the 0.01% of the holes causes i r r e v e r s i b l e oxide 
growth i n this system where there i s no mechanism for oxide 
removal. Thus i n the
b i l i t y was never reached

In conclusion i t should be pointed out that the s t a b i l i t y of 
the s i l i c o n or other semiconductor against photocorrosion i s not 
the only important parameter i n PEC solar c e l l s . Free current 
flow from the s i l i c o n valence band to the reducing agent i n solu
tion must be possible i n order to have an e f f i c i e n t solar c e l l . 
Thus with s t a b i l i z i n g agents such as we have been discussing i n 
the present experiments, where an oxide i s needed, a compromise 
must be reached between the improved corrosion resistance of the 
materials and the poor current flow characteristics. An oxide 
may or may not affect the open c i r c u i t voltage or the short c i r 
cuit current adversely, but the f i l l factor of the solar c e l l w i l l 
suffer most due to the increased voltage across the oxide as the 
photocurrent increases. 
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12 
Conditions for Rapid Photocorrosion at Strontium 
Titanate Photoanodes 
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In 1912, the grea
Ciamician, published a remarkable paper entitled "The Photo
chemistry of the Future" (1) in which he considered the 
wealth of benefits which might be gained by the photochemical 
utilization of solar energy for the production of useful 
chemical materials. In discussing the role of plant crops 
(or biomass, as we would say now) as solar energy trans
ducers, he suggested that: "The harvest, dried by the sun 
ought to be converted, in the most economical way, entirely 
into gaseous fuel, taking care during this operation to fix 
the ammonia (by the Mond process, for instance) which should 
be returned to the soil as nitrogen fertilizer together with 
all the mineral substances contained in the ashes". This 
elusive goal of efficient, economical fuel production from 
renewable biomass resources has stimulated research efforts 
around the world since Ciamician's time. While much progress 
has been made, the problems involved are far from solved, and 
the production of gaseous fuels from biomass is s t i l l too 
expensive to be economically feasible on a large scale. 
Nonetheless, recent developments in several aspects of 
photoelectrochemistry have offered renewed promise that the 
production of useful fuels with solar energy might indeed 
become a viable process. 

Of particular interest i n this context has been the 
finding that the Kolbe reaction, the anodic oxidation of 
carboxylic acids (Equation 1) ( 2 ) , can be made to occur at 
n-type oxide semiconductor photoanodes to the v i r t u a l ex
clusion of oxygen formation ( 3 , 4 , 5 ) . 

2 C H 3 C O 2 H C 2 H 6 + 2 C 0 2 + H 2 (1) 

AG0 = - 2 2 . 3 kJ/mole ( - 5 . 3 kcal/mole) 

0097-6156/81/0146-0191$05.00/0 
© 1981 American Chemical Society 
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While this reaction i s substantially exothermic (6), i t pro
vides an intriguing approach to the production of fuels from 
renewable resources, as the required acids (including acetic 
acid, butyric acid, and a variety of other simple a l i p h a t i c 
carboxylic acids) can be produced i n abundant yields by the 
enzymatic fermentation of simple sugars which are, i n turn, 
available from the microbiological hydrolysis of c e l l u l o s i c 
biomass materials (7). These considerations have led us to 
suggest the concept of a "tandem" photoelectrolysis system, 
in which a solar photoelectrolysis device for the production 
of fuels via the photo-Kolbe reaction might derive i t s 
acid-rich aqueous feedstock from a biomass conversion plant 
for the hydrolysis and fermentation of crop wastes or other 
c e l l u l o s i c materials (4.). 

As one aspect of our recent studies in this f i e l d , we 
have sought to extend th
photo-Kolbe reaction coul
s e n s i t i v i t y of the process to such variables as l i g h t i n 
tensity, pH, concentration of carboxylic acid, and so on. It 
has gradually become apparent that under at least some of our 
experimental conditions, the strontium titanate photoanodes 
can undergo severe photodegradation. When this occurs, v i s 
i b l e pits or craters are formed i n the illuminated portion of 
the electrode after several hours or days of exposure to 
focused l i g h t from an Eimac 150W xenon arc lamp. This ob
servation i s t o t a l l y unprecedented; after a l l , strontium 
titanate i s one of the few materials that has been unanim
ously reported i n the l i t e r a t u r e to be a robust, stable 
photoanode (8-16). 

We have conducted numerous replicate control experiments 
to determine whether a procedural error or an equipment mal
function (such as, for example, the leakage of alternating 
current from the line c i r c u i t s into the dc c i r c u i t s of the 
photoelectrolysis apparatus) could have been responsible for 
the observed effects. Ultimately, these control experiments 
led us to add an oscilloscope to the diagnostic equipment (to 
check for ac leakage), to replace each of the major elec
tronic components (including the potentiostat, voltage scan 
unit, and electrometer) with alternative components of com
parable quality, and to replace the simple, one-compartment 
c e l l we had been using with a newly designed two-compartment 
c e l l , so as to minimize the p o s s i b i l i t y that cathodic pro
ducts could somehow affect the s t a b i l i t y of the strontium 
titanate photoanodes. In addition, the electrodes used i n 
the new c e l l were mounted to their Pyrex support tubes using 
heat-shrinkable Teflon tubing rather than epoxy cement. As 
before, the new c e l l had a Pyrex window through which the 
semiconductor electrode could be irradiated, a Luggins 
c a p i l l a r y positioned close to the surface of the illuminated 
electrode, and integral gas burets above each electrode for 
the c o l l e c t i o n of gas samples. 
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Despite these precautions, marked corrosion was s t i l l 
observed on some, but not a l l , of the n - S r T i 0 3 photoanodes 
obtained from four different sources. The corrosion appeared 
to be most severe after several experiments ( t o t a l l i n g 
t y p i c a l l y 20 hours or more of use as an electrode) had been 
conducted under photo-Kolbe reaction conditions. A fine 
white f i l m was also observed to form gradually on the i r r a d 
iated areas of n-SrTi03 when the acid electrolyte ( t y p i c a l l y 
2N H 2 S O 4 ) was used i n the absence of added acetic acid. 

Characteristics of the Photocorrosion Process 

The magnitude of the problem can be appreciated by com
paring the crystals marked A and B i n Figure 1. Crystal A i s 
typical of the condition of our n - S r T i 0 3 electrodes just 
prior to etching and mounting
polishing with a 1.5y diamon
transparent. Crystal B i l l u s t r a t e s the degree of photocor
rosion which occurred i n a similar n-SrTi03 electrode after 
approximately 50 hours of i r r a d i a t i o n (during several exper
iments) under typ i c a l photo-Kolbe conditions, i n this case 
aqueous s u l f u r i c acid containing acetic acid. The severely 
eroded area i s located where the l i g h t beam was focused on 
the electrode; the residual p i t t i n g on the surface i s prob
ably due to scattered l i g h t s t r i k i n g the electrode. V i r 
tually no photo-Kolbe products have been observed by mass 
spectrometry i n the gas evolved from the decomposing elec
trodes; the primary gaseous product i s oxygen, although var
iable amounts of C0 2 have been observed at times. Thus, 
there appears to be a competition between electrode decom
position and the photo-Kolbe reaction under these conditions. 

While we have not yet carried out detailed k i n e t i c mea
surements on the rate of photocorrosion, our impression i s 
that the process i s r e l a t i v e l y insensitive to the s p e c i f i c 
composition of the strontium titanate. Trace element com
positions, obtained by spark-source mass spectrometry, are 
presented i n Table I for the four boules of n - S r T i 0 3 from 
which electrodes have been cut. Photocorrosion has been ob
served i n samples from a l l four boules. In a l l cases, the 
electrodes were cut to a thickness of 1-2 mm using a diamond 
saw, reduced under H 2 at 800-1000 C for up to 16 hours, 
polished with a diamond paste cloth, and etched with either 
hot concentrated n i t r i c acid or hot aqua regia. Ohmic con
tacts were then made with gallium-indium eutectic alloy, and 
a wire was attached using e l e c t r i c a l l y conductive s i l v e r 
epoxy prior to mounting the electrode on a Pyrex support tube 
with either epoxy cement or heat-shrinkable Teflon tubing. 

Some information about the nature of the photocorrosion 
process i s provided by a comparison of the UV/visible ab-
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TABLE I. TRACE ELEMENT COMPOSITION OF n-SrTiO Q BOULES 

Sample 
Element x (b) 2 ( c ) 3 ( d ) 

j-e. 
4(e) 

w 2.0 0.2 0.3 1.0 
Ta <0.03 
Nb <0.05 
Ba 20.0 10.0 50.0 Not 

reported 
Fe 3̂ 3̂ 3̂ 5̂ 

(a) Analyses are reported as parts per m i l l i o n (by 
weight), and were obtained by spark-source mass 
spectrometry. The identity of the bulk material 
as SrTiO^ was confirmed by x-ray powder d i f f r a c t i o n 
measurements. 

(b) Obtained from National Lead Company some 5 or 6 
years ago for another project at Battelle-Columbus, 
and made available to us i n 1977 when our research 
in photoelectrolysis began. Our i n i t i a l photo-
Kolbe experiments were carried out using electrodes 
cut from this boule. 

(c) This sample was kindly provided by Mr. Fred Wagner, 
of the Materials Science Laboratory, The University 
of C a l i f o r n i a at Berkeley (1978). 

(d) Purchased from Commercial Crystal Laboratories 
(1978). 

(e) Purchased from Atomergic Laboratories (1979), 
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sorption spectra of the electrodes before and after extended 
i r r a d i t i o n . As Figure 2 i l l u s t r a t e s , the photocorrosion 
process i s accompanied by a dimunition of the band edge below 
400 nm and a pronounced broadening of the v i s i b l e absorbance 
around the T i ^ + band at 505 nm. The magnitude of the v i s 
i b l e absorbance does not change appreciably, remaining about 
0.7 to 0.8 at 505 nm before and after corrosion for these 
electrodes. To obtain these spectra, a thin (<1 mm) single-
c r y s t a l wafer was used as an electrode after i t had been 
reduced to a bright blue color (as viewed by transmitted 
l i g h t ) , polished, and etched as described above. After the 
electrode had been corroded by i r r a d i a t i o n under photo-Kolbe 
conditions for some 20 hours, i t was demounted from i t s 
holder and polished again. These spectra therefore r e f l e c t 
changes i n the bulk semiconductor, which are manifested by a 
change i n color from th

Further insight i
infrared absorption spectrum of the corrosion residue which 
could be scraped from the surface of a n - S r T i 0 3 electrode 
after p a r t i a l photocorrosion i n the mixed H2S04:H0Ac 
electrolyte. As Figure 3 shows, the spectrum contains strong 
absorption bands at 460 cm""l and 620 cm"*, which are 
characteristic of S r T i 0 3 # However, i t also contains strong 
bands at 620 cm"-1, 650 cm"1, 1000 cm""1, 1100 cm - 1, 1140 
cm""1, and 1205 cm""1, which are characteristic of S r S 0 4 , 
and two weaker bands at 410 cm""1 and 425 cm"1, which ap
pear to be diagnostic for Sr(0Ac) 2. There i s no s t r i k i n g 
evidence for the presence of T i 0 2 > although i t s infrared 
spectrum i s r e l a t i v e l y featureless. The assignments reported 
here have been confirmed by recording the infrared spectra of 
authentic samples of SrSO^ and Sr(0Ac) 2 . Since Sr(0Ac) 2 

i s s i g n i f i c a n t l y more soluble i n water than i s SrS04 (which 
precipitates immediately when a dilute solution of Sr(0Ac) 2 

i s added to dilute s u l f u r i c acid) i t i s plausible that the 
photocorrosion process may be accelerated under these exper
imental conditions by the formation of Sr(0Ac) 2 and the 
subsequent precipitation of S r S 0 4 at the electrode surface. 
In s u l f u r i c acid solutions alone, the formation of an i n s o l 
uble layer of the sulfate on the electrode surface may serve 
to i n h i b i t the rapid bulk corrosion which has been observed 
i n the presence of acetic acid. 

F i n a l l y , we note that the photocorrosion process i s 
strongly pH-dependent, occurring most readily i n strongly 
acid solutions, and that the presence of a carboxylic acid i s 
required for the occurrence of severe photocorrosion. In 
Table II we present a n a l y t i c a l results, based on inductively 
coupled argon plasma (ICP) emission spectroscopy, for repre
sentative electrolyte solutions after 6-8 hr. of photo-Kolbe 
e l e c t r o l y s i s with n - S r T i 0 3 anodes. It can be seen that the 
formation of soluble strontium and titanium species i s 
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Figure 1. Comparison of n-SrTiOs pho-
toelectrodes (A) before and (B) after cor
rosion under photo-Kolbe reaction condi

tions 

Figure 2. UV/visible absorption spectra of n-SrTiOs (A) before and (B) after 
partial photocorrosion in 2N H2SOIf containing 0.5N HO Ac (about 20 h irradiation) 
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TABLE I I . ANALYSIS OF ELECTROLYTES FOR PHOTOCORROSION 
PRODUCTS FROM n-SrTi0 o 

Sample Electrolyte pH [ S r ] ( a ) [ T i ] ( a ) 

1 0.2M NaOH + 0.5M NaOAc ( b ) 13 0.10 <0.05 

2 0.5M HOAc + 0.5M NaOAc ( c ) 5 0.25 <0.05 

3 1.0M HoS0. + 0.5M HOAc ( c ) 0 4.10 2.20 

(a) Concentration of strontium and titanium, respectively, 
i n yg/ml, as determined by inductively coupled argon 
plasma (ICP) emission spectroscopy (Jarrell-Ash ICP 
spectrometer). 

(b) Bias potential, 0.0 V vs. SCE. 

(c) Bias potential, +1.0 V vs. SCE. 
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Figure 3. Fourier transform IR absorption spectra of corrosion residue from 
n-SrTi03 electrode formed after about 20 h irradiation in 2N H2SOk containing 

0.5N HO Ac 
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Figure 4. Estimated redox potentials of possible photocorrosion processes in 
strontium titanate at pH = 0 (V vs. SCE) 
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greatly accelerated i n the strongly acid ( p H = 0 ) solution, and 
that only trace amounts of S r ^ + can be detected i n the other 
solutions. It i s not yet clear whether the presence of s u l 
f u r i c acid i s required for rapid corrosion, or whether the 
rapid corrosion observed i n the solutions containing s u l f u r i c 
acid simply refle c t s the effect of low pH. The same elec
trode was used a l l for these experiments, and a l l i r r a d i 
ations were carried out with the sample apparatus for ap
proximately equal periods of time; thus, the relative amounts 
of strontium found i n the solutions provide an indication of 
the relative rates of photocorrosion i n the different elec
trolytes. As noted before, l i t t l e or no photocorrosion could 
be detected v i s u a l l y i n either acidic or basic electrolytes 
under comparable conditions i n the absence of added acetic 
acid (or acetate). 

Proposed Mechanism of Photocorrosio

The electrochemical redox potential of several possible 
decomposition reactions at pH = 0 (relative to the potential 
of the saturated calomel electrode), which have been estim
ated from thermodynamic parameters (6,17-21), are shown 
schematically i n Figure 4 . The band levels are shown for 
open-circuit conditions. The standard electrode potentials 
were calculated from the free energies of formation, which 
are summarized below in Table III. 

A l l but one of the reactions i n Figure 4 lead to the 
formation of the soluble TiO^ + ion; this seems consistent 
with the observed changes i n the v i s i b l e absorption spectrum 
of the s o l i d electrode. It may also be that other titanium 
species are formed i n solution, such as peroxytitanium com
plexes l i k e IfyTiC^. We have no direct evidence as to 
the identity of the solution species at this time, and have 
limited the candidate corrosion reactions shown i n Figure 4 
to those for which thermodynamic data are readily available. 
Nonetheless, the fact that titanium i s observed i n the elec
trolyte only upon extensive photocorrosion (and then i n 
smaller amounts than strontium) suggests that the i n i t i a l 
photocorrosion process involves the loss of strontium from 
the S r T i 0 3 , with the formation of S r ( 0 A c ) 2 or SrSC>4. 
However, we cannot r e a l l y choose among the possible photo
corrosion reactions on the basis of the information presently 
available. 

Some additional insight as to possible mechanisms of the 
photocorrosion process can be gained from a more detailed 
consideration of the effects of pH on the band levels i n 
S r T i 0 3 and on the redox potentials of oxygen formation and 
the photo-Kolbe reaction. These data, along with the band 
levels for T i 0 2 , are shown i n Figure 5 . It i s important 
to remember that the photocorrosion process occurs i n com-
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TABLE III. STANDARD FREE ENERGIES OF FORMATION 

Compound 

SrTi0 3 (c) -378.8 17 

SrS0 4 (c) -318.9 6 

T i 0 2 (c) -203.8 6 

Sr(OAc) 2 (aq) -311.8 6 

S r 2 + (aq) -133.2 6 

T i 0 2 + (aq) -138.2 18, 19 

H 2S0 4 (aq) -177.34 6 

c o 2 ( g ) -94.26 6 

H20 (1) -56.69 6 

CH30H (aq) -42.12 20 

HOAc (aq) -96.19 21 
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p e t i t i o n with both the photo-Kolbe reaction and normal 
photoelectrolysis (although oxygen i s generally evolved i n 
p a r a l l e l with photocorrosion), and that this competition i s 
dominated not by thermodynamics (as a l l three processes are 
energetically allowed) but by surface kinetic effects which 
can only be speculated on at present. The c r u c i a l observ
ation, however, i s that the photo-Kolbe reaction occurs 
cleanly and i n f a l l i b l y on n-Ti02> pa r t i c u l a r l y i n acid 
solution (J5), with l i t t l e i f any degradation of the titanium 
dioxide, while on n-SrTi03 the photo-Kolbe reaction some
times occurs (3,4) and sometimes i s overwhelmed by photocor
rosion and/or oxygen evolution. 

As was indicated by the results i n Table I, the success 
or f a i l u r e of the photo-Kolbe reaction to occur on SrTi03 
appears to be unrelated to the concentration of doping im
purities present i n th
be no obvious correlatio
SrTi03, as similar behavior has been observed on crystals 
which ranged i n appearance from bright blue to nearly black. 
We speculate, then, that the behavior we observe may rely on 
the presence of defect surface states which can provide 
optimal overlap with the SrTi03 corrosion potentials, and 
most l i k e l y with the oxygen evolution potential as well, for 
those electrodes which undergo photocorrosion. 

If this i s true, then the oxidation of carboxylic acids 
should be the preferred process on SrTi03 photoanodes, i n 
the absence of such defect surface states. We see from F i g 
ure 5 that the range of potentials reported for the normal 
Kolbe reaction (at platinum) actually crosses the valence 
band levels of both SrTi03 and Ti02 i n the neutral pH re
gion. It may well be that at high pH, the photo-Kolbe 
potential l i e s at or below the valence band edge for these 
semiconductors, consistent with the observation that photo-
Kolbe products are not observed under these conditions. 
Where there i s direct overlap with the valence band edge, the 
electron transfer process may be so f a c i l e as to give r i s e to 
the Hofer-Moest reaction (£), i n which the intermediate a l k y l 
r adical i s i t s e l f oxidized (while i t i s s t i l l adsorbed to the 
electrode surface) to give a carbonium ion. The reaction of 
this carbonium ion with the aqueous electrolyte would then 
y i e l d water-soluble products such as methanol, i n keeping 
with our observation that anodic gas evolution i s suppressed 
under these conditions. In acidic solutions, where the Kolbe 
reaction i s energetically allowed, i t s ki n e t i c competition 
with the other reactions on SrTi03 thus depends on the ab
sence of defect surface states which are present i n some 
electrode crystals and not i n others. 
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Summary and Conclusions 

According to this picture, then, the photo-Kolbe reac
tion should be the preferred reaction for defect-free SrTi03 
photoanodes i n acidic solutions, while the Hofer-Moest reac
tion should be preferred i n alkaline solutions. The presence 
of defect surface states on some electrodes would thus de
f l e c t the anodic chemistry of these electrodes toward photo
corrosion and oxygen evolution, to the detriment of the de
sired fuel-forming reactions. We do not yet know what the 
origi n or nature of such surface states might be, nor indeed 
can we offer direct evidence that they exist. However, they 
provide a plausible rationale for the behavior we observe, as 
well as a l o g i c a l target for future exploration. They also 
c a l l attention to a c r u c i a l problem which i s common to a l l of 
photoelectrochemistry a
kinetic control of energeticall
semiconductor-electrolyte interface. It i s toward this end 
that future experiments must be directed i f photoelectro
chemistry i s to become a viable means of solar energy u t i l i 
zation. 
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Abstract 

We report here that strontium titanate photoanodes, 
which previously have been thought to be impervious to elec
trolytic attack, can undergo rapid photocorrosion under 
photo-Kolbe reaction conditions in acidic electrolyte con
taining both sulfuric acid and acetic acid. Little, if any, 
corrosion is observed in aqueous sulfuric acid alone, and 
virtually no corrosion occurs in alkaline solutions, with or 
without added acetate. Furthermore, the corrosion process is 
independent of the trace element composition of the 
SrTiO3, and occurs only on some, but not a l l , photoelec-
trodes cut from any given boule of SrTiO3 under the same 
experimental conditions. We suggest that the observed be
havior is consistent with the presence of defect surface 
states which provide good overlap with the potentials of 
several plausible SrTiO3 corrosion reactions. The photo-
Kolbe reaction is thus considered to be the preferred reac
tion on defect-free SrTiO3 electrodes in acid solution, with 
photocorrosion dominating for kinetic reasons on those elec-
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trodes which have been etched insufficiently or otherwise 
treated so as to provide appropriately located surface 

states. 
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Photoelectronic Properties of Ternary Niobium 
Oxides 

K. DWIGHT and A. WOLD 
Department of Chemistry, Brown University, Providence, RI 02912 

Ferric oxide is known  have  optical band  of about 
2 eV, and the literature
chemical measurements on "conducting", n-typ 2 3 (1, 2, 3, 4, 
5). Unfortunately, any attempt to reduce ferric oxide results in 
the formation of magnetite as a distinct separate phase, and 
there is no solubility of this spinel in the corundum structure 
(5, 6). Thus, all the properties reported above for Fe2O3 were 
measured either on multiphase samples or on samples which con
tained impurities. 

The ternary iron oxides, as exemplified by the iron-niobium 
system, offer an opportunity to obtain single-phase, conducting 
n-type iron oxides; in which the conductivity can be controlled 
by means of chemical substitution. At first glance, FeNbO4 and 
FeNb2O6 might appear to be very different materials. Yet as 
MM'O4 and MM'2O6 they merely represent superstructures of the 
basic α-PbO2 structure obtained under the conditions of prepara
tion (7). Consequently, they form a solid solution in which the 
two valence states of iron are uniformly distributed throughout a 
single homogeneous phase (8). 

However, many ternary systems incorporate a second photoac
tive center in addition to the [FeO6] octahedra: in the present 
case, [NbO6] octahedra. The interaction between such multiple 
centers has not previously been investigated. In the present 
work, interband transitions are observed which appear characteris
tic of niobium centers, together with other transitions character
istic of the iron centers. Since these are homogeneous, single
-phase materials, this result suggests that caution should be exer
cised when applying the conventional band model to such oxide 
semiconductors. 

For materials with a single photoactive center, it is gener
ally observed that the optical band gap and flat-band potential 
are interrelated, so that lower band gaps appear to be accompanied 
by more positive flat-band potentials (4,9). Nevertheless, the 
non-active Α-site ions in such ternary compounds as BaTiO3, 
SrTiO3, Ba0.5Sr0.5Nb2O6 and Sr2Nb2O7 do have a perturbing effect 

0097-6156/81/0146-0207$05.00/0 
© 1981 American Chemical Society 
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(A, J_9 9_, 10) . Consequently, i f multiple photoactive centers can 
maintain s u f f i c i e n t l y independent existence i n a single compound, 
i t would be conceivable that s i g n i f i c a n t deviations from the usual 
correlation of high flat-band potentials with low band-gap ener
gies might occur. 

Effects of Composition and Structure 

Before proceeding to ternary oxides with multiple photoactive 
centers, the effects of composition and structure upon such photo-
electronic properties as optical band gap and flat-band potential 
for a given active center should be considered. It w i l l be seen 
that composition appears to primarily affect the flat-band poten
t i a l , whereas the band gap i s more sensitive to structure. 

Sr 2Nb 20 7 i s a pyrochlore; Ba~ 5 S rQ s N b2°6 i s a d e f e c t P e r o v " 
skite. In both materials
toactive centers. As show
of the pyrochlore i s more negative by 0.4 v o l t s , and i t s band gap 
i s correspondingly larger, as would be expected. But the respec
tive roles of structure and composition cannot be deduced from 
this comparison alone. 

BaTiO^ and SrTiO^ are both perovskites and have nearly the 
same op t i c a l band gaps. Yet the flat-band potential of SrTiO^ i s 
0.6 v o l t s more negative than for the barium analog, a difference 
comparable i n magnitude to that noted above for the niobates. 
Furthermore, i t can be seen from Figure 1 that the band gap i n the 
r u t i l e TiO^ i s s i g n i f i c a n t l y lower than i n these perovskite t i -
tanates. 

Thus, the behavior i n both the titanium and niobium systems 
i s consistent with the hypothesis that the Α-site cation i s p r i 
marily responsible for v a r i a t i o n i n flat-band potential while the 
structure i s primarily responsible for va r i a t i o n i n o p t i c a l band 
gap. Of course, i t has been noted elsewhere that other properties 
such as the magnitude of the quantum efficiency also depend upon 
structure (10). 

From Figure 1 i t i s evident that ^ 2 ° 3 9 F e N b ° 4 » a n d F e T i 0 3 

a l l have r e l a t i v e l y positive flat-band potentials, which i s pre
sumably a characteristic of the iron. The band gap i n the t i t a n -
ate appears to be associated with the [TiO^] octahedra; that i n 
the niobate appears to match f e r r i c oxide within structural v a r i 
a b i l i t y . From such a cursory analysis, there would appear to be 
no effect from the presence of a second photoactive center i n 
these two materials. 

However, the existence of such an effect can be demonstrated 
by the application of a recently proposed technique for the study 
of interband transitions having energies greater than the " o p t i 
c a l " band gap (11) . Standard procedures exist for the extraction 
of band-gap information from measurement of the o p t i c a l absorp
tion c o e f f i c i e n t , which has been shown to be proportional to the 
quantum eff i c i e n c y (photocurrent density divided by the incident 
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PHOTOELECTRONIC P R O P E R T I E S 
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Figure 1. Optical band gaps and fiat-band potentials (adjusted to pH = 13) for 
some photoanode materials (A, 7, 9, 10) 
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l i g h t flux) under conditions applicable to the materials consid
ered here (11, 12). The photoelectrolysis experiment provides an 
effective sampling region much thinner than can be obtained by 
polishing crystals, thereby extending the range of measurement to 
much higher energies. Since this technique i s not yet widely 
known, an outline of i t s p r i n c i p a l features i s presented i n the 
following section. 

Band-Gap Analysis 

Under moderate i r r a d i a t i o n , the reaction rate i n a photoelec
t r o l y s i s c e l l i s limited by the a r r i v a l rate of holes at the anode 
surface (12), i n which case the quantum efficiency η i s given by: 

η = 1 - [exp (-aW)]/(l + aLp) 

where a i s the op t i c a l absorptio
fusion length, and W i s the width of the depletiBn layer (12). 
Also, 

W - [2εε ο ( V - V „ ) / e N ] 1 / 2 

ο lb ο 
and i ; 

L * [εε (kT/ e)/eN ] / Δ 

ρ ο ο 
since the hole d i f f u s i o n length i s determined by bulk recombin
ation i n highly defective oxides (11, 12). 

The d i e l e c t r i c constant ε can be estimated to be of the order 
of 100, and the donor concentration Ν can be estimated from the 
measured conductivity, activation energy,and H a l l mobility to be 
of the order of 10 cm" . Then W ζ 10 cm and L i s even 
smaller, so that expansion of the exponential yielSs a quantum 
efficiency porportional to the optical absorption coefficient even 
for large values of o. 

The op t i c a l absorption coefficient for a single in|erband ^ 
transition i s related to the photon energy by α ̂  (hv) (hv - Eg) 
where Eg i s the band gap and n depends upon the character of the 
transition (n = 0.5 for allowed direct transitions; n = 2 for 
allowed indirect ones). Thus, i f experimental values for α are 
multiplied by hv and are plotted as (ahv) against hv, then a 
straight l i n e intersecting the energy axis at Eg w i l l be obtained 
when n correctly characterizes the transition. Since the t o t a l 
o p t i c a l absorption coefficient α for a compound comprises the sum 
of such contributions from successive interband transitions, i t s 
complete analysis must proceed i n stages. Each transition i s 
characterized i n turn, starting from the lowest energy, whereupon 
i t s contribution to the absorption i s extrapolated to higher ener
gies and subtracted from the tot a l a. However, the simple deter
mination of the interband transition energies does not require 
this elaborate process, the onset of each additional contribution 
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to the t o t a l α being c l e a r l y v i s i b l e as an abrupt increase i n the 
slope of the graph of (ahv) vs hv. Furthermore, higher-ener
gy direct transitions can often be id e n t i f i e d unambiguously with
out subtracting the contributions from lower-energy indirect ones. 

The absorption coef f i c i e n t increases with increasing photon 
energy, and each successive transition adds to the rate of i n 
crease. Consequently, the analysis of higher-energy transitions 
i s limited by the maximum value of α which can be measured, which 
i s inversely proportional to the thickness of the sample. In the 
photoelectrolysis experiment, the depletion layer forms a very 
narrow sampling region, so that the maximum value of α measurable 
by η i s large. This permits the determination of interband tran
s i t i o n s well above the energy of the lowest band gap (11). 

In order to i l l u s t r a t e the power and r e l i a b i l i t y of this ana
l y t i c a l procedure, the quantum efficiency η measured for SrTi0~, 
being proportional to a
hv and i s plotted i n Figur
the lowest-energy section of this graph (with n = 2) characterizes 
the transition as indirect. The energy intercept yields the value 
of 3.2 eV for the lowest band gap, which i s i n good agreement with 
previous absorption measurements (13) and with the calculation of 
Kahn and Leyendecker (14). 

The abrupt increase i n slope at 3.37 eV signals the presence 
of a higher-energy tra n s i t i o n , i n accord with the increased ab
sorption found by electromodulation measurement (15). The de
crease i n slope at 3.5 eV corresponds to a saturation of this con
tribution to the t o t a l absorption and i s not understood. Never
theless, several other materials give evidence of similar 
behavior. 

F i n a l l y , the tra n s i t i o n at 3.74 eV agrees both with the elec
tromodulation spectra (15) and with the band structure calculation 
(14). This higher-energy section does not appear greatly d i f f e r 
ent from the rest of Figure 2, although there i s some curvature of 
the data. Hgwever, this region becomes truly linear when replot-
ted as (nhv) versus hv, which establishes the direct character of 
the high-energy transition. 

Results and Discussion 

The quantum efficiency data for the defect pyrochlore 
Ba^ 5 S rQ 5 N b2°6 i S P r e s e n t e c i i n Figure 3 (10) . It shows an i n d i 
rect band gap at 3.4 eV with a " t a i l " extending to nearly 2.6 eV. 
The higher-energy tr a n s i t i o n at 4.4 eV shows some curvature of the 
data, and indeed, corresponds to a direct transition when replot-
ted as (nhv) versus energy (10). 

Similar data for the pyrochlore 8Γ^^20^ i s plotted i n Figure 
4. Here the pri n c i p l e indirect band gap occurs at 3.9 eV with a 
" t a i l 1 1 to nearly 3.4 eV. The data beyond 4.3 eV cannot be in t e r 
preted quantitatively because of a breakdown i n the conditions 
required for the band-gap analysis, but there i s an indication of 
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Figure 2. Band-gap analysis for SrTi03 (11) showing transitions at 3.2, 3.4, and 
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a transition i n the v i c i n i t y of 4.7 eV. Thus the behavior i s 
qualitatively similar to that observed i n the perovskite niobate, 
only shifted to higher energies. 

The analagous results f or the corundum Fe ?0 are given i n 
Figure 5. This shows an indirect band gap at 1.85 eV together 
with a direct band gap at 2.5 eV ( n ) . Such simple behavior i s i n 
sharp contrast with the complex succession of transitions shown i n 
Figure 6 for FeNbO^ (7). Here the lowest-energy transition at 
2.05 eV i s cl e a r l y indirect. It i s followed by several higher-
energy transitions at 2.68, 2.93, 3.24, and 4.38 eV, each giving 
r i s e to a sudden increase i n the slope of the curve, but so close 
together as to preclude r e l i a b l e determination of direct or i n d i 
rect character. 

The locations of these additional interband transitions are 
highly suggestive. That at 2.68 eV appears to correlate with the 
2.58 eV transition for
2.9, and 4.38 eV are reminiscen
3.4 eV, i t s " t a i l , " and the direct transition at 4.4 eV shown i n 
Figure 3 for Ba^ 5 S r Q 5Nb 20,. Thus the data for FeNbO^ show a l l 
the characteristics of the LNbO/] octahedra i n addition to a l l the 
characteristics of the [FeO.] centers. The greater s i m i l a r i t y to 
the perovskite niobate can be attributed to closer agreement be
tween their Nb-0 bond strengths as compared with those i n the 
pyrochlore structure. 

Summary and Conclusions 

When only a single species of photoactive center i s present 
in a compound, the presence of a non-active, Α-site cation pro
duces a characteristic s h i f t i n the flat-band potential. A change 
in structure, however, w i l l i n general produce a s h i f t i n the op
t i c a l band-gap energy. This i s accompanied by corresponding 
s h i f t s i n any other, higher-energy interband transition, but the 
qualitative features remain the same, and hence appear to be 
characteristic of the particular photoactive center. 

When two species of photoactive centers are simultaneously 
present, the higher flat-band potential appears to dominate. But 
i t i s evident that both species contribute their characteristic 
sets of interband transitions to the ensemble. In this respect, 
these oxide semiconductors behave d i f f e r e n t l y than the conven
ti o n a l , broad-band semiconductors. It would appear that different 
photoactive centers remain at least p a r t i a l l y independent. 

However, further experimentation embracing a variety of ter
nary systems w i l l be required to determine the degree of int e r 
action between such multiple centers. Preliminary results for 
Fe^WO, confirm the superposition of two characteristic sets of 
interband transitions. The optical band gap and flat-band poten
t i a l are essentially the same as i n FeNbO,, but the quantum e f f i 
ciency i s considerably greater. This suggests that there may be 
some enhancement of the photoresponse due to interaction between 
the iron and tungsten centers. 
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Figure 6. Band-gap analysis for FeNbOh (1) showing transitions at 2.05, 2.68, 2.9, 
3.24, and 4.38 eV 
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14 
Electrode Band Structure and Interface States in 
Photoelectrochemical Cells 

JOHN G. MAVROIDES, JOHN C. FAN, and HERBERT J. ZEIGER 

Lincoln Laboratory, Massachusetts Institute of Technology, Lexington, M A 02173 

E f f i c i e n t u t i l i z a t i o n of solar energy by means of photo-
e lec t ro l y s i s requires an electrode material that is not only 
stable but also has an electron a f f i n i t y that is small enough to 
give su f f i c ient band bending. In addit ion, sat i s factory 
material must have an energy gap that is well matched to the 
solar spectrum. The energy gaps of both TiO2 and SrTiO3, which 
have values of 3.0 and 3.2 eV, respect ive ly, are considerably 
too large to sat i s fy th is l a t te r requirement. 

Furthermore no better s ingle chemical compound has been 
found. This suggests try ing a combination of compounds for 
electrodes. We wi l l describe our program to develop electrodes, 
with the desired electrochemical properties, by such an 
approach. In par t i cu lar , we wi l l discuss composite structures 
and so l id solut ions. This i s an ongoing program and what wi l l 
be presented are mainly the concepts with only a few preliminary 
resu l t s . 

Compos ite E l e c t r o d e s 

Beg i nn i n g w i t h compos i te e l e c t r o d e s t he s i m p l e s t scheme 
here i s t o coa t t he s u r f a c e o f a sma l l gap semiconducto r t h a t i s 
w e l l matched t o t he s o l a r spectrum but which i s e l e c t r o -
c h e m i c a l l y u n s t a b l e w i t h a t h i n f i l m o f a wide gap, 
e l e c t r o c h e m i c a l l y s t a b l e s em iconduc to r . To demonst rate t he 
f e a s i b i l i t y o f u s i n g such a compos i te e l e c t r o d e , t he f i l m must 
be t h i n enough - o f t he o r d e r o f 50-100 Â o r l e s s - so t h a t a t 
l e a s t some o f t he photogenerated c a r r i e r s i n t he sma l l bandgap 
m a t e r i a l can t unne l th rough t o t he e l e c t r o l y t e . Fur thermore t he 
f i l m must not have any c r a c k s o r p i n h o l e s s i n c e t he se would 
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a l l o w the e l e c t r o l y t e t o p e n e t r a t e through t o t he smal l bandgap 
m a t e r i a l and cause d i s s o l u t i o n . The f o r m a t i o n o f such a t h i n 
d e f e c t - f r e e f i l m by c o n v e n t i o n a l t e c h n i q u e s i s v e r y d i f f i c u l t 
and a l though many a t tempts have been r e p o r t e d , success has not 
been ach i e ved {1_92J. 

We are i n v e s t i g a t i n g a s l i g h t l y more complex t ype o f 
compos i te e l e c t r o d e , i n which the sma l l bandgap semiconducto r i s 
p r o t e c t e d by a much t h i c k e r , two-phase f i l m such as shown i n 
F i g u r e 1. Here t h e low bandgap s u b s t r a t e m a t e r i a l i s CdSe, 
wh ich has an ες = 1.7 eV, and the l a r g e bandgap m a t e r i a l i s 
S r T i 0 3 . In t h i s arrangement t he p r o t e c t i v e c o a t i n g , which i s o f 
t h e o r d e r o f 50QÂ t h i c k , c o n s i s t s o f sma l l g r a i n s o f CdSe (~ 5C& 
i n s i z e ) i n a m a t r i x o f S r T i 0 3 . Dur ing p h o t o e l e c t r o l y s i s , t he 
h o l e - e l e c t r o n p a i r s a re generated i n t he CdSe and s epa ra ted by 
t h e d e p l e t i o n f i e l d . The ho l e s move t o the s u b s t r a t e - f i l m 
i n t e r f a c e and then t unne
CdSe. A f t e r a few jump
e l e c t r o l y t e . Th i s f i l m shou ld be e f f e c t i v e i n p r o t e c t i n g t h i s 
s u b s t r a t e p r o v i d e d the g r a i n s a re i s o l a t e d f rom each o t h e r . In 
t h i s case t he g r a i n s t h a t a re i n i t i a l l y i n c o n t a c t w i t h t he 
e l e c t r o l y t e w i l l be d i s s o l v e d away u n t i l a con t i nuou s p r o t e c t i v e 
s u r f a c e o f S r T i 0 3 i s l e f t i n c o n t a c t w i t h t he e l e c t r o l y t e . 

F i g u r e 2 i s a s chemat i c energy band d iagram o f t h i s 
compos i te e l e c t r o d e i n d i c a t i n g how t he m i n o r i t y c a r r i e r s 
f rom t he bu lk CdSe v a l e n c e band t unne l through the S r T i 0 3 t o 
CdSe g r a i n s v i a s u r f a c e s t a t e s . The easy passage o f m i n o r i t y 
c a r r i e r s th rough the i n t e r f a c e t o t he e l e c t r o l y t e r e q u i r e s t h a t 
t h e v a l e n c e band edge o f CdSe o v e r l a p t he s u r f a c e s t a t e s i n t he 
bandgap o f t he S r T i 0 3 . For f r e e passage o f t he m a j o r i t y 
c a r r i e r s between t he two s e m i c o n d u c t o r s , t h e i r e l e c t r o n 
a f f i n i t i e s s hou ld be equal so t h a t t he p o t e n t i a l b a r r i e r a t t he 
i n t e r f a c e s between them i s n e g l i g i b l e . These c o n d i t i o n s a re 
f a i r l y w e l l met i n t he CdSe -S rT iÛ3 sys tem. 

In c o n n e c t i o n w i t h t h i s system a number o f q u e s t i o n s a r i s e . 
F i r s t o f a l l , because o f i n t e r a c t i o n and s c a t t e r i n g e f f e c t s , t he 
o p t i c a l a b s o r p t i o n o f t he two-phase f i l m c o u l d be s i g n i f i c a n t l y 
g r e a t e r than t h a t o f t he i n d i v i d u a l components. In t h i s case i t 
would be neces sa ry t o s h i ne t he l i g h t onto t he back s u r f a c e o f 
t h e s u b s t r a t e and the s u b s t r a t e would have t o be ve ry t h i n , o f 
t h e o r de r o f t he d i f f u s i o n l e n g t h ; s e c o n d l y , even i f t he 
c a r r i e r s a re e x c i t e d through the p r o t e c t i v e l a y e r and w i t h i n t h e 
d e p l e t i o n r e g i o n o f the s u b s t r a t e , how e f f i c i e n t l y would they 
t r a n s f e r t o t he e l e c t r o l y t e ? What would the na tu re o f the 
s t a t e s a t t he i n t e r f a c e s be and how e f f i c i e n t l y would 
charge t r a n s f e r between t he g r a i n s t o t he e l e c t o l y t e . What 
would t he t u n n e l i n g e f f i c i e n c y be and would c a r r i e r s c a t t e r i n g 
be a problem? T h i r d l y , would the f i l m f a b r i c a t i o n proces s cause 
work damage t o t he s u b s t r a t e ? 
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Figure 1. Schematic of a CdSe-SrTi02 composite electrode (A refers to CdSe and 
Β to SrTiOs) 
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Figure 2. Energy band diagram of the CdSe-SrTiOs composite electrodes (A refers 
to CdSe and Β to SrTiOs) 
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F i n a l l y how would one make such a f i l m ? One way i s shown i n 
F i g u r e 3. What i s shown here s c h e m a t i c a l l y i s an r f s p u t t e r i n g 
sy s tem. The s u b s t r a t e i s mounted on a r o t a t i n g d i s c and a 
m i c r o p r o c e s s o r - c o n t r o l l e d u n i t i s used t o produce s e q u e n t i a l 
s p u t t e r i n g o f two d i f f e r e n t t a r g e t s , one f o r each component, 
w i t h p r o v i s i o n s f o r a d j u s t i n g t he p r o p o r t i o n s o f t he two com
ponents i n t h e f i l m t o any d e s i r e d v a l u e . A n n e a l i n g o r some 
o t h e r t r ea tmen t a f t e r t h e s p u t t e r i n g may be neces sa ry t o i n s u r e 
t h a t t h e S r T i 0 3 forms a con t i nuou s m a t r i x w i t h t he CdSe 
embedded i n i t . 

A l 1 oys 

Another approach t o t h e e l e c t r o d e problem i s t h a t o f a l l o y 
i n g e i t h e r T i 0 2 o r S r T i 0 3 w i t h analogous compounds t o form s o l i d 
s o l u t i o n s which c o u l d hav  lowe  bandgap d s t i l l r e t a i  t h
o t h e r d e s i r a b l e p r o p e r t i e s

A l l o y i n g i s w i d e l y used f o r a d j u s t i n g t he bandgaps i n s o l i d 
s o l u t i o n s o f such semiconducto r s as Ge and S i , and GaAs and GaP, 
where t he o u t e r e l e c t r o n s occupy s and ρ o r b i t a l s . In t h e s e 
broadband m a t e r i a l s an adequate d e s c r i p t i o n o f t he e l e c t r o n i c 
s t a t e s i s p r o v i d e d by t he band t h e o r y a p p r o x i m a t i o n ; as a r e s u l t 
a l l o y i n g s h i f t s t he energy gap a p p r o x i m a t e l y l i n e a r l y w i t h com
p o s i t i o n a l t hough t h e r e a re some cases i n which an i n t e r m e d i a t e 
c o m p o s i t i o n can have e i t h e r a maximum or a minimum bandgap. 

T r a n s i t i o n meta l s such as T i , however, have o u t e r d 
e l e c t r o n s which e x h i b i t a s t r o n g tendency t o be l o c a l i z e d and 
t h e s imp l e o n e - e l e c t r o n band model i s f r e q u e n t l y not a p p l i c a b l e 
t o t r a n s i t i o n - m e t a l compounds. Consequent l y t he se compounds and 
t h e i r s o l i d s o l u t i o n s a re g e n e r a l l y not so w e l l u nde r s t ood , 
a l t hough some expe r imen ta l da t a and t h e o r e t i c a l work on them 
e x i s t s . For t h e s e a l l o y s not o n l y can you get bandgap changes, 
but you can a l s o i n t r o d u c e s e p a r a t e bands o f l e v e l s due t o t he 
i n d i v i d u a l c o n s t i t u e n t s o f t he a l l o y , and the se can be p a r t i a l l y 
r e s p o n s i b l e f o r l ower energy t r a n s i t i o n s . For example, i n t he 
ca se o f m e t a l l i c a l l o y s o f Ni w i t h Cu, one f i n d s not j u s t a 
s i n g l e s e t o f d band s t a t e s , but two s e t s o f s t a t e s , one c o r 
r e spond i n g t o Ni d s t a t e s and the o t h e r t o Cu s t a t e s (_3). 

I t i s w e l l known t h a t t he v a l e n c e and c o n d u c t i o n bands o f 
TiO2 a r e d e r i v e d ma i n l y f rom t he oxygen 2 ρ s t a t e s and t i t a n i u m 
3 d s t a t e s , r e s p e c t i v e l y , (4J as shown i n F i g u r e 4 ( a ) . Less i s 
known o f t he compounds which a re c o m p l e t e l y m i s c i b l e w i t h T iU2 » 
namely TaO?, WO2, Nb02, VO2 and Μ0Ο2. The f i r s t t h r e e o f t he se 
compounds a re semiconducto r s w i t h a band s t r u c t u r e s i m i l a r t o 
TiO2 and energy gaps c l o s e t o 3 eV. VO2 on t he o t h e r hand, i s a 
s em iconduc to r below 65°C where i t undergoes a 
s e m i c o n d u c t o r - t o - m e t a l t r a n s i t i o n . I t s bandgap o f O.7 eV 
s e p a r a t e s two-subbands both d e r i v e d f rom vanadium d - s t a t e s as 
shown i n F i g u r e 4 ( b ) . X - r ay pho toemi s s i on da ta i n d i c a t e t h a t 
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Figure 4. Energy band diagrams (after Réf. 4) for Ti02, V02, and MoOt 
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t he gap i n VO2 analogous t o t he p - t o - d gap i n TiO2 i s l e s s than 
2 eV. T h e r e f o r e one might expect t h a t s o l i d s o l u t i o n s c o n t a i n i n g 
a l i m i t e d c o n c e n t r a t i o n o f VO2 w i l l have the same b a s i c band 
s t r u c t u r e as T i 02 but w i t h a s m a l l e r bandgap. Even l e s s i s 
known about Μ0Ο2, except t h a t i t i s a s em imeta l ; i t s t h e o r e t i c a l 
energy band d iag ram, as proposed by Goodenough, i s shown i n 
F i g . 4 ( c ) . 

Another i n t e r e s t i n g system i s based on a l l o y s o f S rT iÛ3 
w i t h o t h e r ΑΒΟ3 compounds o f the p e r o v s k i t e s t r u c t u r e and i s 
suggested by t he work o f T r i b u t s c h and c o - w o r k e r s , who have 
found s t a b l e p h o t o g a l v a n i c a c t i o n by u s i n g o p t i c a l e x c i t a t i o n 
between nonbonding d o r b i t a l s o f t r a n s i t i o n metal 
d i c h a l c o g e n i d e s such as MoSe2 ( 5 ^ , 7 ^ ) · The same mechanism 
e x p l a i n s t he p h o t o e l e c t r o c h e m i c a l s t a b i l i t y o f Fe2Û3 
(9 ,10,11,12) and YFe03 (.13). However, a b i a s v o l t a g e must be 
a p p l i e d t o o b t a i n p h o t o e l e c t r o l y s i
l a t t e r compounds, s i n c
S rT i 03 - LaFe03 s o l i d s o l u t i o n s appear i n t e r e s t i n g because we f e e l 
t h a t such a l l o y s c o u l d e x h i b i t s u b s t a n t i a l s o l a r a b s o r p t i o n due 
t o t r a n s i t i o n s between t he F e ^ + d - l e v e l s o f LaFe03 w h i l e 
r e t a i n i n g a l a r g e p r o p o r t i o n o f t he f a v o r a b l e band bending o f 
S r T i Û 3 . In terms o f t he energy diagrams o f F i g u r e 4 S r T i 0 3 
would be r e p r e s e n t e d by (a)and LaFeÛ3 by (b) where t he d - t o - d 
gap i s now ~ 2 eV. The p r e p a r a t i o n and c h a r a c t e r i z a t i o n o f 
p e r o v s k i t e based s o l i d s o l u t i o n s , i n c l u d i n g a 50/50 
LaFe03 -S rT iÛ3 a l l o y , has been r e p o r t e d ve ry r e c e n t l y by Rauh e t 
a l ( 1 4 ) . For t he l a t t e r compound, t h e s e r e s e a r c h e r s observed 
photoresponse a t photon e n e r g i e s i n t he 2 eV r ange , but w i t h 
v e r y low p h o t o c u r r e n t s . 

Exper iments 

P r e l i m i n a r y exper iment s w i t h t he compos i te e l e c t r o d e s 
i n d i c a t e t h a t o p t i c a l s c a t t e r i n g does not appear t o be a 
p rob lem; t h e a c t i o n s p e c t r a o f t he compos i te f i l m s are s i m i l a r 
t o t ho se o f t he bare s u b s t r a t e e l e c t r o d e s . The c u r r e n t - v o l t a g e 
c u r v e s , such as shown at t h e bottom o f F i g u r e 5 f o r a 50/50 
c o m p o s i t i o n o f CdSe and S r T i 0 3 , i n d i c a t e t h a t c a r r i e r s c a t t e r i n g 
i s a prob lem. Under i l l u m i n a t i o n , t he i n i t i a l compos i te 
e l e c t r o d e s d i s p l a y ve r y low p h o t o c u r r e n t s (~ 10 "^ o f the 
s u b s t r a t e m a t e r i a l ) and a l i n e a r dependence o f c u r r e n t on 
e l e c t r o d e p o t e n t i a l under both c a t h o d i c and anod ic c o n d i t i o n s , 
w i t h no s a t u r a t i o n e f f e c t i n t he anod i c d i r e c t i o n . Such 
b e h a v i o r i s s u g ge s t i v e o f a b a r r i e r i n which t he c a r r i e r f l o w i s 
d i f f u s i o n l i m i t e d , which would be t he case i f c o l l i s o n s at t he 
CdSe -S rT iÛ3 g r a i n boundar ie s were s i g n i f i c a n t ( 1 5 ) . Annea l i n g 
t h e e l e c t r o d e i n an Ar atmosphere t o ~ 80(PC and then s l o w l y 
c o o l i n g i n c r e a s e s t he photoresponse by one o r d e r o f magnitude 
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but how much improvement w i l l u l t i m a t e l y be o b t a i n e d i s not y e t 
known. 

Most o f t he T iÛ2 and S rT iÛ3 a l l o y s were made by f i r i n g 
m i x t u r e s o f powders o f t he a p p r o p r i a t e o x i d e s . S t o i c h i o m e t r i c 
m i x t u r e s o f t he s t a r t i n g m a t e r i a l s , which had a p u r i t y o f a t 
l e a s t 99.995% as o b t a i n e d f rom Johnson Matthey Chemica l s 
L i m i t e d , a re f i n e l y ground and s i n t e r e d i n a i r a t ~ 1100°C f o r 
about 12 hou r s . The m a t e r i a l s a re then pres sed i n t o d i s c s , 
about 1 cm i n d i amete r and 1 mm t h i c k , and then r educed , 
depend ing on t he a l l o y and c o m p o s i t i o n , a t tempera tu re s between 
100(PC and 140(PC and t imes r a n g i n g f rom 3 t o 12 hours i n an 
atmosphere o f e i t h e r f o rm ing gas or Ar i n o rde r t o o b t a i n 
c o n d u c t i v i t i e s which range between 1 0 " 1 and 10"3 mho/cm. 
A l t hough we have f a b r i c a t e d s o l i d s o l u t i o n s o f TiÛ2 w i t h Ta02, 
NbÛ2, VO2 and M0O2, t he d i s c u s s i o n here w i l l be l i m i t e d t o t he 
Nb a l l o y s . In t h e cas  S r T i Û 3
between t h i s semiconducto

F i g u r e 6 shows t he v a r i a t i o n o f i n t e g r a t e d p h o t o c u r r e n t 
v e r s u s photon energy f o r s e v e r a l e l e c t r o d e s o f Nb c o m p o s i t i o n , 
namely f o r 5, 10 and 20% Nb02 i n T i02« A l s o shown f o r 
compar i son i s t he r e s u l t f o r a TiO2 e l e c t r o d e which was reduced 
so as t o be c o n d u c t i n g . In t h e s e measurements t he e l e c t r o d e s , 
wh ich a re a l l η - t ype , were h e l d a t a p o t e n t i a l o f + 1.0 V r e l t o 
SCE. A 150 W Xe lamp i n comb ina t i on w i t h l ow-energy -pa s s c o l o r 
f i l t e r s was used t o o b t a i n t h e s e a c t i o n s p e c t r a . Such a 
t e c h n i q u e , w h i l e o n l y y i e l d i n g approx imate a c t i o n s p e c t r a , i s 
u s e f u l i n cases where t he photoresponse i s l ow. I t w i l l be 
noted t h a t a l l t h e e l e c t r o d e s have maximum response i n t he UV 
but t h a t t he T i -Nb e l e c t r o d e s have a response which extends 
below 3 eV i n t o t h e v i s i b l e r e g i o n . U n a l l o y e d T iÛ2 a l s o showed 
some response i n t o the v i s i b l e , but i t was two o rde r s o f 
magnitude lower than f o r t he a l l o y s . S t a r t i n g w i t h the dashed 
c u r v e s , an i n c r e a s e i n t he low energy photoresponse i s 
o b t a i n e d as t he c o m p o s i t i o n i s i n c r e a s e d f rom 5 t o 10% Nb and a 
sma l l dec rea se as t h e c o m p o s i t i o n i s f u r t h e r i n c r e a s e d t o 20% 
The dec rease i n t he l a t t e r a l l o y i s no doubt due t o t he f a c t 
t h a t i t i s a two-phase m a t e r i a l as i d e n t i f i e d by x - r a y 
d i f f r a c t i o n p a t t e r n s . At the h igh energy end o f t he spec t rum, 
on t h e o t h e r hand, a dec rea se i n photoresponse i s found i n go ing 
f rom Τ1Ό2 t o i n c r e a s i n g amounts o f Nb. Th i s tends t o suggest 
t h a t t he same mechanism which produces t he low energy 
s e n s i t i z a t i o n a l s o causes t he lowered h igh energy response i n 
agreement w i t h t he o b s e r v a t i o n s o f Maruska and Ghosh f o r doped 
T i 02 e l e c t r o d e s ( 1 6 ) . Th i s i s not c o m p l e t e l y t r u e , however, as 
t h e s o l i d cu r ve l a b e l l e d (B) on t h i s p l o t i n d i c a t e s . Th i s cu r ve 
i s t he a c t i o n spectrum o f the o r i g i n a l 5% Nb sample l a b e l l e d (A) 
t a ken a f t e r i t was r e o x i d i z e d i n a i r a t 1000PC f o r 10 minutes 
and t h e n , reduced a g a i n . Th i s heat t r ea tmen t has improved not 
o n l y t he low energy end o f t he spectrum but a l s o t he h igh energy 
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Figure 5. Comparison between l-V curves of a single-crystal, bare CdSe elctrode 
(top) and a composite electrode (bottom) with light ( ) and in the dark ( ) 

(pH—4.7) 
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Figure 6. Integrated photocurrent vs. photon energy obtained with a 150-W Xe 
lamp in combination with low-energy-pass color filters. Electrodes are biased at 
+1.0 V relative to SCE (pH 10). See text for difference between (A) and (B). 
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end. The r e s u l t suggests t he need f o r more d e t a i l e d and c a r e f u l 
c h a r a c t e r i z a t i o n s (both p h y s i c a l and chem i ca l ) o f t he b a s i c 
m a t e r i a l p r o p e r t i e s i n o rde r t o o p t i m i z e t he photoresponse. 

F i g u r e 7 i s a compar i son o f the r e s p o n s i v i t y ( t h a t i s , t h e 
v a r i a t i o n o f t he no rma l i z ed pho tocu r r en t w i t h photon e n e r g y ) , o f 
t h e 5% Nb a l l o y e d sample ( l a b e l l e d (B) i n F i g u r e 6 ) , o f T i 02 
s i n g l e c r y s t a l and o f a NbÛ2 powder d i s c e l e c t r o d e . The 
peak response o f the a l l o y i n t he u l t r a v i o l e t i s one o rde r o f 
magnitude down f rom t h a t o f T iÛ2 ; t he a l l o y a l s o has a response 
i n t he v i s i b l e w h i c h , however, i s s e v e r a l o r de r s down from t h a t 
i n t he UV. 

The s i n t e r e d NbU2 e l e c t r o d e response peaks i n t he UV but 
has a t a i l i n response which extends i n t o t he v i s i b l e . The 
photoresponse i n t he UV i s f a s t which suggests t h a t t h i s 
re sponse a r i s e s f rom e l e c t r o n i c t r a n s i t i o n s between t he v a l e n c e 
and c o n d u c t i o n bands, an
NbÛ2 o f about 3.3 eV. Th
hand i s s l ower and p robab l y a r i s e s f rom s t a t e s w i t h i n t he 
bandgap. The response o f t he Tio.95Nbo.05O2 a l l o y i s a lmost a 
r e p l i c a o f t he NbÛ2 response but w i t h an apparent s h i f t o f t he 
energy gap t o lower e n e r g i e s (~ 2.7 eV) and a l s o a h i g h e r 
r e s p o n s i v i t y . Th i s r e p r e s e n t s a s h i f t o f t he energy bands 
r a t h e r than a t a i l i n g o f t he Ή Ο 2 response which t a ke s p l a c e 
w i t h dop ing ( 16 ) . I n t e r e s t i n g l y , t h i s e x t r a p o l a t i o n suggests 
t h a t t he a l l o y might have a bandgap which i s l e s s than t h a t o f 
t h e two s t a r t i n g m a t e r i a l s . Such e f f e c t s have been observed i n 
wide band s em iconduc to r s , e . g . , t he ZnSe-ZnTe system ( 17 ) . The 
f a c t t h a t t he s t r u c t u r e i n t he a l l o y a c t i o n spectrum i s s i m i l a r 
t o t h a t o f pure reduced NbÛ2 i m p l i e s t h a t s i m i l a r s t a t e s e x i s t 
i n t h e a l l o y as i n t he reduced NbÛ2 and t h a t t he low energy 
re sponse i n t h e a l l o y i s not due ma i n l y t o s t r a i n s a r i s i n g f rom 
inhomogen iety o r a l l o y i n g . C o n d u c t i v i t y ve r su s tempera tu re 
p l o t s i n d i c a t e t h a t r e l a t i v e l y s h a l l o w energy l e v e l s below t h e 
c o n d u c t i o n band a re i n t r o d u c e d by t h e r e d u c t i o n p r o ce s s . Thus 
t h e s e s t a t e s a re bu lk and not s u r f a c e s t a t e s . 

F i g u r e 8 compares t he r e s p o n s i v i t i e s o f a pure LaFeÛ3 
powder d i s c , s i n g l e - c r y s t a l S rT iÛ3 and 20% LaFeÛ3 i n S r T i Û 3 . 
Curve A, t he r e s p o n s i v i t y o f t he a l l o y , i n d i c a t e s response both 
i n t h e v i s i b l e as w e l l as i n t h e UV. R e c e n t l y o t h e r methods o f 
e l e c t r o d e f a b r i c a t i o n have been r e p o r t e d w i t h r e l a t i v e l y h igh 
e f f i c i e n c i e s ; f o r example, Augus tyn sk i e t a l (18) have prepared 
t h i n f i l m s o f T i 02 doped w i t h meta l s such as A l and Be on T i 
s u b s t r a t e s by a s p r a y i n g t e c h n i q u e . Another f a b r i c a t i o n 
t e c h n i q u e which i s q u i t e s imp le i n p r i n c i p l e i s t o f i r e o x i d e 
m i x t u r e s on T i metal i n t he method r e c e n t l y d e s c r i b e d by 
Guruswamy and B o c k r i s (19) who s t u d i e d LaC r03 -T i 02 e l e c t r o d e s . 
Here aga in a very t h i n f i l m o f m a t e r i a l i s formed and a 
s i g n i f i c a n t photoresponse i s o b t a i n e d . F a b r i c a t i o n t e c h n i q u e i s 
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Figure 7. Comparison between responsivities of single-crystal n-Ti02, pressed-disc 
n-Nb02, and pressed-disc n-Ti0 95Nb0 0sO2. Electrodes are biased at +1.0 V rela

tive to SCE (pH = 10). 
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Figure 8. Comparison between responsivities of single-crystal n-SrTiOs, pressed-
disc p-LaFeOs, and n-O.8 SrTiO3-O.2 LaFeOs. SrTiOs and the alloys are biased at 
+1.0 V relative to SCE while p-LaFeOs is biased at—O.7 V relative to SCE (pH = 

10). See text for difference between (A) and (B). 
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Figure 9. Comparison between I-V curves of O.8 SrTiOs-O.2 LaFeOs film and 
single-crystal SrTiOs (pH = 10) 
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thus ve r y impo r tan t i n d e t e r m i n i n g photo re sponse , e s p e c i a l l y f o r 
a l l o y s . 

Curve (Β) o f F i g u r e 8 g i v e s t he photoresponse f o r a t h i n 
e l e c t r o d e p repared e s s e n t i a l l y by t he method o f Guruswamy and 
B o c k r i s . I t w i l l be noted t h a t a l though both e l e c t r o d e s (A) and 
(B) have t he same v i s i b l e photo re sponse , which i s i n t e r m e d i a t e 
between t h a t o f the two end m a t e r i a l s but very l ow, t he f i l m , 
e l e c t r o d e ( B ) , has a much h i g h e r response f rom t he UV i n t o t h e 
v i s i b l e . I f t he se a l l o y s a re t o prove u s e f u l , t h e i r low energy 
re sponse needs t o be r a i s e d , perhaps by a comb ina t i on o f 
improved f a b r i c a t i o n t e c h n i q u e s and i d e n t i f i c a t i o n o f the 
optimum a l l o y c o n c e n t r a t i o n . 

F i g u r e 9 compares t he I-V cu r ve s o f e l e c t r o d e s formed f rom 
t h e S rT i 03 - LaFe03 a l l o y f i l m and the s i n g l e - c r y s t a l S r T i 0 3 a t 
pH = 10. I t w i l l be observed t h a t ( w i t h a 150 W Xe lamp) t h e 
onse t o f pho to cu r r en t f o
t h e SCE j u s t as n e g a t i v
b i a s t he S rT iÛ3 e l e c t r o d e g i v e s a much l a r g e r p h o t o c u r r e n t , 
i n d i c a t i n g much l e s s h o l e - e l e c t r o n r e c o m b i n a t i o n . 

In summary, we have d e s c r i b e d t he main concept s o f two 
components o f our program, one on compos i te m a t e r i a l s and t he 
o t h e r on a l l o y s . The exper iment s on compos i te m a t e r i a l s a r e 
s t i l l not advanced enough t o t e l l how e f f e c t i v e such m a t e r i a l s 
w i l l be as e l e c t r o d e s . The r e s u l t s on t he a l l o y s show some 
p rom i se , and p o i n t t o t he need f o r a more b a s i c m a t e r i a l s 
approach i n o r de r t o o b t a i n improved e l e c t r o d e s . T h i s work was 
suppo r ted by t he S o l a r Energy Research I n s t i t u t e . 

Abstract 

Presently available semiconducting electrodes suitable for 
the photoelectrolysis of water are inefficient because their 
action spectra are not well matched to the solar spectrum. In 
terms of band structure, the energy gaps of the usual stable 
semiconducting electodes are too large. Semiconductors with 
smaller energy gaps, on the other hand, are usually not 
photoelectrochemically stable; furthermore, they have electron 
affinities which are too large. One solution to these 
contradictory requirements, the use of layer type compounds with 
d-energy bands, has been recently investigated Tributsch and 
co-workers. Another possible solution is the use of composite 
electrodes. In such electrodes, interface states become 
particularly significant. Not only are the states at the 
electrode-electrolyte interface important, but also those at 
interfaces between elements of the composite electrode. In this 
talk we will discuss the electronic properties of several kinds 
of composite electrodes in terms of energy band structure and 
interface states, as well as their fabrication and operation in 
photoelectrochemical cells. This work was supported by the 
Solar Energy Research Institute. 
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Photoelectrochemical
tric and/or chemical energy
metal electrodes is a promising system for the in vitro simula
tion of the plant photosynthetic conversion process, which is con
sidered one of the fundamental subjects of modern and future 
photoelectrochemistry. Use of chlorophylls(Chls) and related 
compounds such as porphyrins in photoelectric and photoelectro
chemical devices also has been of growing interest because of its 
close relevance to the photoacts of reaction center Chls in photo
synthesis. 

Although Chl, as well as most of biological pigments isolated 
from living organisms, is unstable under ambient conditions, the 
usefulness of Chl as a photoreceptor in in vitro studies is im
portant for the following reasons: 
(a) its capability of utilizing red incident light, 
(b) strong redox reactivities in its excited states, 
(c) the occurrence of highly efficient energy migration among 

excited molecules, 
(d) the ability to form a wide variety of photoactive derivatives 

absorbing in far red region, such as Chl-nucleophile aggrega
tes, and 

(e) the availability of its surfactant structure which enables 
the ideal incorporation of the molecule into membrane struc
tures. 

Based on these characteristics, a number of investigations of the 
photoelectrochemical as well as the photovoltaic effects of in 
vitro Chl have appeared during the last decade. 

Besides developing an efficient model system, the goal of 
light conversion studies using in vitro Chl is to obtain as much 
useful information about the photobehavior of Chl as possible 
in order to identify the in vivo reaction mechanisms involved. To 
this end, various photoelectrochemical approaches have emphasized 
the molecular configuration and geometry of Chl. Although 
studies in this field are currently progressing rapidly, this 
paper will review the photoelectrochemical behavior of Chl from 
the physical and photochemical perspectives. 

0097-6156/81/0146-0231$05.25/0 
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1. Morphological Aspects of Chlorophyll I n t e r f a c i a l Layers 

We are primarily concerned with several t y p i c a l modes of the 
Chl i n t e r f a c i a l layer relevant to photoelectric and photoelectro
chemical systems. Since the Chl molecule, a surfactant pigment 
consisting of a p a r t i a l l y hydrophilic porphyrin ring and a t o t a l 
l y hydrophobic phytol chain, i s insoluble i n water, i t i s general
l y employed for photoelectric and photoelectrochemical measure
ments i n the form of a s o l i d (or quasi-solid) f i l m deposited on 
an electrode surface. Such Chl films are divided into three t y p i 
c a l modes according to molecular configuration. 

1) Amorphous Films. An amorphous f i l m i s generally pre
pared by solvent evaporation of a dry organic solution of Chl on 
a s o l i d substrate surface. The vacuum sublimation technique, 
which i s widely employe
ble to Chl due to possibl
The red absorption peak of a dry amorphous Chl a f i l m i s around 
675-680 nm. This i s red-shifted from that of monomeric Chl a 
(660 nm) i n organic solution (1,2), indicating that aggregated 
forms of Chl a such as dimers and oligomers (absorbing i n the red 
at 670-680 nm (293^) ) are involved. 

2) Macrocrystalline Chlorophyll and Its Films. The crys
t a l l i z a t i o n effect i s a characteristic of Chl. Jacob et at.(5) 
established evidence for the s i g n i f i c a n t role of water i n the for
mation of macrocrystalline Chl. Later, Ballschmiter and Katz (6) 
explained this microcrystalline form of Chl a, absorbing i n the 
red around 740 nm, i n terms of (Chl α-Η2θ) η adduct. A great deal 
of study has focused on the structural and photochemical charac
t e r i z a t i o n of various Chl-I^O aggregate species (2,3,4,6-13). The 
relevance of these far-red absorbing aggregates as structural 
models to the photosynthetic reaction center Ρ700 (14), which i s 
believed to involve a special pair of Chl a, has also been a sub
ject of intense study (3,4,7,9,10,11,13); for example, structual 
proposals for Chl α-Η 20 species have suggested that the water 
molecule i s bound to Chl a with i t s oxygen coordinated to a cen
t r a l magnesium and with i t s hydrogen to the C-9 keto carbonyl 
group (_7>13) or the C-10 keto carbonyl (9_,10) i n the porphyrin ring. 
It i s known that other nucleophiles can also associate to form 
aggregates similar to Chl-H 20 species (8). It should be noted that 
the formation of these hydrated Chl species as well as their l i g h t 
reactions may be involved more or less i n the other types of Chl 
films prepared on electrodes, with the extent depending s i g n i f i 
cantly on the method of preparing the f i l m as well as the experi
mental conditions. 

Chl α-Η 20 microcrystals (745 nm) (5,6,10,11) and other hy
drated Chl species are readily obtained by allowing a small 
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amount of water to remain i n solutions of Chl a dissolved i n s u i t 
able nonpolar organic solvents. Films can be formed on the s o l i d 
(electrode)surface by solvent evaporation. A Chl a-H2Û macrocrys
t a l l i n e f i l m can be prepared conveniently by the electrodeposition 
technique established by Tang and Albrecht (15); the microcrystals 
(positively charged) i n 3-methylpentane suspension are deposited 
on the electrode substrate (cathode) under applied f i e l d s (about 
1 kV/cm ), allowing for uniform films as thick as several hundred 
monolayers. This microcrystalline f i l m (740-5 nm) can easily be 
converted to an anhydrous and amorphous form (675 nm) by heating 
the f i l m below 70°C. 

3) Monolayer Assemblies of Chlorophyll 9 Monolayer and 
multilayer films of Chls have been studied i n d e t a i l since 1937 
(16,17). From the b i o l o g i c a l point of view, Chl monolayer arrays 
are of interest because they may be important i n the structure of 
the chloroplast-lamella
Due to their surfactan
stable monolayer-forming pigments, and surface pressure-molecular 
area (Π-Α) isotherms of their monolayers formed at air-water 
interfaces have been well characterized (20). It i s believed that 
at the water surface Chl molecules are oriented with the porphyrin 
rings and phytol chains directed upward and the hydrophilic ester 
linkages downward. Monolayers and mixed monolayers of Chls are 
prepared on a neutral agueous buffer surface and can be deposited 
at a controlled surface concentration onto a s o l i d substrate by 
the Langmuir-Blodgett technique (21). Such preparation and deposi
tion techniques are specified i n li t e r a t u r e s (20,22,23). As a 
typic a l feature, a monolayer f i l m of pure Chl a possesses absorp
tion peaks at 675-680 nm and 435-440 nm with corresponding o p t i c a l 
densities of O.008-O.01 and O.01-O.013 i n the red and blue bands, 
respectively (24,25). The red-shifts observed i n the absorption 
peaks with respect to Chl a i n solution may result from dipole-
dipole interaction between Chl molecules (20). 

Various inert compounds such as fatty acids, fatty alcohols, 
and l i p i d s behave as two-dimensional diluents for Chl monolayers 
and lead to the formation of homogeneously mixed monolayers (20). 
These diluents have f a c i l i t a t e d the study of Chl-Chl energy trans
fer within a two-dimensional plane as a function of the intermo-
lecular Chl separation (26,27). In s u f f i c i e n t l y d i l u t e mixed 
monolayers, a majority of the Chl molecules are thought to exist 
i n the monomeric state, with their mutual aggregations e f f e c t i v e l y 
suppressed within the geometrically controlled, ordered configu
ration. Multilayers (built-up monolayers) of Chl a have also been 
studied (23) and u t i l i z e d for photovoltaic studies (see the next 
section). The molecular orientation i n such Chl a multilayers has 
been ascertained from the observed dichroism i n spectropolarization 
measurements with respect to absorption (23) and emission (28). 

It has been reported that Chl a i n both microcrystalline 
films (5,10) and monolayer assemblies (23) are f a i r l y stable over 
long periods of time. 
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was 2%. Similar differences between c r y s t a l l i n e and amorphous 
films were reported e a r l i e r by Corker and Lundstrom (42). However, 
they mentioned that the photοconductive and r e c t i f y i n g nature of 
the s o l i d Chl a layer i s not attributable to the postulated organic 
semiconductivity of Chl a, but more l i k e l y to an oxide layer exist
ing on the metal surface which functions as a r e c t i f y i n g barrier 
and to a large number of trapped electrons which act l i k e dopants 
within the layer. Such a concept i s compatible with McCree's 
postulation (34), although there are differences i n the f i l m config
urations i n their systems. 

Whether or not Chl i s regarded i n t r i n s i c a l l y as an organic 
semiconductor, the s o l i d Chl layer i n contact with a metal does 
display a p-type photovoltaic effect, and i t s efficiency depends 
s i g n i f i c a n t l y on the morphology of the Chl layer as well as the 
nature of the metal. The effect corresponding to a p-type photo-
conductor can also be expecte  /  / 
l i q u i d i n a photoelectrochemica
fact compatible with th  photoelectrochemica
for most of Chl-coated metal electrodes, as w i l l be shown l a t e r . 

3. Electrochemical Energetics of Chlorophyll 

The ground state oxidation and reduction potentials of Chl a 
and b i n various organic solutions have been measured by a number 
of investigators. These experimental data as well as other impor
tant energy parameters for Chls have been covered i n a recent 
review by Seely (43). It i s noted that the potential values re
ported by various investigators are not i n good agreement. This 
might r e f l e c t the d i f f i c u l t y (due to junction potentials) i n cor
relating the observed redox potentials (versus, e.g., Ag) i n organic 
media to those i n aqueous media referred to the SCE (saturated 
calomel electrode) or the NHE, rather than results from solvent 
effects. Taking the various sources of data into account, one-
electron oxidation and reduction potentials for Chl a are +O.52 
to +O.62 V vs. SCE and -1.08 to -1.25 V vs. SCE, respectively; 
those for Chl b are +O.56 to +O.72 V vs. SCE and -1.03 to-1.29 
V vs. SCE, respectively. We recently measured the redox potentials 
for Chls by c y c l i c voltammetry (mainly i n DMF medium), employing 
ferrocene as a standard redox sample to correct for the reference 
electrode potential. The results obtained were +O.59 V and -1.17 
V vs. SCE for Chl a oxidation and reduction (one-electron), and 
+O.63 V and'v-1.1 V vs. SCE for Chl b oxidation and reduction (44). 
A l l are within the range of previously reported values. Using 
singlet and t r i p l e t excitation energies reported for Chl a, 
1.85 eV (45) and 1.33 eV (46), and for Chl b, 1.91 eV (45) and 
1.39 eV (46), respectively, oxidation potentials of Chls i n the 
ground and excited states are presented i n Figure 1 and compared 
with redox potentials of other b i o l o g i c a l l y important reagents. 

Another topic of interest i s the reaction of excited state 
Chl a with water. This occurs as a result of the primary photo-
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2. In t r i n s i c Photoelectrical Behavior of Solid Chlorophyll Films 

Since photoelectrochemical measurements deal mostly with 
s o l i d i n t e r f a c i a l layers of Chl i n contact with electrodes, i t 
i s of prime importance to understand the photoelectric properties 
of Chl i n the s o l i d state. Prior to any photoelectrochemical 
studies, a number of investigations of the photoconductive behav
ior of Chl were performed based on the hypothesis (29,30) that 
charge separation i n photosynthetic primary reactions may result 
from the photoconduction i n Chl systems. Among the early studies 
of Chl photophysics were those by Nelson (31) and Arnold and 
Macley (32) who measured photoconductivities of solvent-evaporated 
Chl films on platinum grids and of monolayer assemblies on c o l l o i 
dal graphite grids, respectively. Therein and co-workers (33) 
studied the photoconductivity of microcrystalline Chl layers sand
wiched between two electrode
layer as a p-type organi
later study by McCree (34) pointed out that monolayer assemblies 
of Chl are undoubtedly i n e f f i c i e n t p hotoconductors. A similar 
conclusion was made by Reucroft and Simpson (35) using Chl a 
multilayers coated on Sn02 or Sn electrodes. However, the photo
v o l t a i c effect of Chl a was enhanced s i g n i f i c a n t l y by superimposed 
monolayers of an electron acceptor or doner. This effect of the 
added acceptor layers has also been established by Shkuropatov 
et al. (36) and Janzen and Bolton (37) using amorphous films and 
monolayers of Chl a, respectively, placed on A l electrodes. 

High power e f f i c i e n c i e s of photovoltaic effects due to 
metal / Chl layer contacts have recently been reported using 
metal / Chl a I metal sandwich-type dry c e l l s . Meilanov et al. (38) 
reported quantum e f f i c i e n c i e s as high as 10% for the charge gen
eration in amorphous Chl a films between A l electrodes. Tang and 
Albrecht (39,40), employing the electrodeposition technique, have 
extensively studied the metal / microcrystalline Chl a I metal sand
wich c e l l s with respect to various combinations of metals with 
different work functions. In their systems, microcrystalline 
Chl a (the hydrated form absorbing at 745 nm) behaved as an e f f i 
cient p-type semiconductor, and the highest power conversion 
effi c i e n c y , 5 χ 10~ 2% at 745 nm (O.7% photocurrent quantum e f f i 
ciency), was obtained i n the c e l l mode, Cr / Chl a I Hg (40). They 
attributed the photovoltaic effect to a potential barrier 
(Schottky barrier) formed at the contact of the low work-function 
metal (e.g.,Cr) and the p-type organic semiconductor (c r y s t a l l i n e 
Chl a). More recently Dodelet et al. (41) studied A l / Chl a I Ag 
photovoltaic c e l l s (the A l / Chl a contact i s photoactive) where 
the photoconductivities of microcrystalline layers and amorphous 
(anhydrous) layers were compared. The power conversion efficiency 
in the former U O.2%) was much higher than i n the l a t t e r U O.04%), 
which supports the contention that the c r y s t a l l i n e form i s a 
better photoconductor than the amorphous form. In this study, the 
maximum photocurrent quantum efficiency for the c r y s t a l l i n e Chl a 
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Figure 1. Correlation of one-electron oxidation potentials for Chl a and Chl b in 
the ground (S0) and excited singlet (SJ and triplet (Tt) states with redox potentials 
of some donor and acceptor species at pH 7 ((MV) methylviologen; (H2Q) hydro-

quinone) 
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synthetic processes i n terms of the enzyme-assisted oxidation of 
water by the excitation of photosystem II reaction center Chl a 
(P680) and reduction of NADP (or protons i n the presence of hydro-
genase) by the excitation of photosystem I reaction center Chl a 
(P700). From Figure 1, one can see that the excited singlet state 
of in vitro Chl a, as well as Chl b, can reduce water on an ener
getic basis since an overpotential of about O.7 V i s available. 
However, i t i s known (47,48) that excited Chl a i n solution under
goes electron transfer reactions with redox species exclusively 
v i a a long-lived t r i p l e t state (lifetime, ca. 2 ms (49)). Since 
the oxidation potentials of ground and t r i p l e t excited state Chls 
are situated close to the oxidation (+O.57 V vs. SCE) and reduction 
(-O.66 V vs. SCE) potentials of water, respectively, i n neutral 
solution, the photodecomposition of water by t r i p l e t excited Chls, 
namely, 

may not be e f f i c i e n t at pH 7. On the other hand, either reaction might 
be promoted when the pH of solution (i.e.,redox potential of water) i s 
varied so as to favour the reaction. This conjecture i s consistent 
with the demonstration of water s p l i t t i n g either i n an acidic elec
trolyte (for the reaction 1) or i n an alkaline electrolyte (for the 
reaction 2) as w i l l be described i n the next section. In connec
tion with reaction 2, Watanabe and Honda (50) recently found that 
the rate constant for the reaction of the Chl a cation r a d i c a l with 
water i n a c e t o n i t r i l e medium i s extremely low. However, the redox 
potential as well as the reaction behavior investigated i n organic 
solutions may not be d i r e c t l y applicable to the energetics of a 
s o l i d Chl layer-aqueous solution interface, the general condition 
i n a photoelectrochemical system. 

4. Photoelectrochemical Systems Involving Chlorophyll-Coated 
Semiconductor and Metal Electrodes 

1) General Technique for Chlorophyll U t i l i z a t i o n . In photo
electrochemical measurements, the methods commonly employed for 
preparing Chl i n t e r f a c i a l layers on electrode substrates are solvent 
evaporation, electrodeposition (for c r y s t a l l i n e Chl), and monolayer 
deposition techniques, as outlined previously. 

Chl i s p u r i f i e d from chloroplast extracts, usually obtained 
from spinach leaves, by dioxane precipitation method (51) and 
conventional sugar column chromatography (52). For rapid and easy 
preparation, the method recently developed by Omata and Murata (53) 
i s satisfactory; synthetic (DEAE-) Sepharose i s substituted for sugar 
on the column. Besides using spectroscopic c r i t e r i a (52), the purity 
of Chl samples can be checked readily by means of s i l i c a - g e l thin 
layer chromatography (54). Colorless contaminations i n Chl 

Chl* + H + 

Chl"*" + 0H~ ^ Chl + H + + 1/2 0 2 (2) 
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preparations can be determined by measuring Chl monolayer IT - A 
isotherms (20). Spectral parameters for Chl a, such as extinction 
c o e f f i c i e n t , i n various polar and nonpolar organic solvents have 
been investigated by Seely (1). 

2) Chlorophyll-Coated Semiconductor Electrodes. Chl has 
f i r s t been employed by Tributsch and Calvin (55^56) in dye 
sensitization studies of semiconductor electrodes. Solvent-evapo
rated films of Chl a3 Chl b9 and bacteriochlorophyll on n-type 
semiconductor ZnO electrodes (single crystal) gave anodic sensi
tized photocurrents under potentiostatic conditions i n aqueous 
electrolytes. The photocurrent action spectrum obtained for Chl a 
showed the red band peak at 673 nm corresponding closely to the 
amorphous and monomeric state of Chl a. The addition of super-
sensitizers (reducing agents) increased the anodic photocurrents, 
and a maximum quantum effi c i e n c f 12.5%  obtained fo  th
photocurrent i n the presenc

Based on the observe g supersensitizatio , 
generation of the anodic photocurrent was explained i n terms of 
an electron transfer mechanism involving several possible pro
cesses. For example, electron injection from excited Chl a 
(singlet and/or t r i p l e t ) into the conduction band of ZnO could take 
place followed by a rapid reduction of the Chl a radical cation 
by a reducing agent, and/or Chl a could undergo photoreduction by 
the reducing agent to produce a r a d i c a l anion which subsequently 
injects an electron to the conduction band. Participation of both 
singlet and t r i p l e t excited states of Chl a i n the above electron 
transfer processes was proposed. Knowing that the singlet state 
donor l e v e l of Chl a (around -1.3 V vs. SCE) i s located consider
ably above the conduction band edge of ZnO (ca. -O.75 V vs. SCE 
at pH 7 (57) ) while the t r i p l e t donor l e v e l (around -O.75 Vvs. SCE) 
i s situated very close to the ZnO l e v e l , i t seems reasonable to 
assume that the direct electron injection from the excited Chl a 
should occur predominantly v i a the singlet state. Since only a short 
time (ca. 10" 1 s (58) ) i s necessary for electron injection from a sensi
t i z i n g dye to a semiconductor, electron transfer from an excited 
singlet state of Chl a (lifetime ca. 6 χ 10~ 9s (59) ) must be 
e f f i c i e n t . In contrast, another possible process i n i t i a t e d by the 
reduction of an excited Chl α by a reducing agent, i f involved, 
i s considered favourable to the t r i p l e t state of Chl a, i n view 
of the fact that the photoionization of Chl a by the reaction with 
redox species has so far been found only v i a t r i p l e t excitation 
(43,47,48). Besides ZnO electrode, i t was also found that n-type 
CdS can be sensitized by Chls. 

We have studied the photoelectrochemical behavior of Chl a 
and Chl b on an n-type Sn0 2 (60) o p t i c a l l y transparent electrode o 

(OTE; thickness of the Sn0 2 layer on the glass substrate, ca. 2000 A; 
donor density, 1 0 2 0 - 2 1 c m " 3 ) . Chl monolayer assemblies, deposited 
by means of the Langmuir-Blodgett technique (20,21), were employed. 
The use of such monolayer assemblies as i n t e r f a c i a l dye layers 
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i n photoelectrochemical studies has the following advantages : 
(a) Strong attachment of dye layers to the electrode surface 

can be established v i a hydrophilic and/or hydrophobic i n t e r 
actions, without accompanying chemical reactions of the dye, 

(b) two-dimensional homogeneous dye layers can be formed on the 
electrode surface, 

(c) the surface concentration as well as the mean intermolecular 
distance of the dye can be controlled, and 

(d) the t o t a l thickness of the dye layers can be precisely con
t r o l l e d at the molecular l e v e l . 

Besides these p r a c t i c a l advantages, i t i s of b i o l o g i c a l importance 
to study the photoeffects of Chl i n an ordered structure, because 
such a structure i s a c r u c i a l factor i n regulating energy migra
tion among Chls as well as promoting electron transfer processes 
in photosynthetic organisms. Photoredox reactions involving Chl 
incorporated into a r t i f i c i a
the use of bilayer l i p i
based on photogalvanic effects caused by excited Chl and mediated 
vi a the solution, while our membrane-electrode system deals with 
the direct capture of an electron (or hole) from photoexcited Chl 
at the electrode-solution interface. 

Monolayer and mixed monolayers of Chl a and/or Chl b were 
deposited on a Sn0 2 OTE at a constant surface pressure of 10-20 
dyn/cm. This resulted i n a closely packed, ordered f i l m on the 
electrode. The high transmittance of the OTE allowed for the 
direct measurement of the absorbance of a monolayer at the 
electrode-electrolyte interface. Quantum e f f i c i e n c i e s for the 
generation of photocurrents were calculated using this information. 
Monolayers of Chl a as well as Chl b gave anodic sensitized photo
currents under potentiostatic conditions i n aqueous electrolyte 
containing a reducing agent (hydroquinone, H2Q) (25). The spectral 
dependence of the photocurrent matched the absorption spectrum 
of Chl at a Sn02-electrolyte interface. The spectra are shown i n 
Figure 2; the photoresponse of Sn0 2 i t s e l f i s negligible over the 
v i s i b l e region due to i t s large band gap (3.5-3.8 eV). Under open 
c i r c u i t condition, Chl α-coated Sn0 2 developed negative photovolt-
ages <ca. ΙΟ" 2 V ) with the action spectrum similar to the photo
current spectrum. The photocurrents were s i g n i f i c a n t l y increased 
by the addition of H2Q i n the range of 0-O.03 M, and also by the 
anodic polarization of the electrode. 

Based on the observed supersensitization e f f e c t , generation 
of the photocurrents i s explained i n terms of the electron transfer 
mechanism as i n ZnO-Chl system. Since the conduction band edge 
potential of Sn0 2 i n neutral solution, -O.35 V vs. SCE (60), i s 
lower than both the singlet and t r i p l e t state donor levels of 
excited Chl a and Chl b9 electron injection from either of these 
excited states into Sn0 2 becomes thoeretically feasible. 
Accordingly, one of the main sensitization processes involved i s 
i l l u s t r a t e d i n Figure 3, where H2Q acts as an electron donor to 
photooxidized Chl. 
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Figure 2. Photocurrent spectra for a Chl sl monolayer ( ) and a Chl b mono
layer ( ) on a Sn02 electrode. Electrolyte, aqueous phosphate buffer (O.025M, 
pH 6.9) containing O.05-O.1M hydroquinone; electrode potential, O.05 V vs. SCE. 
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Attempts have been made to intersperse a suitable inert 
surfactant diluent i n the monolayer i n order to control the sur
face concentration as well as the mean intermolecular separation 
of Chl. Since Chl has highly overlaping absorption and emission 
(fluorescence) spectra, e f f i c i e n t migration of excitation energy 
among molecules i s allowed. It has been well established both i n 
solutions (62,63) and i n membranes (26,27,59) that Chl undergoes 
strong self-quenching of singlet excitation energy at high concen
tration. This concentration quenching phenomenon may arise from 
the formation of non-fluorescent pair traps of Chl possessing a 
c r i t i c a l separation (64) and can be suppressed e f f e c t i v e l y by the 
homogeneous d i l u t i o n of the Chl. Among the surfactants which can 
act as ideal two-dimensional diluents for a Chl a monolayer, we 
chose the phospholipid, dipalmitoyllecithin (DPL) (65), which i s 
one of the main components of b i o l o g i c a l membranes. 
Two-dimensional homogeneit
system was confirmed b
observed enhancement o  the fluorescence y i e l d o  the mixed mono
layer upon decreasing the Chl a surface concentration (66). 

It was found that the quantum effi c i e n c y of the anodic photo
current i n the Chl α-DPL system was increased from 3-4% i n the 
pure Chl a monolayer up to about 25% (65) i n highly diluted mixed 
monolayers. This increase i n e f f i c i e n c y was accompanied by red 
s h i f t s of the photocurrent peak positions i n the red and blue 
bands (e.g., i n the red, from 675 nm (pure Chl a) to 665-670 nm 
(Chl α/DPL ^ 1/49)) and probably r e f l e c t s the change i n 
chromophore-chromophore interaction between Chl a molecules. 
The considerable e f f i c i e n c i e s obtained apparently result from the 
suppression of the self-quenching of Chl a by separating the 
Chl-Chl intermolecular distance. Based on photoelectrochemical 
measurements, an extention of this study may elucidate the energy 
interactions between Chl and other photosynthetic pigments i n 
the mixed monolayer systems. 

The effect of the f i l m thickness on the photocurrent e f f i 
ciency was investigated by the use of built-up multilayers of 
Chl a (67). Since a single Chl a monolayer i s about 14 Â thick 
(16), the precise control of the f i l m thickness i s possible by 
stacking monolayers. The magnitude of the anodic photocurrent 
increased with the number of monolayers u n t i l i t was saturated at 
around 10-15 layers, while the quantum eff i c i e n c y of the photo
current monotonously decreased. The l a t t e r phenomenon may r e f l e c t 
enhanced excitation energy quenching among neighbouring monolayers 
in the three-dimensional arrey and/or an increase i n t o t a l elec
t r i c resistance of the multilayer with increasing number of layers. 
Lowering of the anodic photoeffect might also be attributed to 
p-type photoconductivity developing i n thicker stacks of monolayers 
which leads to the reinforcement of the cathodic photoeffect of 
Chl a. 

From the above results we conclude that a monolayer-thick 
f i l m having well interspersed Chl i s most e f f i c i e n t for the 
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conversion of l i g h t energy using Chl-sensitized semiconductor 
electrodes. 

The photocurrent generated by a Chl a multilayer i n contact 
with an aqueous electrolyte without any added redox agents has 
been measured as a function of pH of the solution (67). 
Significant increase i n the anodic photocurrent was observed 
at pHs higher than 7. Since the photooxidized Chl a (cation 
radical) i s considered to oxidize water better at higher pH above 
pH7 (see Section 3), water probably behaves as a reducing agent 
(supersensitizer) for Chl a i n alkaline solutions. 

In connection with the study using Chl-coated Sn02 electrodes, 
an attempt has been reported to coat a chloroplast- or algae-immo
b i l i z e d polymer f i l m onto Sn(>2 OTE (68), and water oxidation at 
the illuminated electrode has been performed. 

Chl-coated semiconductor (n-type) electrodes have thus far 
been studied using ZnO, CdS d S n 0 2  a l l f which t
e f f i c i e n t photoanodes fo
tized photoanodes coul  regarde
photosystem II (oxygen evolution) function i n photosynthesis, 
p-type semiconductor electrodes have not been u t i l i z e d successfully 
to produce cathodic Chl-sensitized photocurrents with satisfactory 
e f f i c i e n c i e s . On the other hand, Chl-coated metal electrode 
systems seem to overcome this problem. 

3) Chlorophyll-Coated Metal Electrodes. Photoelectrochemical 
reactions at Chl-coated metal electrodes have been investigated 
respecting the various configurâtional modes of Chl. Platinum 
electrodes have widely been employed as substrates of Chl films. 

Takahashi and co-workers (69,70,71) reported both cathodic 
and anodic photocurrents i n addition to corresponding positive 
and negative photovoltages at solvent-evaporated films of a Chl-
oxidant mixture and a Chl-reductant mixture, respectively, on 
platinum electrodes. Various redox species were examined, respec
t i v e l y , as a donor or acceptor added i n an aqueous electrolyte (69). 
In a t y p i c a l experiment (71), NAD and Fe(CN)g, each dissolved i n 
a neutral electrolyte solution, were employed as an acceptor for 
a photocathode and a donor for a photoanode, respectively, and the 
photoreduction of NAD at a Chl-naphthoquinone-coated cathode and 
the photooxidation of Fe(CN)£ at a Chl-anthrahydroquinone-coated 
anode were performed under either short c i r c u i t conditions or 
potentiostatic conditions. The reduction of NAD at the photo-
cathode was demonstrated as a model for the photosynthetic 
system I. In their studies, the photoactive species was attributed 
to the composite of Chl-oxidant or -reductant (70). A p-type 
semiconductor model was proposed as the mechanism for photocurrent 
generation at the Chl photocathode (71). 

Photoelectrochemical reactions of hydrated microcrystalline 
Chl a electrodeposited on platinum electrodes have been studied by 
Fong and co-workers (72.,73'Ζ^ΖΙ). The experiments were perf omed 
in short c i r c u i t electrochemical c e l l s . In aqueous electrolytes 
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without added redox agents, the microcrystalline (hydrated aggre
gates of) Chl α-coated, platinized-platinum electrodes gave 
cathodic photocurrents upon illumination, and the photocurrent 
peaked i n the red at 745 nm. The quantum efficiency of the photo
current was increased i n acidic solutions and was i n the order of 
10""3 electrons/incident photon (73). Their studies i n particular 
focused on the in vitro simulation of the photosynthetic water 
s p l i t t i n g reaction by using far-red absorbing Chl a-H2Û species. 
These species have long been proposed as the in vitro structural 
models for photosynthetic reaction centers ( refer to Section 1). 
Using various photoactive Chl a-B^O species, such as Chl a-H^O, 
(Chl a-H20)2, (Chl a-2H 20) n, Fong et al. postulated, on the basis 
of redox t i t r a t i o n experiments (76) and ESR observations of the 
reaction of excited Chl α hydrate with water (11), that the 
dihydrated Chl a oligomers, (Chl a-2H 20) n, are the most powerful 
redox species and are capabl f both reducin d oxidizin
water under far red excitation
reaction at an illuminate  dihydrate-platinu  (platinized) 
electrode was claimed (74) based on the mass spectrometric analy
si s of the photolytic products from i s o t o p i c a l l y labeled water. 
More recently, photoreduction of C0 2 i n this system has also been 
undertaken (75). 

In view of the fact that the Fong fs experiments involved 
repeated p l a t i n i z a t i o n of the surfaces of the platinum and Chl α 
layers (74,75), the observed photoreactivity may arise from a 
photocatalytic effect of the composite of Chl α hydrates and pl a 
tinum rather than Chl α hydrates themselves. In this respect, i t 
has been reported that Pt dispersions catalize dye-sensitized 
photoreduction of water (77,78). 

Another type of Chl i n t e r f a c i a l layer employed on a metal 
electrode was a fi l m consisting of ordered molecules. V i l l a r (79) 
studied short c i r c u i t cathodic photocurrents at multilayers of 
Chl α and b b u i l t up on semi-transparent platinum electrodes i n 
an electrolyte consisting of 96% glycerol and 4% KCl-saturated 
aqueous solution. Photocurrent quantum e f f i c i e n c i e s of multi
layers and of amorphous films prepared by solvent evaporation 
were compared. The highest efficiency (about 10 ̂  electrons/ 
absorbed photon, calculated from the paper) was obtained with 
Chl α multilayers, and the amorphous films of Chl α proved to be 
less e f f i c i e n t than Chl b multilayers. 

We have investigated the photocurrent behavior of multilayers 
of a Chl α-DPL (molar r a t i o 1/1) mixture on platinum i n an aqueous 
electrolyte without added redox agents (80). Cathodic photo
currents with quantum e f f i c i e n c i e s i n the order of 10~^ were ob
tained with films consisting of a su f f i c i e n t number of monolayers. 
The photocurrent was increased i n acidic solutions. However, no 
appreciable photocurrent was observed with a single monolayer 
coated on platinum. The l a t t e r fact most probably results from 
minimal r e c t i f y i n g property of the metal surface and/or an e f f i 
cient energy quenching of dye excited states by free electrons i n 
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the metal (81,82). This indicates that a reasonably thick f i l m of 
Chl, which may behave l i k e a photoconductor, i s required to pro
duce measurable photocurrents on metal electrodes. 

Aizawa and Suzuki (83,84,85,86) u t i l i z e d , as an ordered 
system, l i q u i d crystals i n which Chl was immobilized. Electrodes 
were prepared by solvent-evaporating a solution consisting of Chl 
and a t y p i c a l nematic l i q u i d c r y s t a l , such as n-(p-methoxybenzyl-
idene)-p T-butylaniline, onto a platinum surface. Chl-liquid crystal 
electrodes i n acidic buffer solutions gave cathodic photocurrents 
accompanied by the evolution of hydrogen gas (83). This was the 
f i r s t demonstration of photoelectrochemical s p l i t t i n g of water 
using in vitro Chl. Of particular interest i n these studies i s 
the effect of substituting the central metal i n the Chl molecule. 
In contrast to Chl (Mg-pheophytin) which behaves as a photo-
cathode, Mn-pheophytin immobilized i n a l i q u i d c r y s t a l functioned 
as a photoanode, producin
buffer solutions (84,85)
examined and found to generate cathodic photocurrent with a quantum 
effic i e n c y of around O.5% (86). The effect of the central metal 
on the sign of photoresponse may r e f l e c t variations of redox po
t e n t i a l among these metal pheophytin analogues. In these studies, 
the authors suggested that a Chl-water adduct formed i n the 
l i q u i d c r y s t a l system was the photoactive species (83,85). 

Taking a general view of the above studies, we note that 
Chl-coated metal (platinum) electrodes commonly function as photo-
cathodes i n acidic solutions, although the photocurrent e f f c i e n -
cies tend to be lower compared to systems employing semiconductors. 
This cathodic photoresponse may arise from a p-type photoconduc-
tive nature of a s o l i d Chl layer and/or formation of a contact 
barrier at the metal-Chl interface which contributes to l i g h t - i n 
duced ca r r i e r separation and leads to photocurrent generation. 

5. Other Related Systems Involving Model Compounds 

Among what have been widely employed as model compounds for 
Chl, are porphyrins, phthalocyanines, and some photoactive t r a n s i 
tion metal complexes, which are more stable and easier to obtain 
than Chl. I n t e r f a c i a l layers of these insoluble compounds are 
generally prepared by means of vacuum sublimation or solvent 
evaporation. 

Tetraphenylporphine (TPP) and other metal porphyrine deriva
tives coated on platinum (87̂ ,88̂ ,89) or gold (89,90) electrodes 
have been investigated i n photoelectrochemical modes. Photo
currents reported are cathodic or anodic, depending on the pH as 
well as the composition of the electrolyte employed. Photo
current quantum e f f i c i e n c i e s of 2% (89) to 7% (87) were reported 
i n systems using water i t s e l f or methylviologen as the redox 
species i n aqueous e l e c t r o l y t e . Photocurrent generation at 
Zn-TPP-coated metal cathodes (89) was interpreted i n terms of a 
r e c t i f y i n g effect of the Schottky barrier formed at a metal-p-type 
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semiconductor contact, and i t s eff i c i e n c y was found to increase 
with increasing work function of the metal. 

Wang (91) obtained considerable negative photovoltages (1.1 V 
under f i l t e r e d incident l i g h t from 150 W tungsten lamp) and anodic 
photocurrents with Zn-TPP multilayers on A l electrodes i n contact 
with a f e r r o / f e r r i redox electrolyte. Based on the Wang's system, 
Kampas et al. (92) recently compared the quantum e f f i c i e n c i e s of 
a wide variety of amorphous metal porphyrin derivatives. The 
highest quantum eff i c i e n c y , around 10%, was obtained with 
Mg-porphyrin analogues having more negative oxidation potentials. 
The photoeffect was attributed to the formation of Schottky type 
contact i n terms of metal (Al) / insulator ( A I 2 O 3 ) / p-type semi
conductor (porphyrins) system. 

Photoelectrochemical behavior of metal phthalocyanine s o l i d 
films (p-type photoconductors) have been studied at both metal 
(93,94,95,96) and semiconducto
phthalocyanine vacuum-deposite
photocurrents with signs depending on the thickness of f i l m as well 
as the electrode potential. Besides anodic photocurrents due to 
normal dye sensitization phenomenon on an n-type semiconductor, en
hanced cathodic photocurrents were observed with thicker films 
due to a bulk effect (p-type photoconductivity) of the dye layer. 
Meier et al. (95) studied the cathodic photocurrent behavior of 
various metal phthalocyanines on platinum electrodes where the 
dye layer acted as a ty p i c a l p-type organic semiconductor. 

Another model compound, the tris(2,2 !-bipyridine)ruthenium(II) 
complex, has prompted considerable interest because i t s 
water-splitting photoreactivity has been demonstrated i n various 
types of photochemical systems (77,99,100,101). Memming and 
Schroppel (102) have attempted to deposit a monolayer of a surf actant 
Ru(II) complex on a SnÛ2 OTE. In aqueous solution, an anodic photo
current attributable to water oxidation by the excited t r i p l e t 
Ru complex was observed. A maximum quantum eff i c i e n c y of 15% was 
obtained i n alkaline solution. 

Other dye-layer-coated photoelectrode systems have been 
studied but are not covered i n this review due to space r e s t r i c 
tions. This area of study, including the photoelectrochemistry of 
Chl, i s s t i l l i n an inchoate but rapidly developing stage. 

6. Concluding Remarks: Relevance to Photosynthetic Model Systems. 

Chl-coated semiconductor (n-type) electrodes and metal e l e c t 
rodes can act as e f f i c i e n t photoanodes and photocathoes, respec
t i v e l y , for v i s i b l e l i g h t conversion. The former system functions 
as a dye-sensitized semiconductor electrode, while the l a t t e r i s 
presumably driven by the photoconductive properties of a Chl s o l i d 
layer and/or charge separation involving the Chl-metal contact 
barrier. 

Morphological differences i n the s o l i d layer of Chl are 
cr u c i a l for determining the photoelectric properties of Chl. 
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Accordingly, such factors as molecular configuration or surface 
concentration of Chl and thickness of the layer s i g n i f i c a n t l y 
affect the eff i c i e n c y of photocurrent generation i n electrochemi
cal systems. 

As pointed out previously, Chl-sensitized photoelectrodes are 
important to studies of in vitro simulation of the photosynthetic 
l i g h t conversion process. In photosynthetic primary processes, 
the pumping of electrons which enables the s p l i t t i n g of water i s 
achieved v i a two photosystems i n which light-induced charge sepa
rations occur e f f i c i e n t l y coupled with one-directional electron 
transfers i n redox systems. Though t o t a l process for the photo
synthetic water s p l i t t i n g reaction necessarily involves 
enzyme-assisted dark reactions as secondary processes, the primary 
processes for electron-pumping could be simulated electrochemically 
using a couple of Chl-sensitized photoelectrodes which have 
inverse r e c t i f y i n g propertie d differen  redo  level  ( i . e .
work functions). An exampl
model, Chl-semiconducto  photoanod  photocathode, 
corresponding respectively to photosystem II and photosystem I, 
are combined i n series with an external c i r c u i t which takes the 
place of in vivo electron transfer chain across the thylakoid 
membrane. In order that the photocathode (system I) possesses 
energetically higher potentials than photoanode (system I I ) , d i f 
ferent molecular configurations of Chl, e.g., hydrated aggregates 
or monolayer assemblies, may be applicable to each photoelectrode. 

Based on such an electrochemically simulated system, further 
modification and characterization of the Chl-containing i n t e r -
f a c i a l layer on electrodes are expected to contribute to the d i s 
covery of useful information on the electron and energy transfer 
reactions involving Chl and other compounds of photosynthetic 
importance. 
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16 
Supra-Band-Edge Reactions at Semiconductor-
Electrolyte Interfaces 
Band-Edge Unpinning Produced by 
the Effects of Inversion 
J. A. TURNER, J. MANASSEN1, and A. J. NOZIK 

Solar Energy Research Institute, Golden, CO 80401 

I. Introduction 

A recent modification (1-3) of the conventional model (4) for 
photoelectrochemical reactions suggests that photo-generated min
ority carriers may, under certain conditions, be injected into the 
electrolyte before they reach thermal equilibrium within the semi
conductor space charge layer. This process is called "hot carrier 
injection. More efficient conversion of optical energy into chem
ical energy may be possible with hot carrier injection because a 
greater fraction of the incident photon energy can be deposited in 
the electrolyte to do chemical work. 

Experiments designed to test for hot electron injection from 
p-type semiconductors were conducted by probing reduction reactions 
having redox potentials more negative than (i.e., above) the con
duction band edge. The oxidized components of such redox couples 
should not be reduced by thermalized photo-generated electrons 
coming from the conducting band edge. However, hot electrons, 
having more negative potential, could reduce the higher lying re
dox couples. The energy level diagram for this process is shown 
in Figure 1. Analogous results should be obtained for oxidation 
reactions having redox potentials more positive than the valence 
band edge of n-type photoanodes. We call such oxidation or re
duction reactions lying outside the semiconductor band gap "supra 
band-edge reactions". 

Experiments using p-Si in non-aqueous electrolytes (5,6) indicate 
that the reduction of redox species with redox potentials more 
negative than the conduction band edge could apparently be achieved. 
However, further analysis showed that these results are not caused 
by hot electron injection, but by the unpinning of the semiconduc
tor band edges at the semiconductor-electrolyte interface; this 
unpinning effect is caused by the creation of an inversion layer 
at the p-Si surface. This is an important effect, especially for 
small band gap semiconductors, that has received little attention 
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Fermi 
Level 

Figure 1. Hot electron injection from a p-type semiconductor electrode. The pho-
togenerated electron is injected into the electrolyte to reduce A to A' before it is 
thermalized in the space-charge layer. A thermalized electron emerging at the con
duction band edge (Ec) would have insufficient energy to drive the redox couple 

A/A: 
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i n p h o t o e l e c t r o c h e m i s t r y . Unpinned band edges i n p h o t o e l e c t r o 
chemica l systems have a l s o r e c e n t l y been proposed by o t h e r wo r ke r s . 
B a r d , e t a l . (7J e x p l a i n t he e f f e c t as the r e s u l t o f a l a r g e den 
s i t y o f s u r f a c e s t a t e s , w h i l e M o r r i s o n (8.) i nvokes i n t e r f a c e s t a t e s 
a r i s i n g from o x i d e l a y e r s . 

The unpinned band edges can move w i t h a p p l i e d p o t e n t i a l , mak
i ng t he semiconducto r e l e c t r o d e behave s i m i l a r t o a metal e l e c t r o d e 
i n t h a t changes i n a p p l i e d p o t e n t i a l o c cu r a c ro s s the B e l m h o l t z 
l a y e r r a t h e r than a c r o s s t he semiconducto r space charge l a y e r . 
Th i s s i t u a t i o n , o f c o u r s e , d r a s t i c a l l y a l t e r s t he energy r e l a t i o n 
s h i p s between the semiconducto r bands and the e l e c t r o l y t e redox 
p o t e n t i a l s compared to t he c o n v e n t i o n a l model ( 4 ) ; i n the l a t t e r , 
t he semiconducto r bands a r e p inned a t the s u r f a c e , t he p o t e n t i a l 
drop a c r o s s t he He lmho l t z l a y e r i s c o n s t a n t , and p o t e n t i a l changes 
i n t he e l e c t r o d e produce c o r r e s p o n d i n g changes i n t he band bending 
w i t h i n t he semiconducto
tween p inned and unpinne
In the former c a s e , the p o s i t i o n s o f t he c o n d u c t i o n and v a l e n c e 
band edges a t t he i n t e r f a c e (E£ and Ey) a r e f i x e d w i t h r e s p e c t t o 
the e l e c t r o l y t e redox l e v e l s , w h i l e i n t he l a t t e r case the p o s i 
t i o n s o f E and E§ w i t h r e s p e c t to t he e l e c t r o l y t e redox l e v e l s 
v a r y w i t h e l e c t r o d e p o t e n t i a l . Thus, w i t h unpinned band edges, 
redox coup le s l y i n g o u t s i d e the band gap under f l a t band c o n d i 
t i o n s can l i e w i t h i n t he band gap under band bending c o n d i t i o n s o r 
under i l l u m i n a t i o n . 

I I . E xpe r imenta l R e s u l t s 

The exper iment s were performed w i t h s i n g l e c r y s t a l (111) p-S i 
e l e c t r o d e s w i t h a r e s i s t i v i t y o f about 5.5 ohm cm; non-aqueous 
e l e c t r o l y t e s were used c o n s i s t i n g o f a b s o l u t e methanol c o n t a i n i n g 
tetramethylammonium c h l o r i d e (TMAC) o r a c e t o n i t r i l e c o n t a i n i n g 
t e t r a e t h y l ammonium p e r c h l o r a t e (TEAP). The f l a t - b a n d p o t e n t i a l s 
o r p-S i i n t he two e l e c t r o l y t e s were dete rmined from M o t t - S c h o t t k y 
p l o t s ( i n t he da rk ) i n t he d e p l e t i o n range o f the p-S i e l e c t r o d e , 
from o p e n - c i r c u i t p h o t o p o t e n t i a l measurements, and from t he v a l ue s 
o f e l e c t r o d e p o t e n t i a l a t which anod i c p h o t o c u r r e n t i s f i r s t ob 
se rved i n n - t ype S i e l e c t r o d e s . These t h r e e methods a l l y i e l d e d 
c o n s i s t e n t f l a t - b a n d p o t e n t i a l v a l ue s f o r p-S i o f + O.05V (vs SCE) 
± . 0 5 V i n both methanol and a c e t o n i t r i l e . These v a l u e s , combined 
w i t h t he dop ing d e n s i t y and the band gap o f 1.12 eV f o r p-S i p l a ce s 
the c o n d u c t i o n band edge i n methanol and a c e t o n i t r i l e a t -O.85V 
(vs SCE). The supraband edqe redox coup le s chosen f o r t he two 
e l e c t r o l y t e s were 1,3 d imethoxy -4 -n i t r obenzene (&>=-!.0V vs SCE)for metha
no l , and 1 n i t r o n a p h t h a l e n e ( E 0 = - l . 0 8 ) , 1,2 d i c h l o r o 4 m i t r o b e n z e n e (E 0 = 
-O.95), and an th raqu inone (E o =-O.95) f o r a c e t o n i t r i l e . These redox 
couples l i e from O.1 V to O.24V above the c o n d u c t i o n band edge o f p-Si, and 
hence, i n the convent iona l model, c o u l d not be photoreduced by p - S i . 

P h o t o c u r r e n t - v o l t a g e data showed t h a t a l l t he supra-band-edge 
redox s p e c i e s l i s t e d above a re reduced upon i l l u m i n a t i o n o f t he 
p-S i e l e c t r o d e ; no a p p r e c i a b l e r e d u c t i o n was a ch i e ved i n t he da r k . 
T y p i c a l r e s u l t s f o r p-S i w i t h methanol and a c e t o n i t r i l e a r e shown 
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Pinned 
Band Edges 
v B = u E - u ( b 

U'e-

Ε; 

Unpinned 
Band 
Edges 

v B * u E - u ) b 

Figure 2. Pinned vs. unpinned band edges. In the former case the position of Ec

s 

and Έν

8 remain fixed with respect to the electrolyte redox couples as the electrode 
potential is varied. In the latter case, E c

s and Ev

s change with applied potential. 
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i n F i g u r e 3. The l i g h t i n t e n s i t y dependence o f t he p h o t o c u r r e n t -
v o l t a g e behav i o r f o r an th raqu i none i n a c e t o n i t r i l e i s shown i n 
F i g u r e 4. A t h i gh l i g h t i n t e n s i t y (442 mW/cm2, w h i t e l i g h t from 
xenon lamp) o n l y a c a t h o d i c r e d u c t i o n p h o t o c u r r e n t i s ob s e r ve d . 
As t he l i g h t i n t e n s i t y i s r e d u c e d , an o x i d a t i o n wave grows i n t h a t 
deve lops on t h e anod i c sweep. Th i s o x i d a t i o n wave i s b e l i e v e d t o 
r e p r e s e n t t he r e - o x i d a t i o n o f reduced an th raqu i none a t the p-S i 
e l e c t r o d e . In F i g u r e 5, i t i s seen t h a t t he o x i d a t i o n wave can be 
genera ted i f t he h i gh l i g h t i n t e n s i t y i s sudden l y reduced t o ze ro 
on t he anod i c r e t u r n sweep a f t e r r e d u c t i o n has o c c u r r e d a t t he 
h igh l i g h t i n t e n s i t y . 

A l t hough t h e r e s u l t s i n F i g u r e s 3 a r e those t h a t would be e x 
pected f o r hot e l e c t r o n i n j e c t i o n e f f e c t s , a d d i t i o n a l exper iment s 
and a n a l y s e s i n d i c a t e t h a t hot e l e c t r o n p roce s se s a r e not o c c u r 
r i n g h e r e . The f i r s t t ype o f e xpe r imen ta l r e s u l t t h a t was i n c o n 
s i s t e n t w i t h hot e l e c t r o  i n j e c t i o  i n v o l v e d th  wave length depen
dence o f t he r e d u c t i o n c u r r e n
i e s . T h i s i s shown i n F i g u r e 6 f o r 1,3 d i m e t h o x y - 4 - n i t r o b e n z e n e 
i n me thano l . The r e l a t i v e quantum e f f i c i e n c y o f t he pho to reduc 
t i o n c u r r e n t was found t o be independent o f wave leng th ove r t he 
range 400 nm to 800 nm. Above 800 n, the quantum e f f i c i e n c y drops 
and reaches ze ro a t about 1100 nm; t h i s d r o p - o f f i s c o n s i s t e n t 
w i t h t h e 1,12 eV band gap o f S i . 

A second s e t o f exper iment s i n v o l v e d c a p a c i t a n c e measurements 
as a f u n c t i o n o f e l e c t r o d e p o t e n t i a l , ac s i g n a l f r e q u e n c y , and 
l i g h t i n t e n s i t y . T y p i c a l r e s u l t s f o r p-S i i n a c e t o n i t r i l e and 
methanol a r e shown i n F i g u r e s 7 and 8, In a c e t o n i t r i l e ( F i g u r e 5), 
the dark c a p a c i t a n c e f i r s t dec rea se s w i t h i n c r e a s e d band bending 
and then a t about -O.3 V (vs SCE) remains a t a f l a t minimum a t ac 
s i g n a l f r e q u e n c i e s above 100 Hz. Under i l l u m i n a t i o n , t he c a p a c i 
t ance i n c r e a s e s s h a r p l y w i t h i n c r e a s i n g l i g h t i n t e n s i t y a t a l l po
t e n t i a l s ; t he c a p a c i t a n c e - v o l t a g e cu r ve shows a minimum a t about 
-O.1 V (vs SCE) and i n c r e a s e s r a p i d l y a t h i g he r n e g a t i v e p o t e n 
t i a l s . A t f r e q u e n c i e s below 100 Hz, the c a p a c i t a n c e a l s o i n c r e a s e s 
i n t he dark w i t h i n c r e a s i n g n e g a t i v e p o t e n t i a l beyond -0,3V (vs 
SCE) . S i m i l a r r e s u l t s a r e o b t a i n e d w i t h methanol ( F i g u r e 6) e x 
cep t t h a t a sharp dec rea se i n c a p a c i t a n c e i s a l s o g e n e r a l l y o b 
se r ved a t a l l f r e q u e n c i e s a t p o t e n t i a l s more n e g a t i v e than -O.3 
to -O.5V (vs SCE) . Th i s drop i s a s s o c i a t e d w i t h r e d u c t i o n o f 
t r a c e amounts o f water i n the e l e c t r o l y t e wh ich l e ad s to l a r g e 
dark c u r r e n t f l o w . 

I l l . D i s c u s s i o n 

For t he p a r t i e l u a r p-S i e l e c t r o d e used i n the se exper iment s 
(dop ing d e n s i t y o f 2 χ 10 cm~3) t he p r e d i c t e d wave length depen
dence o f t he p h o t o - r e d u c t i o n c u r r e n t f o r hot c a r r i e r p roce s se s 
s hou l d show no p h o t o c u r r e n t f o r wave lengths l o n g e r than 440 nm. 
Th i s i s because t he d e p l e t i o n w i d t h o f the p-S i e l e c t r o d e w i t h 1 
v o l t band bending i s 870 nm, and photogenerated e l e c t r o n s a r r i v i n g 
a t t he s u r f a c e from the f i e l d - f r e e r e g i o n ( a f t e r c r o s s i n g t he 
space - cha r ge l a y e r ) would be t h e r m a l i z e d . That i s , t he d e p l e t i o n 
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Electrode Potential (vs SCE), Volts 

H1.0 

Applied Physics Letters 
Figure 3. Photoreduction on p-Si or redox couples with redox potentials lying 
above the conduction band edge as determined by dark fiat-band potential measure
ments, (a) Photoreduction of 1,3 dimethoxy-4-nitrobenzene in methanol (E0 = 
—1.0 V vs. SCE); (b) photoreduction of anthraquinone in acetonitrile (E0 = 
-O.95 V vs. SCE); E c for p-Si in both cases in the dark is -O.85 V vs. SCE; 

( ; dark; ( ; light (5). 
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50 

-4 -300 

-O.3 O.0 

Ε vs. SSCE, Volts 

Figure 4. Light intensity dependence of the photoreduction current of anthra-
quinone in acetonitrile. An anodic wave grows in at about O.0 V (vs. SSCE) with 
decreasing light intensity. (( ) O.9 mw/cm2; ( ) 50 mw/cm2; ('---) 442 

mw/cm2; anthraquinone (ImM); O.5M TEAP, Acetonitrile, 50 mV/s scan) 
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ρ+O.5 
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Ε vs. SSCE, Volts 

Figure 5. Current-voltage curve for anthraquinone (400 mw/cm2) in acetonitrile 
at high light intensities: ( ) the current response after the light is shut off during 
the anodic sweep. An oxidation wave at about O.0 V (vs. SSCE) develops if the 

light is shut off. 
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Figure 6. Wavelength dependence of the photoreduction current of 1,3 dimethoxy-
4-nitrobenzene (20mM) in methanol (1M TMAC) 
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Applied Physics Letters 
Figure 7. Capacitance vs. p-Si electrode potential in acetonitrile as a function of 
frequency and light intensity (5) (( ) 102 Hz; ( ; 103 Hz; ( ) 5 χ 103 

Hz) 
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Applied Physics Letters 
Figure 8. Dark capacitance vs. p-S/ electrode potential in methanol as a function of 

frequency (5) (( ; 102, 5 χ 101 Hz; ( ) 5 X 103 Hz; ( ) 104 Hz) 
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w i d t h i s w ide enough to a l l o w s u f f i c i e n t e l e c t r o n - p h o n o n c o l l i -
s i o n s to d i s s i p a t e t he band bending p o t e n t i a l energy as phonon 
e x c i t a t i o n ( h e a t ) . 

In o r d e r to c r e a t e hot e l e c t r o n s a t the s u r f a c e o f t h e s a m p l e , 
i t would be nece s sa r y to i l l u m i n a t e the p-S i e l e c t r o d e w i t h photons 
o f energy g r e a t e r than about 2.8 eV (wave lengths l e s s than 440 nm). 
These photons have a b s o r p t i o n c o e f f i c i e n t s g r e a t e r than 2 χ 1 0 4 

c m " 1 and would be absorbed w e l l w i t h i n the space charge l a y e r ; 
they would a l s o have e n e r g i e s s u f f i c i e n t l y g r e a t e r than t he band 
gap such t h a t p h o t o e l e c t r o n s would be c r e a t e d a t t he S i s u r f a c e 
w i t h e n e r g i e s a t l e a s t O.3 eV above the c o n d u c t i o n band edge. Th i s 
excess energy would be s u f f i c i e n t to d r i v e t h e supra -band-edge r e 
d u c t i o n s under i n v e s t i g a t i o n ; photons w i t h wave lengths l o n g e r than 
440 nm would be absorbed deeper i n t o t he c r y s t a l and c o u l d not 
produce e l e c t r o n s t h a t would a r r i v e a t the s u r f a c e w i t h s u f f i c i e n t 
energy to d r i v e t he r e d u c t i o
wave length dependence o
the a b s o r p t i o n edge o f S i means t h a t hot c a r r i e r e f f e c t s cannot be 
o c c u r r i n g he re . 

I t i s i n s t r u c t i v e t o compare t he data i n F i g u r e s 7 and 8 w i t h 
t he i d e a l cu rves o b t a i n e d f o r a m e t a l - i n s u l a t o r - s e m i c o n d u c t o r (MIS) 
d e v i c e ( 9 J . For MIS d e v i c e s , the space -cha rge d e n s i t y and the 
c a p a c i t a n c e dec rea se i n t he d e p l e t i o n r e g i o n and reach a minimum 
v a l u e a t t he onse t o f t he i n v e r s i o n r e g i o n . The i n v e r s i o n r e g i o n 
occu r s when the band bending i s s u f f i c i e n t l y l a r g e such t h a t t he 
Fermi l e v e l a t t he s u r f a c e l i e s c l o s e r t o the m i n o r i t y c a r r i e r 
band r a t h e r than to the m a j o r i t y c a r r i e r band. As t he i n v e r s i o n 
r e g i o n d e v e l o p s , t he space -cha rge d e n s i t y i n t he semiconduc to r 
s u r f a c e i n c r e a s e s r a p i d l y . The e f f e c t o f t h i s i n c r e a s e d charge 
d e n s i t y on the measured c a p a c i t a n c e depends upon t he f r equency o f 
t he a p p l i e d ac s i g n a l . A t h i gh f r equency (>100 Hz f o r S i / S i 0 2 ) 
the e l e c t r o n c o n c e n t r a t i o n cannot f o l l o w the ac s i g n a l , and the 
measured c a p a c i t a n c e i s f l a t and m in im i zed i n the i n v e r s i o n r e g i o n . 
However, a t low f r equency (<100 Hz) the e l e c t r o n s i n the s pace -
charge l a y e r can f o l l o w the ac s i g n a l and the c a p a c i t a n c e i n c r e a s e s 
w i t h the i n c r e a s i n g degree o f i n v e r s i o n . The e f f e c t o f i l l u m i n a 
t i o n i n t he se exper iment s i s t o i n c r e a s e the measured c a p a c i t a n c e 
i n the i n v e r s i o n r e g i o n a t t he h i gh f r e q u e n c i e s such t h a t the low 
f r equency behav i o r i s p roduced. The c a p a c i t a n c e data p re sen ted i n 
F i g u r e s 7 and 8 g e n e r a l l y e x h i b i t the behav i o r d e s c r i b e d above f o r 
MIS ( m e t a l / S i 0 2 / p - S i ) d e v i c e s . A l t hough the p-S i sample i s e tched 
i n HF s o l u t i o n be fo re each r u n , i t i s a l s o exposed to a i r and a 
t h i n o x i d e l a y e r ( M 0 - 2 0 A) e x i s t s on the s u r f a c e . The e f f e c t o f 
the o x i d e l a y e r i s t o i n h i b i t c u r r e n t f l o w and f a c i l i t a t e t he ma in 
tenance o f a l a r g e charge d e n s i t y i n the semiconducto r space charge 
l a y e r . 

The c r e a t i o n o f a l a r g e space -cha rge d e n s i t y i n t he sem icon 
d u c t o r (and a c o r r e s p o n d i n g i n c r e a s e i n c a p a c i t a n c e ) can cause the 
bands to become unpinned s i n c e changes i n a p p l i e d p o t e n t i a l can 
now occu r a c r o s s the He lmho l t z l a y e r . 
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As seen i n F i g u r e 7, t he e f f e c t o f l i g h t on t he system i s t o 
f u r t h e r i n c r e a s e t he c a p a c i t a n c e i n t he i n v e r s i o n l a y e r . T h i s , 
o f c o u r s e , enhances t he unp i nn i n g e f f e c t as t he c a p a c i t a n c e o f the 
s p a c e - c h a r g e - l a y e r approaches o r exceeds t h a t o f t he He lmho l t z 
l a y e r . 

To check t he se e f f e c t s f u r t h e r , d e t a i l e d s t u d i e s were made 
(10) o f t he c a p a c i t a n c e - v o l t a g e behav i o r o f p-S i e l e c t r o d e s i n 
a c e t o n i t r i l e as a f u n c t i o n o f o x i d e t h i c k n e s s and l i g h t i n t e n s i t y . 
Oxide l a y e r s w i t h t h i c k n e s s e s v a r y i n g from 25 A t o 667 A were 
grown under c o n t r o l l e d c o n d i t i o n s ( H J 2 ) and measured w i t h an 
e l l i p s o m e t e r . The c a p a c i t a n c e - v o l t a g e data f o r t he se samples were 
measured as a f u n c t i o n o f l i g h t i n t e n s i t y , and the da ta unequ i vo 
c a l l y showed the c h a r a c t e r i s t i c behav i o r expected f o r MIS d e v i c e s 
(9.). These s t u d i e s con f i rmed t h a t i n v e r s i o n c o u l d be r e a d i l y i n 
duced i n p-S i e l e c t r o d e s , r e s u l t i n g i n band edge unp inn i ng e f f e c t s . 

F i n a l l y , t he r e s u l t
band edge unp inn ing du
The energy l e v e l d iagram p re sen ted i n F i g u r e 9 e x p l a i n s the be
h a v i o r i n F i g u r e s 4 and 5. In the d a r k , the supraband-edge c o u p l e 
A/A" l i e s above t he c o n d u c t i o n band edge o f the p - t ype e l e c t r o d e . 
In i n v e r s i o n and under moderate i l l u m i n a t i o n , the bands move up 
such t h a t the redox c o u p l e l i e s near the c o n d u c t i o n band edge. 
The p h o t o c u r r e n t - v o l t a g e c h a r a c t e r i s t i c here would be s e m i - r e v e r 
s i b l e i n t h a t o x i d a t i o n c o u l d f o l l o w r e d u c t i o n , but the peaks 
would be s p l i t wide a p a r t . Wi th s t r o n g e r i l l u m i n a t i o n , the bands 
move f u r t h e r upward such t h a t the redox c oup l e l i e s w e l l w i t h i n 
the band gap. Th i s produces i r r e v e r s i b l e p h o t o r e d u c t i o n b e h a v i o r . 
A sudden s h u t - o f f o f the i l l u m i n a t i o n under the se c o n d i t i o n s would 
move the bands downward, such t h a t o x i d a t i o n o f the reduced A" 
s p e c i e s c o u l d o c c u r on the anod i c sweep. Th i s behav i o r i s what i s 
observed i n F i gu re s 4 and 5. 

A/A- A/A- A/A-

Dark Moderate 
Illumination 

(Semi-Reversible 
Photoreduction) 

Illumination 
(irreversible 

photoreduction) 

Strong 

Figure 9. Energy level diagrams showing movement of semiconductor band edges 
with respect to the redox potential of the electrolyte as a function of illumination 

intensity 
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17 
Study of the Potential Distribution at the 
Semiconductor-Electrolyte Interface in 
Regenerative Photoelectrochemical Solar Cells 
MICHA TOMKIEWICZ, JOSEPH K. LYDEN, R. P. SILBERSTEIN, 
and FRED H. POLLAK 
Department of Physics, Brooklyn College of CUNY, Brooklyn, NY 11210 

Liquid junction solar c e l l s (1) offer the p o s s i b i l i t y of 
high eff i c i e n c y energy conversion using low cost electrode 
materials. In addition, an expensive junction fabrication 
process i s not needed since the junction i s formed at the semi
conductor-electrolyte interface simply by immersing the semi
conductor i n the appropriate electrolyte. In this paper we d i s 
cuss some of the problems and techniques i n evaluating the struc
ture of the space charge region i n such c e l l s under operating 
conditions. S p e c i f i c a l l y we discuss several recent results on 
regenerative solar c e l l s with a single c r y s t a l CdSe photoanode, 
a metal counter-electrode, and a Na0H/S=/S 1:1:1M electrolyte 
solution. (2) The combined energy diagram of such a c e l l i s 
shown i n Fig. 1 with a few of the charge accumulation modes that 
can determine the potential d i s t r i b u t i o n at the junction. This 
i s a highly simplified energy diagram. We are assuming that the 
only potential drop i s at the space charge layer of the semicon
ductor, that there i s a homogeneous dist r i b u t i o n of dopants, and 
that the potential d i s t r i b u t i o n i s one-dimensional. Effects of 
surface roughness and l a t e r a l inhomogeneity i n dopant d i s t r i b u 
tions are neglected. A l l these effects w i l l have to be included 
for a more complete characterization of the junction. Within 
the one-dimensional model which i s presented i n Fig. 1, i t i s 
important to characterize the dark charge ca r r i e r d i s t r i b u t i o n 
before i t s role in the light-induced charge transfer process i s 
considered. Therefore, our emphasis i s on dark "equilibrium" 
measurements. 

We w i l l i l l u s t r a t e the d i f f i c u l t i e s and the opportunities 
which are associated with two complementary measuring techniques: 
Relaxation Spectrum Analysis and Electrolyte Electroreflectance. 
Both techniques provide information on the potential d i s t r i b u t i o n 
at the junction of a " r e a l " semiconductor. Due to the individual 
characteristics of each system, care must be taken before d i r e c t 
l y applying the results which were obtained on our samples to 
other, si m i l a r l y prepared crystals. 

0097-6156/81 /0146-0267$05.00/0 
© 1981 American Chemical Society 
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Figure 1. Combined energy diagram for a regenerative photoelectrochemical cell 
with n-CdSe as the anode, metallic cathode and polysulfide as the electrolyte. The 
diagram indicates some of the charge accumulation modes that might contribute to 
the potential distribution at the interface. ((QD) ionized donors; (QDT) deep traps; 

(Qss) surface state; (QE) compensating charge in the electrolyte) 
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Relaxation Spectrum Analysis 

The details of this method for analyzing the impedance of 
photoelectrochemical c e l l s were published elsewhere. (3) We as
sume that the various modes of charge accumulation are additive 
and that they are compensated by the charge accumulation i n the 
Helmholtz layer. This a d d i t i v i t y of charges w i l l make the d i f 
f e r e n t i a l capacitance of the various modes appear in p a r a l l e l 
with each other, each with i t s own relaxation time. The equiva
lent c i r c u i t i s presented i n Fig. 2. The basic premise of this 
technique i s to use the frequency dispersion to construct the 
equivalent c i r c u i t i n terms of a set of completely passive ele
ments. Once this i s accomplished, one t r i e s to determine the 
physical o r i g i n of these elements by monitoring their values as 
a function of such parameters as potential, pH, doping l e v e l , 
temperature, etc. This technique was used to study a non-regen
erative solar c e l l wit
meters such as the dopin
of the flatband potential and capacitance of the Helmholtz 
layer were determined. We present here preliminary results on 
regenerative c e l l s with CdSe as the photoanode and a polysulfide 
solution as the elec t r o l y t e . 

An alternative approach that was used i n the past was to 
treat the photoelectrochemical c e l l as a single RC element and 
to interpret the frequency dispersion of the "capacitance" as 
indicative of a frequency dispersion of the d i e l e c t r i c constant. 
(5) In i t s simplest form the frequency dispersion obeys the 
Debye equation. (6) It can be shown that i n this simple form 
the two approaches are formally equivalent (7) and the difference 
resides i n the physical interpretation of modes of charge accumu
la t i o n , their relaxation time, and the mechanism for d i e l e c t r i c 
relaxations. This ambiguity i s not unique to l i q u i d junction 
c e l l s but extends to s o l i d junctions where microscopic mechanisms 
for the d i e l e c t r i c relaxation such as the presence of deep traps 
were assumed. 

In our experience with CdSe regenerative c e l l s we have found 
that unlike T1O2 (4) the complete frequency range of the imped
ance measurements extends to the l i m i t s of our experimental 
capability, which i s 10 MHz. At these high frequencies, the i n 
ductance of various components i n the measuring apparatus seems 
to play an important role. While attempts were made to reduce 
i t s contributions to the impédance, we were unable to eliminate 
i t and thus we included i t i n the equivalent c i r c u i t i n Fig. 2. 
The high frequency values of the real and imaginary parts are 
used to calculate L,Cg£ and Rg, and these values are used to 
calculate Bgg as previously described. (3) Fig. 3 shows the 
relaxation spectrum of single c r y s t a l CdSe i n 1M NaOH/S"/S 
electrolyte, with a potential U=+O.8 V vs NaOH/S=/S 1:1: 1M 
electrode which was separately measured to be at -O.72 V vs SCE. 
The sharp dip i n the imaginary part i s f u l l y consistent with the 
presence of the inductive element i n series as shown in Fig. 2 
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EQUIVALENT CIRCUIT 

HIGH FREQUENCY' J 
- Csc 

Z HF • R S + J ( » L - - S g L - ) 

= R s + JX 

ω ω Csc 

LOW FREQUENCY' 

B s s , £ Ci 

Figure 2. Assumed generalized equivalent circuit of the semiconductor—electrolyte 
interface. Reduced equivalent circuit at high frequencies and the expression for the 

impedance at low and high frequencies. 
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while the two smaller dips i n the r e a l part are not consistent 
with this presentation. They could result from the presence of 
inductive elements p a r a l l e l to Rg. The possible role of stray 
capacitance i n the system i s also a matter for further i n v e s t i 
gation. 

Noting these uncertainties, we have evaluated the equiva
lent c i r c u i t and present the results in Fig. 3. The potential 
dependence of the three capacitive elements i s shown in Figs. 
4 and 5. As shown in Fig. 4 the agreement of the Csc data with 
the Mott-Schottky re l a t i o n i s good and indicates that C$ç o r i g 
inates from the majority c a r r i e r s i n the space charge region. 
The normalized slope indicates a doping l e v e l of 8 χ 10*°/cm3, 
and the intercept i s at -O.96 V vs NaOH/S=/S 1:1:1M electrode. 
The potential dependence of the other two capacitive elements 
are given in Fig. 5. These elements do not obey the Mott-
Schottky re l a t i o n and thei  o r i g i  i  s t i l l bein  investigated
Preliminary measurement
on CdSe single crystals
nor Deep Level Transient Spectroscopy (10) has provided e v i 
dence for the slower relaxing states. These n u l l results and 
the potential dependence of C and C2 indicate that these 
slower states might be associated with the c r y s t a l - l i q u i d 
interface. However, a word of caution i s indicated as the 
crystals used for the Schottky barrier work had a much lower 
doping l e v e l (5 χ 10 / cm as determined from their Mott-
Schottky data) than the crystals used i n the photoelectro
chemical c e l l s . 

E lectrolyte Electroreflectance 

Electrolyte Electroreflectance (EER) i s a sensitive o p t i 
cal technique i n which an applied e l e c t r i c f i e l d at the surface 
of a semiconductor modulates the r e f l e c t i v i t y , and the detected 
signals are analyzed using a lock-in amplifier. EER i s a 
powerful method for studying the o p t i c a l properties of semi
conductors, and considerable experimental d e t a i l i s available 
in the l i t e r a t u r e . ( Π , JL2, 13, 14, JL5) The EER spectrum i s 
automatically normalized with respect to field-independent 
optical properties of surface films (for example, s u l f i d e s ) , 
electrolytes, and other experimental particulars. S i g n i f i 
cantly, the EER spectrum may contain features which are sensi
tive to both the AC and the DC applied e l e c t r i c f i e l d s , and 
can be used to monitor i n s i t u the potential d i s t r i b u t i o n at 
the l i q u i d junction interface. (Γ4, JL5, 16, 17, 18) 

We have measured the EER spectra of single c r y s t a l CdSe 
in a polysulfide electrolyte using the same configuration for 
which the relaxation spectrum analysis was applied. Prelimi
nary results are shown i n Fig. 6. 

Two p r i n c i p a l spectral features can be seen i n Fig. 6 
near 1.75 and 2.16 eV, corresponding to the E Q

A B (direct gap 
at k=0) and E G

C (spin-orbit s p l i t component) peaks previously 
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POTENTIAL (Vvs NaOH/S=/S) 

Figure 4. Mott-Schottky plot of Csc from Figure 3 
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observed. (11) As the potential i s reduced from +O.5 V to 
-1.0 V the spectral lineshape changes s i g n i f i c a n t l y . Addition
a l measurements carried out with zero DC applied voltage have 
shown that the intensity of the spectrum scales l i n e a r l y with 
the amplitude of the modulation voltage from V a c = O.05 V to 
V a c = 1.0 V peak to peak. This indicates that the EER spectra 
are "low-field 1 1 spectra. ( 1 , J5, 16, 17) However, EER spec
tra i n the low-field regime are expected to be independent of 
the DC e l e c t r i c f i e l d at the surface, hence, independent of 
potential. The variation i n the EER lineshape as a function 
of potential may be a result of the mismatch between the elec
t r i c f i e l d p r o f i l e near the surface of the semiconductor and 
the penetration depth of the l i g h t . (13, 14, 15) In this case, 
the EER spectra would be independent of potential for values 
corresponding to deep depletion, where the f i e l d over the pene
tration depth of the l i g h t i s r e l a t i v e l y constant. Additional 
data show that this r e l a t i o
potentials i n the rang
electroreflectance, the signal observed at the fundamental 
frequency i s expected to pass through a minimum as we approach 
the flatband potential. (J3, 18) Despite the complications 
in the lineshape due to f i e l d nonuniformity within the penetra
tion depth of the l i g h t , the EER spectra of Fi g . 6 do show that 
the signal intensity goes through a minimum at U = -O.8 V vs 
NaOH/S=/S electrode. This value for the flatband potential i s 
in approximate agreement with that from the capacitance data. 
As the flatband potential i s crossed, the energy bands at the 
surface go from depletion to accumulation and the EER signal 
i s expected to reverse i n sign, (13, 18) as can be observed i n 
Fig. 6 for U = -1.0 V. By measuring the amplitude and phase 
of the EER signal at a spectral feature for which the photon 
energy i s independent of the electrode potential, a very accu
rate value of the flatband potential can be obtained simply by 
scanning through the potential range. The appropriate condi
tions are approximately s a t i s f i e d for hv = 1.74 eV, the energy 
gap of CdSe, which i s near the average position of the main 
electroreflectance peak. F i g . 7 shows the EER signal for 
hv= 1.74 eV as a function of potential under conditions i d e n t i 
c a l with those for the data i n F i g . 6. For comparison, the 
variation i n the photocurrent due to chopped white l i g h t , as a 
function of the electrode potential, i s also shown. We can see 
that the turn-on potential and the inversion of the EER signal 
agree, indicating that the l i q u i d junction c e l l resembles a 
"well behaved" diode. For the uniform f i e l d case the EER 
method should be superior to both the capacitance technique 
which r e l i e s upon the separate evaluation of the various charge 
accumulation modes, and the turn-on potential technique which 
i s dependent on kinetic factors. 
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WAVELENGTH (A) 

PHOTON ENERGY (eV) 

Figure 6. Variation with potential of the electrolyte electroreflectance spectra of 
single-crystal n-CdSe in polysulfide solution (CdSe Τ = 300 Κ in NaOH/S=/S 1:1:1; 

modulation = O.2 V) 

Figure 7. Potential sweep of the electroreflectance signal at 1.74 eV superimposed 
on potential sweep of chopped light photoresponse 
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Conclusions 

We have extended the technique of Relaxation Spectrum 
Analysis to cover the seven orders of magnitude of the experi
mentally available frequency range. This frequency range i s 
required for a complete description of the equivalent c i r c u i t 
for our CdSe-polysulfide electrolyte c e l l s . The fastest re
laxing capacitive element i s due to the f u l l y ionized donor 
states. On the basis of their potential dependence exhibited 
i n the c e l l data and their indicated absence i n the prel i m i 
nary measurements of the Au Schottky barriers on CdSe single 
crystals, the slower relaxing capacitive elements are tenta
t i v e l y associated with charge accumulation at the s o l i d - l i q u i d 
interface. 

The close agreement among the flatband potentials deter
mined by the capacitance measurements  electrolyte electrore
flectance, threshold fo
dicates that these c e l l
agreement also suggests that the open c i r c u i t voltage should 
approach the theoretical value — the difference between the 
polysulfide redox potential and the flatband potential of the 
photoelectrode—once the polarization at the counter electrode 
and the dark current are minimized. The dependence of the 
electroreflectance lineshape on the electrode potential offers 
the promise of direct measurement of the e l e c t r i c f i e l d at the 
junction and of the penetration of the l i g h t r e l a t i v e to the 
el e c t r i c f i e l d . To f u l l y r e a l i z e this promise a f u l l analysis 
of the lineshape i s required. 

ABSTRACT 

The Relaxation Spectrum Analysis was carried out for a 
cell consisting of n-CdSe in a liquid junction configuration 
with NaOH/S=/S 1:1:1M as the electrolyte. Three parallel RC 
elements were identified for the equivalent circuit of this 
cell, and the fastest relaxing capacitive element obeys the 
Mott-Schottky relation. 

Electroreflectance spectra were measured for n-CdSe in 
the liquid junction configuration, and variations of the 
lineshape as a function of potential were observed. As the 
potential was reduced below the flatband potential, the 
electroreflectance signals changed sign. The potential at 
which this change occurs correlates well with the turn-on 
potential for light-induced photocurrent and with the inter
cept of the Mott-Schottky plot. 
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Luminescence and Photoelectrochemistry of 
Surfactant Metalloporphyrin Assemblies on 
Solid Supports 
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Department of Chemistry, University of Delaware, Newark, DE 19711 

Photoelectrochemical
semiconductor-liquid junctions
means for converting solar energy into electricity or storable 
chemical fuels (1). One approach to achieving such devices 
involves the sensitization of wide-gap semiconductors by modifi
cation of their surfaces with visible-light absorbing dyes. In 
this well-established spectral sensitization process (2,3,4), the 
light-excited dye molecules transfer majority carriers into the 
semiconductor, and the interfacial energetics are advantageously 
employed to inhibit back reactions. For instance, if the energy 
levels are suitably matched, dyes bound to n-type semiconductor 
electrodes inject electrons into the conduction band upon 
illumination. The electrons are swept away from the surface 
into the bulk of the semiconductor as a result of the space
-charge layer developed beneath the semiconductor surface. In the 
electrochemical cell, the photooxidized dyes trapped at the 
surface are reduced by appropriate redox species in the electro
lyte. Coupling of the photoelectrode via an external circuit 
to a counter electrode also immersed in the electrolyte completes 
the cell. 

For dyes absorbing in the visible region, wide-gap semi
conductors are chosen to maximize electron transfer from the 
excited dye molecules on the surface to the solid (5,6). 
However, a major difficulty associated with this approach is 
the restriction of overall quantum conversion efficiencies due to 
low light absorption by thin dye layers. Thick dye layers, 
although they may absorb all of the light, do not result in 
significantly greater conversion efficiencies, since they suffer 
from increased quenching probabilities and large resistances. 
These properties of thick dye films are discouraging with regard 
to fabricating practical photoelectrochemical cells. Consequently, 
we are employing a molecular design approach to systematically 
examine photoinduced charge and energy transfer in highly ordered 
dye assemblies of a controllable architecture. The aim is to 
understand the fundamental sensitization processes, both within 
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the a s s e m b l i e s and a t the i n t e r f a c e s , i n o r d e r t o u l t i m a t e l y 
r e a l i z e u s e f u l s e n s i t i z a t i o n m a t e r i a l s . 

The o b j e c t i v e of t h i s m o l e c u l a r d e s i g n approach i s the 
unique t h r e e - d i m e n s i o n a l a r r a y s c h e m a t i c a l l y r e p r e s e n t e d i n 
F i g u r e 1. In t h i s i d e a l i z e d s t r u c t u r e , c o o r d i n a t i o n compounds 
are o r g a n i z e d i n d i s t i n c t monomolecular l a y e r s . Each l a y e r i s 
connected to a d j a c e n t ones by b i f u n c t i o n a l m o l e c u l a r l i n k a g e s 
c o o r d i n a t e d to the a x i a l s i t e s of the m etal c e n t e r s . The dye 
m o l e c u l e s we a r e u s i n g i n our e f f o r t s to s y n t h e s i z e such a 
s t r u c t u r e are m e t a l l o p o r p h y r i n s , whose c o o r d i n a t i o n c h e m i s t r y 
and s t r u c t u r a l c h a r a c t e r i s t i c s appear to be w e l l s u i t e d to 
a c c o m p l i s h i n g the s y n t h e t i c g o a l s . The i n t e r l a y e r l i n k a g e s to 
be used a r e b i f u n c t i o n a l bases such as p y r a z i n e , which i s 
shown i n the i l l u s t r a t i o n . T h e i r f u n c t i o n s are t w o - f o l d : to 
p r o v i d e b i n d i n g s i t e s f o r p o s i t i o n i n g s u c c e s s i v e l a y e r s i n the 
a r r a y , and to p r o v i d e a
photoinduced charge t r a n s f e
i t i s not our i n t e n t to develop the d e t a i l e d r a t i o n a l e behind 
our d e s i g n here, i t s h o u l d be noted t h a t c o n s t r u c t i o n of such an 
a r r a y i n a s t e p - w i s e manner would p r o v i d e a convenient means 
f o r t u n i n g the o p t i c a l and e l e c t r i c a l p r o p e r t i e s of the f i l m 1 s 
a r c h i t e c t u r e . For example, f o r m a t i o n of a m u l t i - l a y e r e d assembly 
w i t h s u c c e s s i v e l a y e r s comprised of m e t a l l o p o r p h y r i n s w i t h de
c r e a s i n g redox p o t e n t i a l s c o u l d r e s u l t i n the g e n e r a t i o n of an 
asymmetric f i l m . 

The s y n t h e t i c s t r a t e g y we are f o l l o w i n g to develop these 
o r d e r e d f i l m s i n v o l v e s a combination of monolayer tec h n i q u e s 
and c o o r d i n a t i o n c h e m i s t r y s u b s t i t u t i o n r e a c t i o n s . T h i s s y n t h e t i c 
approach i s d e p i c t e d i n F i g u r e 2 f o r a two l a y e r e d system i n 
which the l a y e r s a r e i n t e r c o n n e c t e d by p y r a z i n e . The f i r s t s t e p 
i s f o r m a t i o n of a template l a y e r on a s o l i d s u pport. T h i s i s 
a ccomplished by t r a n s f e r r i n g an ordered l a y e r of s u r f a c t a n t 
m e t a l l o p o r p h y r i n s from an a i r - w a t e r i n t e r f a c e onto a hydropho-
b i c a l l y t r e a t e d support s u r f a c e by p a s s i n g the support down 
through the o r i e n t e d f i l m (Step 1 ) . I t i s i m p e r a t i v e t h a t t h i s 
monolayer i s homogeneous and t h a t the m o l e c u l a r p l a n e s of each 
p o r p h y r i n molecule are o r i e n t e d p a r a l l e l to the support s u r f a c e , 
l e a v i n g the m e t a l c e n t e r s exposed a t the h y d r o p h i l i c i n t e r f a c e . 
The second and t h i r d s t e p s i n v o l v e s u c c e s s i v e a d d i t i o n s of the 
p y r a z i n e and n o n - s u r f a c t a n t water s o l u b l e m e t a l l o p o r p h y r i n com
p l e x e s to the template submerged i n the aqueous phase (Steps 2 
and 3, r e s p e c t i v e l y ) . The t w o - l a y e r e d assembly i s then removed 
from the water through a p r o t e c t i v e monolayer of s t e a r i c a c i d 
t o prevent d i s r u p t i o n of the f i l m s t r u c t u r e (Step 4 ) . I f i n s t e a d 
of removing the assembly i n Step 4, Steps 2 and 3 were s u c c e s s i v e 
l y r e p e a t e d , m u l t i - l a y e r e d a s s e m b l i e s h a v i n g the e s s e n t i a l f e a 
t u r e s d e s c r i b e d i n F i g u r e 1 might be r e a l i z e d . 

S i n c e achievement of template f o r m a t i o n i s c r u c i a l t o the 
success of t h i s approach, much of our e f f o r t to date has been 
d i r e c t e d a t e l u c i d a t i n g the monolayer p r o p e r t i e s of v a r i o u s p o r -
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Figure 1. Schematic of the proposed dye 
assembly where M is coordinated in the 

layers 
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Figure 2. Representation of the dye assembly construction procedure: (O-) stearic 
acid; (-%-) surfactant metalloporphyrin (MTOAPP); and (-%-) water soluble 

porphyrin 
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p h y r i n compounds. T h i s has l e d to our work w i t h s u r f a c t a n t 
p o r p h y r i n d e r i v a t i v e s of the type s c h e m a t i c a l l y r e p r e s e n t e d i n 
F i g u r e 3. The r e s u l t s of our monolayer and luminescence s t u d i e s 
w i t h these m o d i f i e d p o r p h y r i n s do i n f a c t i n d i c a t e t h a t they form 
w e l l - o r d e r e d monolayers a t the a i r - w a t e r i n t e r f a c e w i t h c h a r a c t e r 
i s t i c s s u i t a b l e f o r template f o r m a t i o n . T h i s i s i n agreement 
w i t h r e p o r t e d r e s u l t s f o r s i m i l a r s u r f a c t a n t p o r p h y r i n d e r i v a t i v e s 
Ç 7 , 8 ) . The purpose of t h i s a r t i c l e i s to pre s e n t the r e s u l t s 
of our luminescence and p h o t o e l e c t r i c s t u d i e s w i t h these p o r p h y r i n 
d e r i v a t i v e s , s i n c e they demonstrate t h a t these compounds p r o v i d e 
a good o p p o r t u n i t y f o r examining e l e c t r o n and energy t r a n s f e r 
phenomena a t a u n i q u e l y d e f i n e d dye s e n s i t i z e d semiconductor-
e l e c t r o l y t e i n t e r f a c e . The r e s u l t s a r e a l s o d i s c u s s e d w i t h r e g a r d 
t o the m o l e c u l a r d e s i g n of the n o v e l p h o t o s e n s i t i v e f i l m s . 

E x p e r i m e n t a l 

P r e p a r a t i o n and P u r i f i c a t i o n o f M a t e r i a l s . 

The t e t r a o c t a d e c y l a m i d e d e r i v a t i v e ( tTOAPP) of meso-tetra 
(a,a,a,a-o-aminophenyl)porphyrin was prepared by m o d i f i c a t i o n 
of the " p i c k e t - f e n c e " p o r p h y r i n procedure of Collman and coworkers 
(90. P u r i f i c a t i o n was by column chromatography on s i l i c a g e l 
u s i n g g r a d i e n t e l u t i o n w i t h e t h e r - p e t r o l e u m e t h e r s o l v e n t combin
a t i o n s . The chromatographic procedure was repeat e d u n t i l the 
p o r p h y r i n s were determined t o be g r e a t e r than 99% i s o m e r i c a l l y 
pure. P u r i t y was checked u s i n g high-performance l i q u i d chromato
graphy by comparing the pure product t o a st a n d a r d m i x t u r e of the 
f o u r p o s s i b l e a t r o p i s o m e r s . R e f l u x i n g the f r e e - b a s e s u r f a c t a n t 
p o r p h y r i n w i t h z i n c a c e t a t e i n dimethylformamide and n i c k e l 
c h l o r i d e i n c h l o r o f o r m - e t h a n o l gave the z i n c and n i c k e l m e t a l l o -
p o r p h y r i n d e r i v a t i v e s , r e s p e c t i v e l y . 

Octadecane (Eastman) and s t e a r i c a c i d ( A l d r i c h ) were r e -
c r y s t a l l i z e d from acetone and a c e t o n i t r i l e , r e s p e c t i v e l y . A l l 
o t h e r o r g a n i c s o l v e n t s and i n o r g a n i c compounds were reagent 
grade or b e t t e r and used as r e c e i v e d . T r i p l y d i s t i l l e d water 
(from an a l l g l a s s system h a v i n g permanganate and s u l f u r i c a c i d 
s t a g e s ) was used f o r the monolayer subphases and the e l e c t r o l y t e 
s o l u t i o n s . 

S o l i d s upports were e i t h e r 25 χ 75 mm g l a s s microscope s l i d e s 
( F i s h e r b r a n d ) o r 25 χ 75 mm Sb doped Sn0 ? coated g l a s s s l i d e s 
( P r a c t i c a l P r o d u c t s Co.). The Sn0 2 c o a t i n g was 3000A t h i c k and 
had a r e s i s t a n c e of 100 Ω/Ο. O p t i c a l t r a n s m i t t a n c e was 80-85% i n 
the v i s i b l e r e g i o n above 400 nm. The g l a s s microscope s l i d e s 
were t r e a t e d w i t h hot o r g a n i c s o l v e n t s , hot HNOo, d i l u t e NHOH, 
and then were r i n s e d s e v e r a l times w i t h t r i p l y d i s t i l l e d water. 
They were a i r d r i e d i n an i n v e r t e d p o s i t i o n . The Sn0 2 o p t i c a l l y 
t r a n s p a r e n t e l e c t r o d e s (OTE's) were t r e a t e d w i t h hot CHCI3 and 
CHOH, etched w i t h l S O , and then washed s e v e r a l times w i t h 
t r i p l y d i s t i l l e d water. A c o n d u c t i v e s i l v e r c o a t i n g ( P r a c t i c a l 
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P r o d u c t s Co.) was p a i n t e d as a c o n t a c t on one end of the OTE, 
which was then cured i n an oven at 160°C. A f t e r c l e a n i n g and 
d r y i n g , the g l a s s s l i d e s and OTE 1s were s t o r e d i n s e a l e d i n d i v 
i d u a l g l a s s c o n t a i n e r s u n t i l use. 

Monolayer Techniques. 

The g e n e r a l methods used f o r forming and m a n i p u l a t i n g mono
l a y e r s a r e d e s c r i b e d by Kuhn and coworkers (10). P r e s s u r e - a r e a 
curves were determined on a p a r a f f i n coated Cenco Langmuir b a l a n c e 
c a l i b r a t e d by suspending w e i g h t s from an a t t a c h e d s i d e arm of 
known l e n g t h . The c a l i b r a t i o n was checked p e r i o d i c a l l y by mea
s u r i n g the p r e s s u r e - a r e a curve f o r s t e a r i c a c i d (SA). The f i l m s 
a t the a i r - w a t e r i n t e r f a c e were formed by d e l i v e r i n g 100-200 μΐ 
of a p p r o x i m a t e l y 10" M s o l u t i o n s of the r e q u i r e d s u r f a c t a n t 
m i x t u r e s i n c h l o r o f o r m
200 y l s y r i n g e . The s u r f a c e - p r e s s u r
by compressing the f i l m i n s u c c e s s i v e s t e p s a t one minute i n t e r
v a l s . The aqueous subphase, u n l e s s noted o t h e r w i s e , was b u f f e r e d 
at pH 6.5 w i t h 5 χ 10-5 M NaHC0 3 and c o n t a i n e d 3 χ 10 " 4 M C d C l 2 . 

The p r e c l e a n e d g l a s s s l i d e s f o r the s p e c t r o s c o p i c s t u d i e s 
were p r e c o a t e d on one s i d e w i t h t h r e e l a y e r s of cadmium stéarate 
(formed by a d d i t i o n o f SA to the cadmium-containing subphase) 
by p a s s i n g two s l i d e s p o s i t i o n e d back-to-back through the mono
l a y e r t h r e e times a t a r a t e of 1.0 cm/min. The s u r f a c e p r e s s u r e 
was h e l d c o n s t a n t a t 30 dyne/cm by a weight and p u l l e y t r a n s f e r 
apparatus w i t h a motor d r i v e n l i f t (11). D e p o s i t i o n of the 
s u r f a c t a n t p o r p h y r i n m i x t u r e s was by p a s s i n g the stéarate coated 
s l i d e s down through the a p p r o p r i a t e f i l m a t a co n s t a n t p r e s s u r e 
of 20 dyne/cm. I f a s i n g l e p o r p h y r i n l a y e r was r e q u i r e d on 
the s u p p o r t , the p o r p h y r i n monolayer was then removed from the 
subphase s u r f a c e and a s t e a r i c a c i d f i l m was formed through 
which the s l i d e c o n t a i n i n g the p o r p h y r i n monolayer was removed. 
For f o r m a t i o n of two p o r p h y r i n dye l a y e r s f a c e - t o - f a c e on the 
s u p p o r t , the s l i d e was s i m p l y dipped and then removed through 
the p o r p h y r i n f i l m on the subphase. D e p o s i t i o n of s u r f a c t a n t 
p o r p h y r i n s on the Sn0 2 OTE 1s f o r the p h o t o e l e c t r i c measurements 
was by v e r t i c a l removal of the OTE (two s l i d e s a t a time w i t h 
the g l a s s s u r f a c e s f a c i n g each o t h e r ) through the p o r p h y r i n 
m i x t u r e on the aqueous subphase. S u r f a c t a n t p o r p h y r i n (MTOAPP): 
s t e a r i c a c i d : o c t a d e c a n e monolayers i n the r a t i o of 1:4:3 were 
h e l d a t a cons t a n t p r e s s u r e of 25 dyne/cm f o r these d e p o s i t i o n s . 
I n t h i s s u p p o r t - f i l m arrangement, the p o r p h y r i n r i n g s were 
p o s i t i o n e d next t o the Sn0 2 s u r f a c e . Coated s l i d e s were s t o r e d 
i n s e p a r a t e g l a s s c o n t a i n e r s i n the dark b e f o r e use. D e p o s i t i o n 
r a t i o s were r o u t i n e l y measured and used as a c r i t e r i o n t o asses s 
the q u a l i t y of the c o a t i n g s . 
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Luminescence Measurements. 

C o r r e c t e d luminescence s p e c t r a were determined w i t h a P e r k i n -
Elmer MPF-44B s p e c t r o p h o t o f l u o r i m e t e r equipped w i t h a R-928 photo-
m u l t i p l i e r and a DCSU-2 m i c r o p r o c e s s o r . C a l i b r a t i o n was w i t h a 
P e r k i n - E l m e r s t a n d a r d t u n g s t e n lamp u n i t . E x c i t a t i o n and e m i s s i o n 
s p e c t r a of monolayers on the g l a s s s l i d e s were from the f r o n t s i d e 
w i t h the s l i d e p o s i t i o n e d i n a sample h o l d e r w i t h a n o n - f l u o r e s c -
i n g b l a c k background. The e x c i t i n g l i g h t was a t an angle of 30° 
t o the normal of the sample s l i d e w i t h d e t e c t i o n of luminescence 
a t r i g h t a n g l e s t o the i n c i d e n t l i g h t through a 565 nm c u t - o f f 
f i l t e r (Turner, Sharp Cut #22). 

P h o t o e l e c t r o c h e m i c a l Measurements. 

The e l e c t r o c h e m i c a l c e l l c o n s i s t e d of the p o r p h y r i n t r e a t e d 
SnO OTE mounted as a windo
c o n t a i n e d a compartmen
c o n d u c t o r - p o r p h y r i n f a c e c o n t a c t e d the e l e c t r o l y t e w i t h an a r e a 
of 1.0 c m . E l e c t r i c a l c o n t a c t to the Sn0 2 e l e c t r o d e was made 
v i a a c o n d u c t i v e s i l v e r c o a t i n g on one end. A p l a t i n u m w i r e and 
a s a t u r a t e d c a l o m e l e l e c t r o d e (SCE) served as the counter and r e f 
erence e l e c t r o d e s , r e s p e c t i v e l y . The SCE c o n t a c t e d the e l e c t r o 
l y t e v i a a s a l t b r i d g e . The c e l l compartment was p r o v i d e d w i t h 
an i n l e t and o u t l e t f o r i n t r o d u c t i o n of the e l e c t r o l y t e . The 
s u p p o r t i n g e l e c t r o l y t e was O.1 M KC1 and the pH was m a i n t a i n e d 
a t 7.0 u s i n g a phosphate b u f f e r . The e l e c t r o l y t e was r i g o r o u s l y 
deaerated w i t h a N 2 purge. Current v e r s u s p o t e n t i a l measurements 
were made u s i n g c i r c u i t r y s i m i l a r to t h a t d e s c r i b e d by Honda and 
coworkers (12). The p o t e n t i o s t a t and s i g n a l programmer were of 
c o n v e n t i o n a l d e s i g n and c o n s t r u c t e d by us from co m m e r c i a l l y 
a v a i l a b l e components. P h o t o c u r r e n t s were measured by a K e i t h l e y 
e l e c t r o m e t e r (Model 610C) and recorded on an X-Y r e c o r d e r . The 
c e l l mounts and a l l e l e c t r i c a l components were connected to a 
common ground. T y p i c a l c e l l i n t e r n a l r e s i s t a n c e s were 20-30 k f i . 

The l i g h t source f o r c u r r e n t v e r s u s p o t e n t i a l and c u r r e n t 
v e r s u s time measurements was a 300-watt ELH lamp (General E l e c 
t r i c ) o p e r a t e d a t an i n t e g r a t e d i r r a d i a n c e of ca. 75 mw/cm above 
350 nm. A 350 nm c u t - o f f f i l t e r was p o s i t i o n e d between the e l e c 
t r o c h e m i c a l c e l l and the l i g h t source. The p h o t o c u r r e n t back
grounds of Sn0 2 e l e c t r o d e s h a v i n g o n l y a cadmium stéarate l a y e r 
were 10" l e s s than those h a v i n g the p o r p h y r i n dye monolayers. 
D e t e r m i n a t i o n of a c t i o n s p e c t r a was accomplished by p l a c i n g the 
e l e c t r o c h e m i c a l c e l l i n the sample chamber of the P e r k i n - E l m e r 
MPF-44B spectrometer and u s i n g the 150-watt Xe l i g h t source and 
e x c i t a t i o n o p t i c s f o r i r r a d i a t i n g the e l e c t r o d e . 

R e s u l t s and D i s c u s s i o n 

Monolayer P r o p e r t i e s . 

P r e v i o u s s t u d i e s of dye s e n s i t i z a t i o n w i t h p o r p h y r i n m a t e r i a l s 
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( 1 3 - 1 9 ) have u s u a l l y i n v o l v e d f o r m a t i o n o f s o l i d f i l m s by t e c h 
n i q u e s such as s o l u t i o n e v a p o r a t i o n o r vapor d e p o s i t i o n . L i t t l e 
i s known about the s t r u c t u r e s of such f i l m s . As a r e s u l t , we have 
been s t u d y i n g methods f o r g e n e r a t i n g w e l l - d e f i n e d p o r p h y r i n assem
b l i e s u s i n g monolayer methods a t the a i r - w a t e r i n t e r f a c e ( 1 0 ) . 
Our attempts t o generate monolayers of m e t a l l o t e t r a p h e n y l p o r p h y -
r i n s by s p r e a d i n g s o l u t i o n s of them on an aqueous subphase d i d 
not r e s u l t i n the g e n e r a t i o n of monomolecular l a y e r s . As expected, 
a h i g h degree o f a g g r e g a t i o n and m i c r o c r y s t a l l i n i t y was r e a d i l y 
apparent. Compression of these f i l m s r e s u l t s i n curves a t y p i c a l 
of monolayers w i t h e x t r a p o l a t e d area/molecule v a l u e s l e s s than 
15 A / m o l e c u l e a t ob s e r v a b l e s u r f a c e p r e s s u r e s . A d d i t i o n o f 
s u r f a c t a n t compounds known to enhance monolayer-forming p r o p e r 
t i e s (e.g., s t e a r i c a c i d ) i n the s p r e a d i n g process d i d not 
a l l e v i a t e the a g g r e g a t i o n problems. C o d e p o s i t i o n of m i x t u r e s 
of v a r i o u s s u r f a c t a n t p y r i d i n
d e r i v a t i v e of 4 - a m i n o p y r i d i n e
r e s u l t e d i n no v i s i b l e a g g r e g a t i o n
c h a r a c t e r i s t i c of monomolecular l a y e r s were observed; however, 
the p o r p h y r i n area/molecule v a l u e s ranged from 8 0 - 1 2 0 Â / m o l e c u l e 
depending on the n a t u r e of the m e t a l l o t e t r a p h e n y l p o r p h y r i n . T h i s 
suggests t h a t the p o r p h y r i n s are e i t h e r aggregated, o r i e n t e d 
p e r p e n d i c u l a r l y t o the aqueous s u r f a c e , o r tucked up i n s i d e the 
s u r f a c t a n t l a y e r . A l t hough these systems are u n s u i t a b l e f o r 
template f o r m a t i o n i n our assembly procedure, they may be u s e f u l 
f o r examining dye s e n s i t i z a t i o n o r i e n t a t i o n a l e f f e c t s a t e l e c t r o d e 
s u r f a c e s . 

To a c h i e v e p o r p h y r i n monolayers s u i t a b l e f o r use i n our p r o 
posed assembly scheme, we examined the p r o p e r t i e s o f s u r f a c t a n t 
p o r p h y r i n s of the g e n e r a l type shown i n F i g u r e 3 . A t y p i c a l s u r 
f a c e p r e s s u r e - a r e a i s o t h e r m f o r I T O APP on a pH 6 . 5 b u f f e r e d 
NaHCO aqueous subphase i s g i v e n i n F i g u r e 4 . T h i s curve i s c h a r 
a c t e r i s t i c of f o r m a t i o n of monomolecular l a y e r s a t the a i r - w a t e r 
i n t e r f a c e ( 2 0 ). E x t r a p o l a t i o n of the condensed phase r e g i o n 
t o zero p r e s s u r e g i v e s a v a l u e of ca. 1 6 0 Â / m o l e c u l e f o r the 
p o r p h y r i n , which i s i n agreement w i t h p r e v i o u s o b s e r v a t i o n s f o r 
t h i s type of compound ( 8 ) . S i m i l a r v a l u e s are found f o r both 
the Zn and NiTOAPP d e r i v a t i v e s . T h i s area/molecule v a l u e i s 
c o n s i s t e n t w i t h t h a t expected f o r the p o r p h y r i n r i n g o r i e n t e d 
n e a r l y p a r a l l e l to the aqueous s u r f a c e ( v a l u e s of ca. 1 6 5 Â / 
molecule are c a l c u l a t e d from c r y s t a l s t r u c t u r e s of t e t r a p h e n y l -
p o r p h y r i n ) . The decrease i n a r e a t o ca. 1 3 0 A / m o l e c u l e upon 
compression t o 20 dyne/cm pr o b a b l y r e s u l t s from t i l t i n g o f the 
p o r p h y r i n heads as the l o o s e l y packed c h a i n s ( t o t a l a r e a o f ca. 
80 A / m o l e c u l e ) are squeezed i n t o a t i g h t e r arrangement. T h i s 
c o u l d r e s u l t i n some o v e r l a p of the p o r p h y r i n π o r b i t a l system. 
The p o r p h y r i n o r i e n t a t i o n i n d i c a t e d by t h i s r e s u l t i s encouraging 
w i t h r e g a r d t o u s i n g these compounds f o r template f o r m a t i o n to 
b u i l d up the proposed p o r p h y r i n - c o n t a i n i n g a r r a y s d e s c r i b e d 
e a r l i e r . 
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Figure 3. Schematic of a surfactant 
metalloporphyrin, MTOAPP 

Figure 4. Surface pressure-area isotherm 
of H2TOAPP (aqueous phase, 5 X 10~5M 
NaHCOs; pH 6.5; air atmosphere at 

25°C) 
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Mixed monolayer p r o p e r t i e s of the MTOAPP d e r i v a t i v e s w i t h 
v a r i o u s combinations of SA and octadecane were determined t o 
i n v e s t i g a t e ways f o r c o n t r o l l i n g the s u r f a c e c o n c e n t r a t i o n u s i n g 
p h o t o i n e r t s p a c e r s . The o b j e c t i v e was to c h a r a c t e r i z e t h e i r 
s t a b i l i t y and homogeneity upon d i l u t i o n . S u r f a c e p r e s s u r e - a r e a 
isotherms f o r d i f f e r i n g m i x i n g r a t i o s o f ZnTOAPP and SA are g i v e n 
i n F i g u r e 5. Two f e a t u r e s of t h i s f a m i l y of curves i n d i c a t e 
homogeneity of m i x i n g (20). They a r e : 1) i n c r e a s i n g breakdown 
p r e s s u r e as a f u n c t i o n o f m i x i n g r a t i o , and 2) the c a l c u l a t e d 
c u r v e , F i g u r e 5 c 1 , which i s based on a d d i t i v i t y of the areas 
of pure ZnTOAPP and SA (a 1:4, ZnTOAPP:SA m i x t u r e ) does not 
agree w i t h the e x p e r i m e n t a l l y determined curve, F i g u r e 5c. Re
s u l t s o b t a i n e d f o r a ZnTOAPP-octadecane m i x t u r e i n d i c a t e d t h a t a t 
low m i x i n g r a t i o s ( l e s s than 1:10, ZnTOAPP:octadecane) l a y e r s a r e 
s t a b i l i z e d r e l a t i v e t o pure ZnTOAPP. Maximum f i l m s t a b i l i t y 
was observed f o r the 1:3 m i x t u r f ZnTOAPP:octadecane  I t 
appears t h a t the octadecan
v a c a n c i e s i n the l o o s e l y packe  hydrophobi  r e g i o n
m i x t u r e s of p o r p h y r i n - s t e a r i c a c i d - o c t a d e c a n e i n d i c a t e d t h a t a 
1:4:3 r a t i o of ZnTOAPP:SA:octadecane g i v e s good, s t a b l e monolayers 
so t h i s c o m b ination was chosen f o r the p h o t o e l e c t r o c h e m i c a l 
measurements. 

U s i n g e s t a b l i s h e d methods (1 0 ) , the ZnTOAPP monolayers were 
r e a d i l y t r a n s f e r r e d t o s o l i d s u p p o r t s , such as s u i t a b l y t r e a t e d 
g l a s s s l i d e s o r SnO o p t i c a l l y t r a n s p a r e n t e l e c t r o d e s . 

Luminescence S t u d i e s . 

Luminescence s p e c t r o s c o p y was used as a s e n s i t i v e t e c h n i q u e 
t o c h a r a c t e r i z e the ZnTOAPP l a y e r s a t the a i r - s u p p o r t i n t e r f a c e . 
F i g u r e 6 compares the e m i s s i o n (λ β χ> 435 nm) and e x c i t a t i o n 
( X e m > 660 nm) s p e c t r a o f a monolayer of ZnTOAPP and SA (1:4) on a 
hydrophobic g l a s s support (arrangement o f l a y e r s i s glas s / S A / 
ZnTOAPP/SA) w i t h those of a ΙΟ" 6 M ZnTOAPP c h l o r o f o r m s o l u t i o n . 
There i s a s l i g h t bathochromic s h i f t ( ca. 10 nm) of the monolayer 
peaks and a broadening of the Soret band which q u a l i t a t i v e l y 
agrees w i t h r e s u l t s r e p o r t e d f o r vapor d e p o s i t e d s o l i d f i l m s of 
ZnTPP on q u a r t z (21,22). These s p e c t r a show t h a t our compounds 
are q u i t e pure (e.g., no a d d i t i o n a l peaks a t 630 and 690 nm due 
to c h l o r i n i m p u r i t i e s (22)) and t h a t they are not aggregated. 
Even 10 M p o r p h y r i n s o l u t i o n e x c i t a t i o n s p e c t r a of these com
pounds show s e v e r a l a d d i t i o n a l bands i n the Soret r e g i o n due to 
i n t e r m o l e c u l a r i n t e r a c t i o n s . A l s o , the broadening and peak s h i f t s 
a r e r a t h e r i n s e n s i t i v e t o d i l u t i o n of the monolayers w i t h SA, 
al t h o u g h f l u o r e s c e n c e i n t e n s i t i e s do s i g n i f i c a n t l y decrease. 
F i g u r e 7 shows the s e l f - q u e n c h i n g o f the 660 nm f l u o r e s c e n c e 
e m i s s i o n ( n o r m a l i z e d to r e l a t i v e i n t e n s i t y per chromophore u s i n g 
c o n c e n t r a t i o n v a l u e s based on our aqueous subphase monolayer data) 
as a f u n c t i o n o f d i l u t i o n of the ZnTOAPP by SA. A sharp decrease 
i n the quenching o c c u r s a t ZnTOAPP:SA r a t i o s of 1:4, and a con-
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A R E A PER M O L E C U L E ( A ) 

Figure 5. Surface pressure-area isotherms for ZnTOAPP.SA mixing ratios— 
(a) pure ZnTOAPP; (b) 1:2; (c) 1:4; (cf) 1:4 calculated; (d) 1:10; (e) 1:500; and 
(f) pure SA. Aqueous phase contains 5 X 10'5M NaHCOs buffer, pH 6.5, and 

3 X 10~4M CdCl2. 
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Figure 6. Excitation and emission spectra of a 10~6M solution of ZnTOAPP in 
chloroform ( ) and a monolayer of ZnTOAPP on a hydrophobically treated, 

Cd-SA glass support ( ). Relative intensities are arbitrarily adjusted. 
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s t a n t l i m i t i n g v a l u e i s reached a t a r a t i o of ca. 1:10. T h i s i s 
c o n s i s t e n t w i t h the f o r m u l a t i o n of a homogeneous, t i g h t l y packed 
monolayer on the support s u r f a c e . A heterogeneous s u r f a c e o f 
i s l a n d s o f p o r p h y r i n and s p a c e r s would be expected t o show l i t t l e 
e f f e c t upon SA d i l u t i o n . A l s o , t h i s luminescence data i n d i c a t e s 
t h a t energy t r a n s f e r a s s o c i a t e d w i t h s e l f - q u e n c h i n g takes p l a c e 
over v e r y s h o r t ranges ( i . e . l e s s than 1 Â s p a c i n g s between p o r 
p h y r i n r i n g p e r i p h e r i e s ) . T h i s may even r e q u i r e c o n t a c t o f 
o r b i t a l s on ad j a c e n t chromophores as might be expected f o r p o r 
p h y r i n s arranged i n a t i l t e d c o n f i g u r a t i o n on the s u r f a c e . By 
s l i g h t s e p a r a t i o n u s i n g SA, the quenching e f f e c t per molecule 
i s decreased by a f a c t o r of 3. 

I n c l u s i o n of v a r i o u s r a t i o s of n o n - f l u o r e s c i n g NiTOAPP t r a p s 
i n t o the ZnTOAPP monolayer (MT0APP:SA, 1:4) g i v e s the dependency 
i n d i c a t e d i n F i g u r e 8. T h i s r e s u l t i n d i c a t e s s i g n i f i c a n t energy 
t r a n s f e r from the Zn c e n t e r
of one t r a p per one hundre
w e l l w i t h one c a l c u l a t e d f o r a d i p o l a r - d i p o l a r c o u p l i n g mechanism 
(23) between p o r p h y r i n s . P r e l i m i n a r y evidence w i t h a t w o - l a y e r 
system i n which the ZnTOAPP monolayer (ZnTOAPP:SA, 1:4) concen
t r a t i o n was h e l d c o n s t a n t , but which was i n f a c e - t o - f a c e c o n t a c t 
w i t h a second NiTOAPP-SA monolayer of v a r y i n g N i c o n c e n t r a t i o n , 
i n d i c a t e s a s i m i l a r i n t e n s i t y dependence on m i x i n g r a t i o as 
was found f o r the s i n g l e l a y e r system. T h i s r e s u l t suggests t h a t 
i n t e r l a y e r quenching a l s o o c c u r s v i a a d i p o l a r - d i p o l a r mechanism. 
However, the c r i t i c a l d i s t a n c e f o r quenching ( I / I o = O.5) was 
found t o be l e s s than t h a t measured f o r the s i n g l e l a y e r assembly. 
T h i s i n d i c a t e s t h a t t h e r e i s l e s s e f f e c t i v e c o u p l i n g between 
weakly i n t e r a c t i n g chromophores i n a d j a c e n t l a y e r s than between 
molecules t i g h t l y packed i n i n d i v i d u a l l a y e r s . We are c u r r e n t l y 
s t u d y i n g these e f f e c t s i n g r e a t e r d e t a i l . 

P h o t o e l e c t r o c h e m i c a l S t u d i e s . 

Our i n i t i a l p h o t o e l e c t r o c h e m i c a l s t u d i e s have been conducted 
w i t h monolayers o f ZnTOAPP:SA:octadecane m i x t u r e s i n the r a t i o 
of 1:4:3. They are d e p o s i t e d d i r e c t l y on the SnO OTE's w i t h 
the s u r f a c t a n t p o r p h y r i n head groups i n c o n t a c t w i t h the e l e c t r o d e 
s u r f a c e . The e l e c t r o l y t e c o n t a i n e d O.1 M KC1 and was ma i n t a i n e d 
a t pH 7.0 w i t h a phosphate b u f f e r . The e l e c t r o l y t e was deoxy-
genated by a N2 gas purge. An anodic p h o t o c u r r e n t was generated 
under s h o r t - c i r c u i t c o n d i t i o n s which i n c r e a s e d w i t h a p p l i e d 
p o t e n t i a l . The anodic p h o t o c u r r e n t i s c o n s i s t e n t w i t h e l e c t r o n 
i n j e c t i o n toward the Sn02« A d d i t i o n a l l y , an open c i r c u i t v o l t a g e 
was measured upon i r r a d i a t i o n by the ELH lamp source. The 
observed p h o t o v o l t a g e (ca. 10 mV) was n e g a t i v e and c o n s i s t e n t 
w i t h the g e n e r a t i o n of an anodic p h o t o c u r r e n t . N e g l i g i b l e photo-
e f f e c t s were observed f o r a Sn02 OTE coated w i t h j u s t a cadmium 
stéarate l a y e r under i d e n t i c a l c o n d i t i o n s . 

T h i s b e h a v i o r i s c o n s i s t e n t w i t h an energy l e v e l scheme f o r 
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5 1 α  1

PURE 1
ZnTOAP

MIXING RATIO (SA/ZnTOAPP) 

Figure 7. Dependence of fluorescence intensity (\em, 660 nm) of ZnTOAPP on 
SA.ZnTOAPP mixing ratios. Mixtures are deposited on a hydrophobically treated, 

Cd-SA glass slide and have a Cd-SA outer layer as represented in the insert. 

ι 

MIX ING RATIO (ΖηΤΟΑΡΡ/Ν ιTOAPP ) 

Figure 8. Dependence of fluorescence quenching on ZnTOAPP.NiTOAPP mixing 
ratios (MTOAPPiSA, 1:4) in a monolayer on Cd-SA-treated glass with a Cd-SA 

outer layer as represented in the insert 
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e l e c t r o n t r a n s f e r i n which the e l e c t r o n donor i s s i t u a t e d a t a 
more n e g a t i v e p o t e n t i a l than the c o n d u c t i o n band edge o f the 
semiconductor. The f l a t b a n d p o t e n t i a l f o r SnC a t pH 7.0 i s 
-O.45 V v s . SCE (24). The energy l e v e l of the e x c i t e d donor i s 
approximated from i t s o x i d a t i o n redox p o t e n t i a l and e x c i t a t i o n 
energy ( 4 ) . The o x i d a t i o n p o t e n t i a l f o r ZnTOAPP i s taken as 
+O.70 V, based on r e p o r t e d v a l u e s f o r s u b s t i t u t e d ZnTPP's (25); 
the s i n g l e t e x c i t a t i o n energy i s 1.88 eV, based on the 660 nm 
em i s s i o n . T h i s r e s u l t s i n a c a l c u l a t e d o x i d a t i o n redox p o t e n t i a l 
f o r the e x c i t e d s i n g l e t of -1.18 V v s . SCE. The e x c i t e d t r i p l e t 
p o t e n t i a l would be expected t o be no g r e a t e r than O.4-O.6 V l e s s 
than the s i n g l e t , based on known Zn p o r p h y r i n t r i p l e t e n e r g i e s 
(26). S i n c e these e x c i t e d s t a t e l e v e l s a re e n e r g e t i c a l l y h i g h e r 
than the SnO c o n d u c t i o n band, e l e c t r o n t r a n s f e r t o the semi
conductor s h o u l d be p o s s i b l e v i a e i t h e r pathway t o produce anodic 
p h o t o c u r r e n t s w i t h thes

A t y p i c a l time respons
i n the presence o f hydroquinone (HQ) as an added s o l u t i o n redox 
s p e c i e s i s shown i n F i g u r e 9. These p h o t o c u r r e n t s were s t a b l e 
f o r s e v e r a l hours. I n the absence of H Q i n the e l e c t r o l y t e , 
the p h o t o c u r r e n t a l s o i n c r e a s e d r a p i d l y upon the onset of 
i l l u m i n a t i o n , but subsequently decayed e x p o n e n t i a l l y to 70% of 
i t s i n i t i a l v a l u e i n a h a l f - d e c a y time of ca. 25 s. Thi s b e h a v i o r 
i s s i m i l a r t o t h a t observed f o r c h l o r o p h y l l monolayers d e p o s i t e d 
on Sn02 (12). P h o t o c u r r e n t s under p o t e n t i a l l y - c o n t r o l l e d c o n d i 
t i o n s were a l s o s t a b l e upon i l l u m i n a t i o n , but e x h i b i t e d slower 
decay c h a r a c t e r i s t i c s when the l i g h t was turned o f f . T h i s 
e f f e c t i s unusual and i s c u r r e n t l y under f u r t h e r i n v e s t i g a t i o n . 

A t y p i c a l p h o t o c u r r e n t a c t i o n spectrum i s i l l u s t r a t e d i n 
F i g u r e 10 t o g e t h e r w i t h the e x c i t a t i o n spectrum of the ZnTOAPP 
monolayer. The good correspondence between the two curves i n d i 
c a t e s t h a t the dye i s , i n f a c t , the source of the p h o t o c u r r e n t s 
observed. 

We ar e c u r r e n t l y e x p l o i t i n g the unique a b i l i t y t o c o n t r o l 
the a r c h i t e c t u r e i n these monolayers t o f u r t h e r i n v e s t i g a t e 
t h e i r p h o t o e l e c t r o c h e m i c a l p r o p e r t i e s w i t h r e s p e c t t o such 
f a c t o r s as l i g h t i n t e n s i t y , s o l u t i o n and f i l m redox components, 
assembly s t r u c t u r e , dye o r i e n t a t i o n , e t c . We are p a r t i c u l a r l y 
i n t e r e s t e d i n u s i n g the monolayer s t r u c t u r a l i n f o r m a t i o n we now 
have t o c o r r e l a t e f i l m e l e c t r o n i c p r o p e r t i e s w i t h charge t r a n s f e r 
e f f e c t s a t both the d y e - s o l i d and d y e - l i q u i d i n t e r f a c e s . 
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Figure 9. Short-circuited
(ZnTOAPP.SA, 1:4) directly on a Sn02 OTE (O.1M KCl, pH 7.0, O.05M H2Q, 

N2 purged) 

ι ~~ Γ 
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Figure 10. Action spectrum of a monolayer of ZnTOAPP (ZnTOAPP.SA :octa-
decane, 1:4:3) directly on a Sn02 OTE: O.1M KCl, pH 7.0, electrode potential is 
+O.3 V vs. SCE, Ν2 purged; ( ) the excitation spectrum (\em, 660 nm) of 

ZnTOAPP monolayer at SnO2-electrolyte interface 
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19 
Effects of Temperature on Excited-State 
Descriptions of Luminescent Photoelectrochemical 
Cells Employing Tellurium-Doped Cadmium 
Sulfide Electrodes 
ARTHUR B. ELLIS and BRADLEY R. KARAS 
Department of Chemistry, University of Wisconsin—Madison, Madison, WI 53706 

The need for alternate
development of photoelectrochemical
consisting of an η-type semiconductor, a counterelectrode, and a 
suitably chosen electrolyte can convert optical energy directly 
into chemical fuels and/or electricity Q»2.»3,4). We recently 
reported that tellurium-doped CdS (CdS:Te) mimics undoped CdS in 
its ability to sustain the conversion of monochromatic ultraband 
gap light (>2.4 eV; λ <500 nm (5)) into electricity at 7% 
efficiency in PECs employing aqueous polychalcogenide electrolytes 
(6,7,90. A novel feature of the CdS:Te photoanodes is that 
they emit (Amax 600 nm for 100 ppm CdS:Te) with O.1% efficiency 
while effecting the oxidation of polychalcogenide species. 

Luminescence results from the introduction of intraband gap 
states by the substitution of Te for S in the CdS lattice. 
Because of its lower electron affinity, Te sites trap holes which 
can then coulombically bind an electron in or near the conduction 
band to form an exciton. Subsequent radiative collapse of this 
exciton leads to emission (10,11,12,13). In the context of the 
PEC, emission thus serves as a probe of electron-hole (e~- h+) 
pair recombination which competes with e~~- h+ pair separation 
leading to photocurrent. Except for intensity, the emitted 
spectral distribution is found to be independent of the presence 
and/or composition of polychalcogenide electrolyte, excitation 
wavelength (Ar ion laser lines, 457.9-514.5 nm) and intensity 
(<30 mW/cm), and applied potential (-O.3V vs. SCE to open 
circuit) (69]98,9). 

Optical penetration depth plays a significant role in the 
PEC properties we observe. The absorptivity of 100 ppm CdS:Te 
for 514.5 nm light is 103 cm""1 0,3,11,12,13). Since the 
depletion region in which ê"- h+ pairs are efficiently separated 
by band bending to yield photocurrent is 10~4-io~5 cm thick (14), 
a significant fraction of 514.5 nm light is absorbed beyond this 
region. We therefore expect and observe greater emission 
intensity and smaller photocurrent with 514.5 nm excitation than 
with ultraband gap wavelengths (8) for which the CdS:Te 

0097-6156/81/0146-0295$05.00/0 
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a b s o r p t i v i t y i s l C r - l O - 3 cm 1 (5,10,11,12,13). A d d i t i o n a l l y , 
whereas t h e r e i s l i t t l e p o t e n t i a l dependence of e m i s s i o n i n t e n s i t y 
w i t h 514.5 nm e x c i t a t i o n , a s t r o n g dependence i s observed w i t h 
u l t r a b a n d gap i r r a d i a t i o n : i n p a s s i n g from -O.3V v s . SCE to open 
c i r c u i t i n aqueous p o l y c h a l c o g e n i d e e l e c t r o l y t e s , i n c r e a s e s i n 
e m i s s i o n i n t e n s i t y of 15-1400% o b t a i n (6,7,8.,9) . T h i s i s i n 
a c c o r d w i t h the premise t h a t v a r i a t i o n s of p o t e n t i a l correspond 
t o a l t e r a t i o n s i n the degree of band bending ( 1 4 ) . 

Temperature i s another PEC parameter which can p o t e n t i a l l y 
modify the e f f i c i e n c i e s of p h o t o c u r r e n t and luminescence. Among 
the m a t e r i a l s whose temperature dependent PEC p r o p e r t i e s have 
been s t u d i e d a r e Sn02 ( 1 5 ) , T i 0 2 (16) and C u InS 2 ( 1 7 ) . Undoped 
CdS has a known o p t i c a l band gap temperature dependence of 
-5.2x10-4 eV/°K between 90 and 400 Κ ( 1 8 ) . Owing to the g e n e r a l 
s i m i l a r i t y of CdS:Te to CdS, we a n t i c i p a t e d a comparable r e d 
s h i f t i n the onset of a b s o r p t i o n
r e s u l t s of temperature
aqueous p o l y s e l e n i d e (9) and s u l f i d e e l e c t r o l y t e s . 

E x p e r i m e n t a l 

S i n g l e - c r y s t a l p l a t e s of vapor-grown, 100 ppm CdS:Te were 
purchased from C l e v e l a n d C r y s t a l s , I n c . , C l e v e l a n d , Ohio. 
E m i s s i v e s p e c t r a l f e a t u r e s were c o n s i s t e n t w i t h those p r e v i o u s l y 
r e p o r t e d f o r CdS:Te (6-13) and confirmed ( R o e s s l e r ' s c o r r e l a t i o n , 
(12)) t h a t the Te c o n c e n t r a t i o n was <100 ppm. The 5x5x1 mm 
samples had r e s i s t i v i t i e s of 2 ohm-cm ( f o u r p o i n t probe method) 
and were o r i e n t e d w i t h t h e 5x5 mm f a c e p e r p e n d i c u l a r to the 
c - a x i s . Samples were f i r s t etched w i t h 1:10 (v/v) Br2/MeOH and 
then p l a c e d i n an u l t r a s o n i c c l e a n e r to remove r e s i d u a l B r 2 . The 
e l e c t r o l y t e was e i t h e r s u l f i d e , 1M 0H"/1M S 2 , or p o l y s e l e n i d e , 
t y p i c a l l y 5M OH""/O.1M Se 2~/O.001M S e 2

2 " ; s h o r t o p t i c a l p a t h l e n g t h s 
(<O.1 cm) were used to make the l a t t e r e s s e n t i a l l y t r a n s p a r e n t 
f o r λ > 500 nm. E l e c t r o d e and e l e c t r o l y t e p r e p a r a t i o n as w e l l as 
e l e c t r o c h e m i c a l and o p t i c a l i n s t r u m e n t a t i o n employed have been 
d e s c r i b e d p r e v i o u s l y ( 8 ) . E l e c t r o l y t e s were m a g n e t i c a l l y s t i r r e d 
and b l a n k e t e d under N 2 d u r i n g use. 

A ssembling the PEC i n s i d e the sample compartment of a 
s p e c t r o p h o t o f l u o r o m e t e r p e r m i t t e d measurement of e m i s s i o n s p e c t r a l 
d a t a (200-800 nm; V> nm bandwidth). F r o n t - s u r f a c e e m i s s i v e 
p r o p e r t i e s were r e c o r d e d by i n c l i n i n g the p h o t o e l e c t r o d e a t 45° 
to b o t h the i n c i d e n t Coherent R a d i a t i o n CR-12 Ar i o n l a s e r beam 
(501.7 or 514.5 nm) and the e m i s s i o n d e t e c t i o n o p t i c s . I n a l l 
experiments the 3 mm d i a . beam was 10X expanded and masked to 
f i l l the e l e c t r o d e s u r f a c e ; i n c i d e n t i n t e n s i t i e s were g e n e r a l l y 
<10 mW/cm2. Temperature of the PEC was a d j u s t e d as p r e v i o u s l y 
d e s c r i b e d ( 9 ) . 
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R e s u l t s and D i s c u s s i o n 

E m i s s i v e and P h o t o c u r r e n t P r o p e r t i e s . Three c h a r a c t e r i s t i c s 
of e m i s s i v e PECs which might d i s p l a y t hermal e f f e c t s a r e the 
e m i s s i v e s p e c t r a l d i s t r i b u t i o n , e m i s s i o n i n t e n s i t y , and photo
c u r r e n t . We observed the e m i s s i o n spectrum of 100 ppm CdS:Te i n 
both p o l y s e l e n i d e and s u l f i d e e l e c t r o l y t e s from 20-100°C. Low-
r e s o l u t i o n s p e c t r a of the v a r i o u s samples r e v e a l e d r e d - s h i f t s of 
X m a x w i t h i n c r e a s i n g temperature of a t most 5-10 nm; the d i s p l a c e 
ment of X m a x f o r many samples, however, was w i t h i n the bandwidth 
of the spectrometer ( 5 nm). These r e s u l t s a r e i n the range of 
an e x t r a p o l a t i o n o f R o e s s l e r ' s d a t a (12) from which we would 
p r e d i c t a r e d - s h i f t i n V a x of ' W - l l nm between 20 and 100°C. 
P a r a l l e l s h i f t s have a l s o been r e p o r t e d f o r CdS:Te a b s o r p t i o n and 
e x c i t a t i o n s p e c t r a over subambient temperature ranges ( 1 3 ) . These 
s p e c t r a i n c o r p o r a t e a low-energ
from CdS and, i n f a c t ,
gap (7,8,11,12,13). S e v e r a l o t h e r f e a t u r e s of the CdS:Te 
e m i s s i o n spectrum a r e p a r t i c u l a r l y r e l e v a n t i n the c o n t e x t of PEC 
experiments. For a g i v e n temperature the s p e c t r a l d i s t r i b u t i o n 
i s independent of whether 501.7 or 514.5 nm e x c i t a t i o n i s used and 
of e l e c t r o d e p o t e n t i a l between +O.7 V v s . Ag (pseudoreference 
e l e c t r o d e , PRE) and the onset of c a t h o d i c c u r r e n t . Such an 
i n s e n s i t i v i t y to p o t e n t i a l i n d i c a t e s t h a t the e n e r g i e s of the 
i n t r a b a n d gap Te s t a t e s a r e a f f e c t e d by p o t e n t i a l i n the same 
manner a s the c o n d u c t i o n and v a l e n c e band e n e r g i e s . 

A v e r y profound temperature e f f e c t was observed f o r the 
e m i s s i o n i n t e n s i t y . F i g u r e 1 p r e s e n t s an emission - t e m p e r a t u r e 
p r o f i l e a t open c i r c u i t i n s u l f i d e e l e c t r o l y t e ; the r e l a t i v e 
i n v a r i a n c e of the sample's s p e c t r a l d i s t r i b u t i o n w i t h temperature 
a l l o w e d us to moni t o r e m i s s i o n i n t e n s i t y a t the band maximum. 
E m i s s i o n i n t e n s i t y was matched f o r 501.7 and 514.5 nm e x c i t a t i o n 
a t 20°C u s i n g 17 times as much 501.7 nm i n t e n s i t y . Over the 
20-100°C e x c u r s i o n e m i s s i o n i n t e n s i t y i s seen to drop by f a c t o r s 
of r 8 and 30 f o r 501.7 and 514.5 nm e x c i t a t i o n , r e s p e c t i v e l y . 
These f a c t o r s a r e c o n s i s t e n t w i t h the 10- to 2 0 - f o l d d e c l i n e 
observed i n p o l y s e l e n i d e e l e c t r o l y t e ; i n those experiments t h e r e 
a l s o appeared t o be l i t t l e p o t e n t i a l dependence of the r e s u l t s 
( 9 ) . S i m i l a r t hermal quenching d a t a has been r e p o r t e d f o r d r y 
CdS:Te samples i r r a d i a t e d w i t h UV l i g h t (10,12,13), e l e c t r o n 
beams ( 1 1 ) , and α p a r t i c l e s ( 1 9 ) . The temperature dependence of 
the d e c l i n e i n e m i s s i o n i n t e n s i t y has been l i n k e d to the 
i o n i z a t i o n energy of the Te-bound h o l e , O.2 eV (10,11,12,13,19). 

Given the i n h e r e n t l y c o m p e t i t i v e n a t u r e of e m i s s i o n and 
p h o t o c u r r e n t , i t sho u l d n ot be s u r p r i s i n g t h a t p h o t o c u r r e n t was 
g e n e r a l l y observed t o i n c r e a s e w i t h temperature. F i g u r e 2 i s 
a p h o t o c u r r e n t - t e m p e r a t u r e p r o f i l e o b t a i n e d a t +O.7 V v s . Ag (PRE) 
i n s u l f i d e e l e c t r o l y t e ; the l i g h t i n t e n s i t y and s u l f i d e concen
t r a t i o n employed ensured t h a t p h o t o c u r r e n t s were l i m i t e d by 
e x c i t a t i o n r a t e and not by mass t r a n s p o r t , i . e . , p h o t o c u r r e n t s 

In Photoeffects at Semiconductor-Electrolyte Interfaces; Nozik, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



298 PHOTOEFFECTS AT SEMICONDUCTOR-ELECTROLYTE INTERFACES 

20 30 40 50 60 70 80 90 100 
TEMPERATURE, °C 

Figure 1. Relative emission intensity monitored at 600 nm vs. temperature in 1M 
OH/1M S2' electrolyte of CdS:Te (100 ppm) excited at open circuit with 514.5 
(\Z\) and 501.7 nm (O) light in identical geometries. The excitation intensity at 
501.7 nm is ~ 17X that at 514.5 nm in order to match approximately room tem

perature emission intensities. 
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20 30 40 50 60 70 80 90 100 
TEMPERATURE, °C 

Figure 2. Relative photocurrent vs. temperature for the CdS.Te (100 ppm) photo-
electrode of Figure 1 in 1M OH/1M S2~ electrolyte excited in identical geometries 
with equivalent intensities (ein/s) of 514.5 nm (Φ) and 501.7 nm (O) light at 
+O.7 V vs. Ag (PRE). The scale is such that the 25°C., 501.7 nm photocurrent 
has been arbitrarily set to 100 and corresponds to a current density of ~ O.38 mA/ 

cm2 and a photocurrent quantum yield of ~ O.66. 
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were not saturated with respect to l i g h t intensity and were not 
affected by s t i r r i n g . At 20°C for matching i n t e n s i t i e s (ein/sec) 
15 times the photocurrent i s observed with ultraband gap 

501.7 nm excitation as with band gap edge 514.5 nm l i g h t . As 
the temperature i s increased to 100°C., a modest increase i n 
501.7 nm photocurrent i s observed, while about an order of 
magnitude growth i s obtained for 514.5 nm excitation. In fact, 
at 100°C the 514.5 nm photocurrent has reached 60% of the 
ultraband gap photocurrent. Similar effects were observed i n 
polyselenide electrolyte for both CdS:Te and undoped CdS (9). 

The photocurrent enhancement for 514.5 nm excitation i s a 
predictable consequence of an absorption edge which red s h i f t s 
with temperature: As the absorptivity for 514.5 nm l i g h t 
increases with temperature, progressively larger fractions of 
l i g h t w i l l be absorbed i n the depletion region. In this sense 
the accelerated declin
514.5 nm r e l a t i v e to 501.
a contribution r e f l e c t i n g decreasing op t i c a l penetration depth; 
weaker emission would be expected as 514.5 nm l i g h t acquires 
status as an ultraband gap wavelength, since near-surface 
nonradiative recombination sites could play a more sig n i f i c a n t 
role i n excited-state deactivation Ç 7 , 8 ) . Although the rate 
at which 514.5 nm photocurrent increases with temperature i s 
i n reasonable accord with the CdS o p t i c a l band gap temperature 
c o e f f i c i e n t , the effect of potential-dependent absorptivity must 
be considered. 

Electroabsorption measurements have been made on undoped CdS 
at room temperature. They reveal that for e l e c t r i c f i e l d s of 
105 V/cm, the change i n absorptivity, Δα, i s + l x l 0 3 and -4xl0 3 

cm - 1 at 515 and 500 nm, respectively (20). While this effect 
helps to blur the discrepancy i n 514.5 and 501.7 nm op t i c a l 
penetration depths, the resultant absorptivities are s t i l l 
s u f f i c i e n t l y disparate r e l a t i v e to the width of the depletion 
region to y i e l d very different photocurrents at 295 K. To our 
knowledge electroabsorption data are not presently available 
for CdS:Te. A crude attempt to gauge the magnitude of this 
effect at 295 Κ for 514.5 nm l i g h t suggests i t i s small (8). In 
the absence of electroabsorption data over the 20-100°C range, 
however, the e l e c t r i c f i e l d and thermal effects are not completely 
decoupled and the results presented here should be so treated. 

We should point out that the temperature effects on emission 
intensity and photocurrent are completely reversible. Although 
this result suggests that electrode s t a b i l i t y obtains over the 
duration of the experiments, the properties measured may not be 
very sensitive to variations i n surface or near-surface 
composition. There i s now considerable evidence, i n fact, that 
surface reorganization processes do occur i n CdS- and CdSe- based 
PECs i n polychalcogenide electrolytes (Γ7, 21-26). In particular, 
the occurrence of such an exchange reaction for CdS:Te i n poly
selenide electrolyte would y i e l d CdSe to whose lower band gap 
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(1.7 eV (27)) some of the observed properties could be 
attributed. The r e v e r s i b i l i t y of the temperature effects as 
well as the similar behavior seen i n sulfide electrolyte argue 
against such an explanation. Additionally, we have employed 
low l i g h t i n t e n s i t i e s (<10 mW/cm2) and current densities 
(<2 mA/cm2 with a t o t a l charge of generally <1 C/cm2) to further 
minimize exchange processes. But we do recognize that our 
techniques by no means rule out the p o s s i b i l i t y of surface 
reorganization processes at some l e v e l . 

Simultaneous measurement of current, luminescence and 
voltage can be presented i n iLV curves which summarize much of 
our data. We find that the rat i o of open-circuit to i n - c i r c u i t 
luminescence intensity (φ Γ / Φ Γ ) i s a useful expression of the 
emission's potential dependence, with the i n - c i r c u i t value taken 
at a potential where the photocurrent i s saturated. Low values 
of photocurrent quantu
excitation and y i e l d Φ
excitation generally yields O.5 < φ χ < 1.O. Pulsing the 
electrode between open c i r c u i t and the potential corresponding to 
saturated photocurrent easily demonstrates the non-unity value 
of Φ Γ Ο / Φ Γ . Since photocurrent quantum y i e l d increases markedly 
with temperature for band gap edge illumination, we predict that 
φ Γ ο / φ Γ w i l l exceed unity at elevated temperatures. Figure 3 
presents f u l l iLV curves for a CdS:Te-based PEC employing 
polyselenide electrolyte. Equivalent i n t e n s i t i e s (ein/sec) of 
501.7 and 514.5 nm l i g h t were employed at both room and elevated 
temperatures (49°C for 501.7 nm; 86°C for 514.5 nm). These iLV 
curves may be summarized as follows: Photocurrent at 23°C i s 18 
times greater for 501.7 nm excitation (curve A vs. curve B) and 
open-circuit emission intensity i s V> times smaller (curve A 1 vs. 
curve B 1) than for 514.5 nm l i g h t . The ra t i o of Φ Γ ο / φ Γ i s 1.0 
for 514.5 nm (curve B f) and 3.5 (curve A 1) for501.7nm ill u m i n 
ation. Increasing the temperature to 49°C increases the photo
current from 501.7 nm l i g h t by M5% (curve C) and diminishes 
the luminescence intensity by a factor of 2. However, a similar 
φ Γ ο / φ Γ r a t i o of 3.4 obtains (curve C 1 ) . At 86°C the 514.5 nm 
photocurrent increases by a factor of almost 8 (curve D). 
Despite i t s approximately 10-fold drop i n intensity, emission 
from 514.5 nm excitation now exhibits a potential dependence 
with a Φ Γ Ο / Φ Γ value of 1.27 (curve D1 - note 10X scale expansion). 
Similar non-unity Φ Γ 0 / Φ Γ v a l u e s were observed i n sulfide 
electrolytes at temperatures exceeding %80°C. 

Interrelationships of Excited-State Decay Routes. The iLV 
curves conveniently display the competitive nature of photo
current and luminescence intensity as excited-state deactivation 
pathways. Our analysis i s limited i n the sense that we have 
obtained absolute numbers for φ χ but have had to content ourselves 
with r e l a t i v e φ r measurements. We lack measures of nonradiative 
recombination eff i c i e n c y (φ η Γ)> although they now appear to be 
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POTENTIAL, VOLTS vs Ag (PRE) 

Journal of the Electrochemical Society 
Figure 3. Current-luminescence-voltage (iLV) curves for a 100-ppm CdS.Te 

electrode in polyselenide electrolyte. 
Unprimed, solid-line curves are photocurrent (left-hand scale) and primed, dotted-line 
curves are emission intensity (right-hand scale) monitored at Xmax ~ 600 nm. Curves A 
and A' result from excitation at 501.7-nm, 23°C; Curves Β and B' from 514.5-nm, 23°C; 
Curves C and C., 49°C and 501.7-nm excitation; Curves D and D\ 86°C., 514.5-nm irra
diation. Note that the ordinate of Curve D' has been expanded by a factor of 10. 
Equivalent numbers of 501.7- and 514.5-nm photons were used to excite the photoelec-
trode in identical geometric configurations. The exposed electrode area is ~ O.41 cm2, 
corresponding to an estimated φχ for 501.7-nm excitation at 23°C and +O.7 V vs. Ag 

(PRE) of ~ O.50, uncorrected for solution absorbance and reflectance losses (9). 
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o b t a i n a b l e by the t e c h n i q u e of photothermal s p e c t r o s c o p y (28,29). 
T r e a t i n g these as the o n l y p o s s i b l e decay r o u t e s y i e l d s eq. 1 

φ + φ + φ = 1 (1) Y x Y r T n r 

At open c i r c u i t φ = 0 and photogenerated e~- h + p a i r s a r e f o r c e d 
to recombine. The r a t i o of φ Γ to φ η Γ i s shown t o be wavelength 
dependent by comparing the o p e n - c i r c u i t e m i s s i o n i n t e n s i t i e s of 
curve A f and curve B 1 i n F i g u r e 3. T h i s r a t i o i s a l s o temperature 
dependent, as shown i n F i g u r e 1. 

C o r r e l a t i o n o f φ χ , φ Γ , and φ η Γ i n v o l v e s knowing the r e l a t i v e 
e x t e n t to which n o n r a d i a t i v e l y and r a d i a t i v e l y r ecombining e h " 1 " 
p a i r s a r e prevented from r e c o m b i n i n g , i . e . , t h e i r r e l a t i v e 
c o n t r i b u t i o n to p h o t o c u r r e n t . Three p o s s i b l e schemes a r e : 
p h o t o c u r r e n t , φ χ , i n t e r c o n v e r t  (1) e x c l u s i v e l  w i t h  (2) 
e x c l u s i v e l y w i t h φ η Γ ; (3
φ η Γ = k φ r f o r any φ χ . 

Scheme 1 i s u n l i k e l y because of the r e l a t i v e magnitudes of 
φ Γ and φ χ . Measured v a l u e s o f φ Γ and φ χ a r e 1 0 " 3 and 1 0 " 1 , 
r e s p e c t i v e l y , f o r band gap edge e x c i t a t i o n ( 8 ) . I n p a s s i n g from 
+O.7 V v s . Ag (PRE) to open c i r c u i t , a 1 0 0 - f o l d i n c r e a s e i n 
e m i s s i o n i n t e n s i t y i s p r e d i c t e d . T h i s i s i n c o n s i s t e n t w i t h the 
i n s e n s i t i v i t y d i s p l a y e d i n curve B 1, F i g u r e 3. Scheme 2 argues 
t h a t φ Γ w i l l be independent of p o t e n t i a l . W h i l e i t appears t h a t 
curve B f ( F i g u r e 3) agrees w i t h t h i s , i t i s c o n t r a d i c t e d by 
curves A r,C T,and D\ A l t h o u g h not p e r f e c t , Scheme 3 i s most 
c o m p a t i b l e w i t h our d a t a . T h i s assumption when combined w i t h 
eq. 1 l e a d s to a si m p l e r e l a t i o n s h i p f o r monochromatic e x c i t a t i o n 
between φ χ and φ Γ /φ : 

A = Τ - Γ - (2) 

Table I c o n s i s t s of a c o m p i l a t i o n o f φ Γ / Φ Γ r a t i o s as a f u n c t i o n 
of φ χ . Our r e s u l t s and those p r e s e n t e d f o r p-GaP and n-ZnO a r e 
i n rough agreement w i t h t h i s s i m p l e model (8,9,30,31,32). 
C o n s t r u c t i o n of a more r e f i n e d model a w a i t s i n c o r p o r a t i o n of 
ot h e r d a t a ( n o n e x p o n e n t i a l l i f e t i m e s , e l e c t r o a b s o r p t i o n , 
c a r r i e r p r o p e r t i e s , i n t e n s i t y e f f e c t s , q u a n t i t a t i v e e v a l u a t i o n 
of Φ Η Γ by photothermal s p e c t r o s c o p y , e.g.) and exa m i n a t i o n of 
ot h e r systems. 
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Table I. Relationship Between φ and φ /φ a (9) 

Φ 
χ 

Φ /Φ 
ο 

O.001 1.00 
O.01 1.01 
O.05 1.05 
O.10 1.11 
O.20 1.25 
O.30 1.43 
O.40 1.67 
O.50 2.00 
O.60 2.50 
O.70 3.33 
O.80 5.00 
O.90 
1.00 

Calculated from eq.2 where φ χ i s the photocurrent quantum y i e l d , 
and Φ Γ 0 / Φ Γ i s t* i e r a t i ° °f emission quantum yields between open 
c i r c u i t and the potential where φ χ i s measured. 

Journal of the Electrochemical Society 
Abstract 

The effect of temperature on excited-state deactivation 
processes in a single-crystal, n-type, 100 ppm CdS:Te-based photo
electrochemical cell (PEC) employing aqueous polychalcogenide 
electrolytes is discussed. While serving as electrodes these 
materials emit (λmax ~600 nm). Photocurrent (quantum yield Φx) 
from ultraband gap (≥2.4 eV;λ ≤ 500 nm) 501.7nm excitation increases 
modestly by ≤20% between 20° and 100°C; photocurrent from band gap 
edge 514.5 nm excitation increases by about an order of magnitude, 
reaching ~50-100% of the room temperature 501.7 nm value. High
lighting the competitive nature of emission and photocurrent as 
excited-state decay processes, luminescence (quantum yield Φr) 
declines over the same temperature regime by factors of between 10 
and 30. At most, modest red shifts of λmax (<10 nm) are observed 
in the spectral distribution of emission with temperature. These 
effects are discussed in terms of optical penetration depth, band 
bending, and the known red shift of the CdS absorption edge with 
temperature. Correlations involving Φx and Φr suggested by the 
data are discussed. 
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The Role of Ionic Product Desorption Rates in 
Photoassisted Electrochemical Reactions 

HAROLD E. HAGER 
Department of Chemical Engineering, University of Washington, Seattle, WA 98195 

A rapidly growing interest
has been evident in recent
work is the development of a system which can directly convert 
solar energy to a storable chemical fuel (H2) by driving an endo-
ergic reaction (H2O -*. H2 + hP2). 

Practical utilization of photo-assisted electrolysis systems 
is hampered by poor overall conversion efficiencies. Essentially, 
this problem results from poor quantum efficiencies at low bias. 

The transient current response of photo-electrodes to stepped-
illumination changes suggests itself as a method of mechanisti
cally interpreting this quantum efficiency problem. Though such 
transients have been studied for p-type GaP (1) and a number of 
η-type transition metal compounds (2, 3, 4,.5, 60, published 
explanations of the observed behavior are not well developed. 

Below stepped-illumination experiments are presented for the 
photo-assisted electrolysis of water using η-type TiC or SnC 
photoanode/dark Pt cathode systems. An analysis of these results 
will be performed, focusing on the influence of the anodic half-
cell reaction products upon the electronic state of the semi
conductor/electrolyte interface. 

Experiment 

The photo-assisted e l e c t r o l y s i s current vs. time scans were 
obtained with the following experimental set-up: 

three electrode c e l l , including: 
a. Pt black reference electrode 
b. smooth Pt counter electrode 
c. η-type TiC or SnC working electrode 

A 2h inch diameter by 1/8" thick quartz plate was attached to the 
bottom of the c e l l , forming a UV window. A pen-ray quartz UV lamp 
and power supply were employed for the illumination source. The 
lamp was housed i n a minibox fixed with a shutter (ILEX No. 3 
Universal). 

The potential difference between working and reference 
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electrodes was controlled v i a a pontiostat (PAR Model 173) employed 
in conjunction with a universal programmer (PAR Model 175). Elec
trochemical current was determined by amplification (Keithly Model 
160B d i g i t a l multimeter) of the instantaneous voltage drop across 
a reference r e s i s t o r . The multimeter output went to a differen
t i a l amplifier module (Tektronix 5A20N), employed as the y-input 
for the current vs. time oscilloscope scans (Tektronix 5103N). 
The horizontal rate of sweep was controlled by a time base/amp 
module (Tektronic 5B10N). 

The bias between the working and reference electrode was 
monitored by a second multimeter, or by direct scope measurement 
using a d i f f e r e n t i a l amplifier module. 

The electrolyte solutions were made up from de-ionized water 
which was obtained by passing d i s t i l l e d water through an ion ex
changer (Barnstead p u r i f i e r with #DO809 cartridge). A l l acids 
used were reagent grade

Two methods of preparin
u t i l i z e d the flame deposition of small T1O2 p a r t i c l e s , producing 
a uniform T1O2 f i l m on a T i substrate. The Ti02 was formed by 
passing T1CI4 * n a n 2 stream through the flame of a hydrogen/ 
oxygen torch. 

Alternatively, T1O2 coated plates were produced by bringing 
a sheet of T i f o i l into direct contact with a bunsen flame (7). 
This i s designated technique II. 

Following deposition, the Ti02 coated plates were subjected 
to a reduction treatment under H2 at 600°C for 2 hours. After 
v e r i f i c a t i o n of a good e l e c t r i c a l contact at the back surface of 
the T i sheet, a copper plate with an electrode lead was attached 
to the electrode back with s i l v e r paint. The electrode back and 
edges were covered with s i l i c o n e rubber adhesive (GE RTV 108). 

A chemical vapor deposition method was employed for the Sn02 
electrode preparation. A solution of 5 weight % SnCl i n ethanol 
was sprayed on a glass plate held at 450°C. The electrode contact 
was obtained by coating with s i l v e r paint along one edge of the 
Sn02 f i l m and then putting down a s t r i p of copper f o i l of equal 
width. The contact was insulated by applying a coating of epoxy 
(Devcon 5-minute). 

Experimental Results 

Two types of experimental current scans were performed. After 
introducing the photoanode into solution, successive current vs. 
potential ( i vs. φ) scans were performed at slow sweep rates 
(2mV/S). A l l of the photoanode materials studied exhibited an 
i n i t i a l d r i f t of the i vs. φ scans to more anodic bias. This 
occurred for both uninterrupted scans as well as intermittent 
scanning. The o r i g i n of this aging phenomena i s not understood. 
However, i t was observed that after approximately t h i r t y minutes 
the i vs. φ scans achieved a p r o f i l e which was reproduced during 
further c y c l i c sweeps. This result was taken as a c r i t e r i o n for 
proper electrode pre-conditioning. 
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Our emphasis i n this paper w i l l be to describe and analyze 
current vs. time scans determined after making stepped-changes i n 
the illumination intensity. These scans were performed after 
proper photoanode pre-conditioning was indicated. 

Typical experimental results are shown in Figure 1 for Ti02 
electrodes made by technique I. Figure 2 presents the results for 
a similar study with an Sn02 photoanode. These scans were made i n 
1.0N H2SO4. Current vs. time p r o f i l e s obtained with technique I 
T1O2 photoanodes i n electrolyte made up by introducing various 
additions of HC1 to 120 ml of 1.0N H2SO4 exhibited generally 
similar behavior (Figure 3 ) . 

Overshoot of the steady state l e v e l i s an intriguing feature 
of many of the transient current responses. This behavior occurs 
following both opening and closing the lightbox shutter. The 
following observations characterize this "overshoot 1 1 phenomena: 

1. The magnitude
difference between the
state levels, decreases with increasing bias. 

2. The timescale for decay of the overshoot current i s de
pendent upon the illumination intensity, ψ, the elec t r o l y t e , and 
bias: (a) the decay time decreases with increasing φ. (b) For 
solutions containing H2SO4 and no HC1 the decay time decreases 
with increasing bias. (The decay time for solutions containing 
both H2SO4 and HC1 pass through a minimum with increasing bias.) 
(c) At constant φ and bias, the decay time increases with i n 
creasing HC1 addition. 

Photoanode Response under Stepped-Illumination. In the f o l 
lowing paragraphs, arguments are developed which ascribe the ex
perimental observations to ionic adsorption at the photoanode/ 
electrolyte interface. The form of analysis was chosen to cl e a r l y 
demonstrate the role of ionic products upon the associated h a l f -
c e l l reaction charge transfer processes. 

The anodic h a l f - c e l l reaction occurring at the photoanode/ 
electrolyte interface may be written: 

2H20 + 4h + * 4H + + 0 2 [1] 

Occurrence of the photo-assisted e l e c t r o l y s i s reaction, from l e f t 
to right, produces an increased H + concentration at the photoanode 
surface. 

We have previously analyzed the photo-assisted corrosion of 
η-type materials during photoanode applications (8). This work 
suggested that the H + ions produced during the e l e c t r o l y s i s reac
tion underwent desorption from the photoanode surface much less 
readily than would be suspected for f u l l y hydrated H + ions, and 
i s summarized in Appendix I. 

The following Y& ion adsorption balance i s proposed: 
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Figure 1. Oscilloscope traces of current vs. time response following opening and 
closing of the lightbox shutter, Type I Ti02 photoanode, l.ON H2SOh ((a) O.4 V; 

(b) O.5 V; (c) O.6 V; (d) O.7 V) 
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Figure 2. Oscilloscope traces of current vs. time response following opening and 
closing of the tlightbox shutter, Sn02 photoanode, l.ON H2SOJf ((top) O.0 V; (mid

dle,) O.2 V; fbottomj O.4 V) 
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ΔΦ=O.4ν 

Figure 3. Oscilloscope traces of current vs. time response following opening and 
closing of the lightbox shutter, Type I Ti02 photoanode, 120 mL 7.0N H2SO,t + 

75 mL 1.0N HCl (top) O.4 V; (middle; O.5 V; (bottom; O.6 V) 
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H + accumulation = H + generation - IT1" desorption [2] 

S s 
where Vjjf = H + generation rate = photo-assisted e l e c t r o l y s i s reac
tion rate and C g + i s the surface concentration at t = 0 for a 
photoelectrode i n i t i a l l y under dark steady state conditions. 

Solving eqn. [3] with the i n i t i a l condition 

C R+ = 0 ° at t = 0 [4] 

we obtain 

or 

C = C % + i ( 1 ~ e x p [ ~ k d e s t ] ) [ 5 ] 

des 
2 

where Γ i s the number of sites / c m . 
Consider the electronic energy diagram for an η-type semicon

ductor, as shown in Figure 4. The t o t a l potential energy i n the 
semiconductor conduction band at x, re l a t i v e to the corresponding 
band energy deep i n the bulk may be expressed as: 

Tot 

where the f i r s t term on the right represents the conduction band 
energy at x, re l a t i v e to the bulk l e v e l , as given from the solu
tion of Poisson 1s equation. The second term on the right accounts 
for the image potential energy lowering. This contribution arises 
from the interaction between the electron, at position x, and i t s 
associated image charge, induced at -x, and i s applicable only for 
very small ratios of semiconductor dopant concentrations to elec
trolyte concentrations, such that H i s very much larger than the 
e l e c t r i c a l double layer thickness i n solution, d g. 

In practice, t h i s l i m i t a t i o n i s not seriously r e s t r i c t i v e . 
Moderate electrolyte concentrations (t O.5N) are required by 
solution IR drop concerns, yielding d s on the order of a few ang
stroms. Optimal semiconductor doping levels are dictated by de
veloping H with the approximate value of a " l , where a i s the semi
c o n d u c t o r a b s o r p t i o n c o e f f i c i e n t , and H i s the d e p l e 
t i o n w i d t h . As a consequence, a t y p i c a l o r d e r of mag
n i t u d e f o r H i s 1 m i c r o n (10 Â ) . Thus the r a t i o H/d g 
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Figure 4. Energy diagram of a Schottky barrier formed at an η-type semiconduc
tor-electrolyte interface 
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has the order of magnitude 1 0 , and the charge density d i s t r i b u 
tion at the semiconductor/electrolyte interface closely resembles 
that for the semiconductor/metal interface of a Schottky barrier. 

F i n a l l y , the term Φβ(χ) represents the potential energy of 
interaction between the electron at χ and the net charge adsorbed 
at the electrode/electrolyte interface. In the following treat
ment we w i l l assume that under the illumination conditions em-
ployed in the experiments reviewed above, only the i n t e r f a c i a l H 
concentration i s appreciably altered by changes i n the illumina
tion l e v e l , ψ. Thus we neglect the photo-adsorption/desorption 
of other ionic species. 

Appendix II delineates our approach for determining the ad
sorption potential energy, Φ β. In essence, this was accomplished 
by breaking Φ into two terms, with one accounting for direct 
interaction with the central H ion. The second term accounts 
for direct interaction betwee
neighbor H + ions. The
t i a l energy at the conduction band energy maximum, χ = ϋ9 i s given 
by: 

Φ Β ( « -=2L 

(w jf + £)ε 

4 « 2 θ Η + y -1 
L n 

£ r H + 

1.57 - tan -1 
n=l 

£ + w — , 
ε 

nr. 
[8] 

where ε = semiconductor d i e l e c t r i c constant 
ε' = solution d i e l e c t r i c constant 
w = location of adsorbed 

τ\- = H + ion radius 
= f r a c t i o n a l H + ion coverage 

The discrete charge model of equation [8] i s suggested by combined 
capacitance-photocurrent vs. bias studies (9, 10). These results 
indicate that the adsorbed charge i s loc a l i z e d , yielding a l o c a l 
potential d i s t r i b u t i o n which can not be simply described by an 
averaged charge density approach, such as i s obtained from solu
tion of Poisson 1s equation. 

The value of I i s determined from the condition: 

άΦ. ΡΕ, Tot 
dx = 0 [9] 

Using relations [7] and [8] i n eqn. [9] we obtain: 
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2 % 4q 6R+ » 

ετ. H+ n=l 
l {τΓ1 ( n r / e T ) 1 

£ + w — 
2 

1+ ε 1+ 

-1 

J J 
2qNr 

-(w - A) - 0 

[10] 

Evaluation of Photocurrent 

Electrochemical processes which pass through a surface inter
mediate species w i l l exhibit a pseudo-capacitive current response 
(11). This form of behavior i s observable i n Figure 1(d). 
Indeed, at high bias (Figure 1(d)) the transient current response 
appears to be solely determined by this pseudo-capacitance, for 
the capacitance values determined from these scans (M.0"" F) are 
two orders of magnitude larger than t y p i c a l semiconductor space 
charge capacitances (12)

These observations
gest that the time dependent electrochemical current density, 
J e ( t ) , may be written as the product of the f r a c t i o n a l interme
diate surface coverage, Θ. t ( t ) , and the difference between the 
photo-generation and recombination current densities, J ( t ) and 
J r ( t ) , respectively. Thus: 

je ( t ) = e . n t ( t ) [ J L ( t ) J r ( t ) ] [11] 

where J" L(t) i s the t o t a l electron/hole pair generation current 
flux minus the bulk recombination current, and J r ( t ) i s the i n t e r -
f a c i a l recombination current flux, normalized per unit area of 
intermediate coverage. 

The recombination current density, J r , can be treated effec
t i v e l y as a Schottky barrier diode current density. Including 
both thermionic emission and diffusion charge transport mechanisms 
(13) J r can be written as 

J r " 
qNv D r 

1+-
exp 

(E C-E F) 

kT 
qv 

exp app 
kT [12] 

where i s the recombination velocity. The maximum potential 
difference between the conduction band i n the space-charge region 
and the bulk conduction band i s expressed as V 2 , and ( E Q - E f ) i s 
the energy difference between the conduction and Fermi levels 
in the bulk (see Figure 4). The applied voltage i s designated by 
V a p . F i n a l l y , v D i s the effective diffusion velocity associated 
witn electron transport from the edge of the depletion region to 
the top of the conduction band barrier, as defined (13) by 
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Φ (χ) /kT 
P E T o t 

-1 
dx \ [13] 

where μ i s the electron mobility. 
In summary, we have developed eqns. [8], [10], and [13] for 

the evaluation of Φ β(&), and v D, respectively. 
Two computer programs for determination of £, v , and Φ β ( ) 

are l i s t e d i n Appendices II and III of reference [9]. The former 
accounts for adsorption potential energy e f f e c t s . The l a t t e r 
neglects these contributions. 

Table I presents the results of such computations for a broad 
range of semiconductor material parameters. The system parameters 
v f and k g g are taken from Figures 1(a), (b), and (c) correspon
ding to applied potentials of O.4, O.5, and O.6V, respectively

The potential energ
the adsorption potentia
the absolute magnitude of the barrier lowering increases with 
increasing applied potential, the rela t i v e barrier lowering, 
(ΔΡΕ)/ΡΕ0, decreases with higher bias (Table I I ) . The l a t t e r 
result i s in qualitative agreement with our experimental observa
tion 1. 

Transient Response. The current analysis performed above 
demonstrates that H"1- ion adsorption at the photoanode/electrolyte 
interface decreases the electronic energy barrier for electron 
transfer from the bulk conduction band to the electrode surface. 
We explore below the hypothesis that the observed overshoot cur
rent vs. time behavior arises from this e f f e c t . In essence, the 
time dependent change i n produces an associated change in the 
barrier height for electron transfer to the semiconductor surface, 
alteri n g the surface electron/hole recombination rate. 

Determination of 6 i n t ( t ) i s made with the following assump
tions: 

rate of intermediate formation = K f[1 - e i n t ( t ) ] [14i] 

rate of intermediate destruction = i n t ( t ) [14ii] 

A transient balance (Appendix III) on the intermediate y i e l d s : 

form dis 
1 - e" Γ 

= 1 + Κ,. /Kf
 [ 1 5 ] 

dis form 

The surface recombination current density, J r , has the form: 

-Φ/kT 
J r - e B [16] 
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TABLE II. Relative Barrier Lowering for the 
Conditions of Table I  with 
RN

Δ PE Δ PE 
ε bias Δ PE bias PE 

ο 

10 O.4 .139 .348 .50 

0,5 .15 .300 .40 

O.6 .161 .268 .35 

50 O.4 .044 .11 .121 

O.5 .047 .094 .102 

O.6 .049 .082 .088 

100 O.4 .026 .065 .069 

O.5 .028 .056 .059 

O.6 .030 .050 .052 
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Using eqn. [ 8 J , and the approximation tan χ = D/.zy χ tor χ « 
we can write: 

be +/kT 
J r « e H [17 

for 6jjf << 1. Here b i s a constant. 
Under the conditions of the experiments reviewed above, b i 

of order leV. At room temperature kT = 0.0256. Thus for 
6fl+ « 0.0256 

b e ^ / k T b e R + 

8 1 + " k T -

and eqn. [17] may be rewritten as: 

(J -
ο " 

where J r o i s the value of J r i n the l i m i t 6̂ + 0. Let us assume 
that Θ Η+ (t=0) = 0. Noting that J r Q i s independent of t, a p p l i 
cation of eqn. [6] gives: 

V > " J r s s - A J r s s e _ k d e s t [19] 

where A J r i s the difference between the steady state recombina
tion currlSt density, J r , and the recombination rate at zero 
coverage, J r Q . s s 

Substituting relations [15] and [19] i n eqn. [11], 

J.(t> = l^lH LJL " < J r s s " AJ re )J [20] 

where Κ = K f o r m + K d l s 

and K» = K d i s/K f o r f f i 

Collecting terms i n eqn. [20] we obtain: 

J . ( t > - w J v j r s s
+ e ~ ^ r s s - J L ^ W 

or ν 

Je(t) J - -Kt/- ^ δ "kdest
>i , δ d̂esM r 9 9 1 

where δ = àJr/Jr and J T-J-r = 3. 
L Lss L L s s 
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Figure 5 shows computer generated plots of — β /(1+K y) V S # 

t for the bias conditions of Figures 1(a),(b), and (c) respectively. 
The parameter k d e s was taken from the appropriate figure, leaving 
Κ and the rat i o 6/3 as two unknown variables. Values for these 
parameters were chosen to give the best agreement between the form 
of the computed scan and the associated experimental plot. 

Figure 5 demonstrates that the shape of the transient current 
response following opening of the shutter can be reasonably repro
duced by the model developed above, except for the very short time 
l i m i t . This discrepancy may arise from f a i l u r e to account for 
capacitance effects i n the current monitoring c i r c u i t . 

Further e f f o r t s to analyze the experimental steady state J e 

levels confront a series of problems. Essentially, these arise 
from the need to assign values to a number of semiconductor/ 
solution properties (e.g.
available information t
perimentally determining these unknown parameters are being ex
plored. 

Relation to Other Work 

Bokris and Uosaki ÇL) have studied transient photo-assisted 
e l e c t r o l y s i s current for systems including a p-type semiconductor 
photocathode and dark Pt anode. A set of current vs. time scans 
taken with a ZnTe photocathode system i s shown i n Figure 6. 

The results of Figure 6 exhibit the same general behavior as 
our experimental scans reported above: the magnitude of the over
shoot current r e l a t i v e to the difference between the steady state 
dark and illuminated current levels decreases with increasing 
bias (or decreasing photocathode potential). 

We suggest that these results arise from adsorption effects 
which are the cathodic complements to the anodic phenomena out
lined above. The e l e c t r o l y s i s h a l f - c e l l reaction at the photo-
cathode : 

2H20 + 2e~ * H 2 + 20H~ [23] 

increases the l o c a l OH"" concentration at the photocathode/electro-
l y t e interface, just as the anodic h a l f - c e l l reaction produces an 
increase i n the l o c a l H + concentration at the photoanode/electro-
ly t e interface. 

As recombination current i n a photocathode was treated as an 
electron current to the photoanode surface, the photocathode re
combination current may be viewed as a hole current. Correspon
dingly, 0H~ ions at the photocathode/electrolyte interface lower 
the energy barrier for hole transport to the photocathode surface. 

Figure 7 displays computer generated plots of J e ( t ) / $ ( 1 + Kf) 
vs. t for comparison with the transient current responses reported 
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by Bockris and Uosaki (1). The normalized current expression 
employed i s the cathodic equivalent to the anodic case outlined 
above. 

Summary 

We have performed an experimental study of photo-assisted 
e l e c t r o l y s i s for illuminated η-type Ti02 photοanode/dark Pt 
cathode systems. Analysis of these results indicates that the 
electronic state of the semiconductor/electrolyte interface i s 
influenced by the el e c t r o l y s i s reaction products, i n a manner not 
previously accounted for. 

S p e c i f i c a l l y , the oxidation h a l f - c e l l reaction: 

2H20 + 4h + * 0 2 + 4H + 

a l t e r s the l o c a l H* io
lyte interface. A generalized model has been presented demonstrat
ing that the i n t e r f a c i a l ion concentration strongly affects trans
port processes associated with the space charge recombination 
current. Our results show that the IT*" ion coverage decreases the 
energy barrier for electron transport to the photoanode surface, 
increasing the recombination current. 

A review of photo-assisted e l e c t r o l y s i s studies performed 
with ρ-type semiconductor photocathode/dark Pt anode systems sug
gests that a complementary phenomena ari s i n g from the presence of 
0H~ ions produced during the reduction h a l f - c e l l reaction, 

2H20 + 2e~ £ H 2 + 20H" 

augments the hole current to the electrode/electrolyte interface, 
again increasing the surface recombination current. 

These conclusions are sig n i f i c a n t and of p r a c t i c a l concern. 
Ionic products formed during both the anodic and cathodic elec
t r o l y s i s h a l f - c e l l reactions a l t e r the l o c a l net charge at the 
electrode/electrolyte interface so as to increase the recombina
tion currents. Hence for both photo-assisted h a l f - c e l l reactions 
the electrochemical current i s reduced by this phenomena. The 
rel a t i v e size of this effect i s larger at lower bias, indicating 
that this phenomena presents a serious dilemma to workers designing 
photo-assisted conversion systems with high overall energy con
version e f f i c i e n c i e s . 
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Figure 5. Comparison between the experimental photocurrent vs. time profile and 
Equation 22: (a) O.4 V; (b—facing page,) O.5 V; (c—facing pagej O.6 V 
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TIME (sec) 

TIME (sec) 

Journal of the Electrochemical Society 
Figure 6. Traces of the current vs. time response following opening and closing of 
the lightbox shutter, ZnTe photocathode, 1.0N NaOH (1): (a) -O.95 V (NHE); 

(b) -1.15 V (NHE); (c) -1.36 V (NHE) 
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Appendix I 

Consider a photo-assisted water e l e c t r o l y s i s c e l l , incorpora
ting a photoanode and dark metal cathode. Illumination of the 
η-type semiconductor photoanode with a depletion space charge 
region results i n a net flow of positive vacancies, or holes, to 
the semiconductor/electrolyte interface. Here the hole (h +) may 
be accepted by the reduced form of the oxygen redox couple. 

Alternatively, redox levels of the semiconductor material may 
l i e at energies such that the hole, d i r e c t l y or through a multi-
step process described below, accepts an electron from a semicon
ductor surface atom, producing concomittant surface oxidation. 

A f u l l description of photo-assisted semiconductor corrosion 
i s not available. We have undertaken an analysis of this pheno
mena, relying on aqueous solution electrochemical e q u i l i b r i a con
siderations (16). 

It has been experimentall
dark i n weakly aci d i c solutions (15). This s t a b i l i t y has been 
ascribed (15) to the formation of Ga2Û3 at the semiconductor 
surface, with this oxide f i l m e f f e c t i v e l y passivating the surface. 

Electrochemical e q u i l i b r i a analysis (16) indicates that Ga2Û3 
i s stable i n aqueous electrolytes with 3.0 < pH < 11.2 up to 
potentials appreciably more anodic than the potential associated 
with the oxidation of H2O to O2 (Figure 8). Yet upon illumination, 
η-type GaP employed as a photoanode i n an aqueous solution at 
pH = 4.7 i s unstable (17). Thus, under illumination, semiconductor 
photoelectrodes may corrode even though the bulk pH i s i n s u f f i c i 
ently acidic/basic to drive such a l a t t i c e dissolution process. 

We propose that this observed photo-assisted corrosion occurs 
vi a the following mechanism: 

[1] Photo-produced holes, h + , arrive at the electrode surface, 
oxidizing H2O to O2: 

2H20 + 4h4' + 0 2 + 4H + 

[2] The production of two H + ions, for every molecule of 
water oxidized, promotes a surface H"1" coverage which i s substan
t i a l l y higher than the dark value. 

[3] For H+ surface coverages larger than that obtained i n the 
dark at a pH of 3.0, Ga2Û3 i s no longer stable, undergoing d i s 
solution v i a the following reaction: 

Ga 20 3 + 6H+ + 2 G a H + ( s o l l n ) + 3H20 

Indeed, our analysis suggests that the ions produced 
during the e l e c t r o l y s i s reaction undergo removal from the photo-
anode surface region much less readily than would be expected for 
simple d i f f u s i o n . A possible, more complete, explanation may be 
that the H*" ion i s produced on the surface with an incomplete 
hydration sheath, f a c i l i t a t i n g a direct H+ ion/electrode 
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Figure 7. Comparison between the experimental photocurrent vs. time profile and 
the cathodic equivalent of Equation 22: (a) —O.95 V (NHE); (b—facing pagej 

-1.15 V (NHE); fc—facing pagej -1.36 V (NHE) 
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Figure 8. Theoretical conditions of corrosion, immunity, and passivation of 
gallium, at 25°C., assuming passivation by a film of a-Ga203 (16) 
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interaction. Desorption of the Έ& ion can then occur only by 
s u f f i c i e n t l y overcoming the electrode/ΗΓ1" ion interaction energy 
to draw the Έ& ion away from the electrode surface. This permits 
insertion of (a) water molecule(s) between the ion and elec
trode, completing the hydration sheath, prio r to desorption of the 
f u l l y hydrated ion. 

The oxide redox energy levels for a l l elements except gold 
are cathodic to the redox l e v e l of the H2O/O2 couple. Gold, 
however, i s an impractical component for compound semiconductors. 
A l l other compound semiconductors employed as e l e c t r o l y s i s photo-
anodes w i l l undergo surface oxidation i n aqueous electrolytes to 
produce a surface oxide f i l m which normally constitutes the stable 
surface of the photoelectrode. Our proposed mechanism indicates 
that the proton induced oxide dissolution reaction arises from 
product IT" ion interactions with the oxide anion ( 0 = ) . 

The arguments jus
conductor photoanodes whic
Η 20 to O2 oxidation must have (a) stable elemental component(s) 
at low pH. Moreover, since the oxide dissolution reaction i s 
associated with essentially the same K*~/0= interactions, the low 
pH s t a b i l i t y l i m i t w i l l be at approximately the same value 
a s t a b l e * 3>-

Pourbaix (16) has prepared theoretical s t a b i l i t y diagrams of 
potential vs. pH for many common metals and nonmetalloids. A 
review of these results indicates that semiconductor compounds of 
Au, I r , Pt, Rd, Ru, Z r, S i , Pd, Fe, Sn, W, Ta, Nb, or T i should 
serve as r e l a t i v e l y acid-stable photoanodes for the e l e c t r o l y s i s 
of water. Indeed, a l l of the stable photo-assisted anode materi
als reported i n the l i t e r a t u r e , as of March, 1980 (see Table III) 
contain at least one element from this s t a b i l i t y l i s t , with the 
exception of CdO. Kung and co-workers (18) observed that the CdO 
photoanode was stable at a bulk pH of 13.3. The Pourbaix diagram 
for Cd (16) shows that an oxide f i l m passivates Cd over the con
centration range 10.0 < pH < 13.5. Hence the desorption of the 
product H + ion for the particular case of CdO must be exception
a l l y f a c i l e ; without producing an effective surface pH lower than 
10.O. This anamolous behavior for CdO i s not well understood. 

Appendix II 

Determination of Adsorption Potential Energy 

Φ Β 

Φ Β -

/direct interaction ι φ 

with central H+ ion) Blsuccessive nearest neighbors) 
direct interaction with 

[-
(w χ) 2ε 

-Aid 7 
n=/j2+m2 

m=0 

{(w |'- x) 2+n 2R 2) 1}] dx 

(1) 
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TABLE III . Stable Water E l e c t r o l y s i s Photoanodes 

Material Band gap energy (eV) References 

τιο 2 

* 
-3.0 18-23 

F e 2 ° 3 2.2 20,23. 
wo3 -2.6** 18,20 
S r T i 0 3 

BaTi0 3 3.3 18,2
CaTiOj 3.4 26. 
F e 2 T i 0 5 2.2 27 
KTa0 3 3.5 28,29 
Hg 2Ta 20 ? 1.8 18 
Hg 2Nb 2O y 1.8 18 

3.2 29 

P b T i1.5 W0.5°6.5 2.4 18 

N b 2 ° 5 3.4 30 
YFe0 3 2.6 31 
PbFe 1 20 9 2.3 18 
CdFe o0. 2 4 2.3 18 
Zr0 2 5.0 18 
CdO 2.1 18 
Sn0 2 -3.6*** 29,32 

reported Ε 
reported Ε 
reported E( 

2.9 - 3.2 
2.4 - 2.3 
3.5 - 3.3 
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where 
ε = semiconductor d i e l e c t r i c constant 
ε' = solution d i e l e c t r i c constant 
w = location of adsorbed 
R = average separation between adsorbed ions 

-A = distance to conduction band energy maximum 

Integrating (1) 

Φ = 
(w|+Jl) e 

2 0 0 

4q r v r / ε(2 2 2 0 ε' , 2,,-[Σ {(w —) +n R - 2w — χ + χ }] 

From ref. 14, equation 109 

/ λ . j ,  -l.çx+b(c+bx+ax) dx = r~ tan ( ) 

where g = 4ac - b . 
Thus (2) may be reduced to: 

Φ = 
Β , ε' ( w f + * ) ε 

2 n=~ 9 2x-2w -
tan" 1 ( — — ) 4£l Σ 

ε /g 

where 

or 

g = 4 [ ( w ) 2 + n 2 R 2 ] - 4(w | ) 2 = 4n 2R 2 

/ -, ι -, -2£-2w — -

(w — +£)ε n=l 

Now - tan~l(-°°) » tan (°°) = 90° 
360c * 2Π = 1.57 

Thus we can write 

2 
Φ = Z S L 
Β , ε' 

4q -1 - λ- w { 
Σ η " < 1.57+tan χ ( — ) 

( w + i l ) e E R n=l 

Assuming a square adsorption pattern 

R = v - v " 
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where r = H+ ion radius 

= f r a c t i o n a l H + ion coverage 

employing these relations i n (5) we obtain 

2 4q 2 ej*f . -I- w -
Φ β = φ — Σ η " 1 1.57+tan 1 ( — ) (6) 

(w .| +£)ε ε γ Η+ η = 1 " f f f f 1 " 

Appendix III 

Time Dependence of Fractional Intermediate Surface Coverage 

J (t) = Θ. (te v J intermediat

rate of adsorption = K f o m (1 - e ± n t e m ) 

rate of desorption = Κ,, Θ. 
dis interm 

Balance : 

Accumulation = adsorption - desorption 

- d °interm = ( 1 } dt form interm. dis intern. 

= K£ - (K + K,.) θ. „. 
form form dis interm. 

" Γ *n [Κ, - (K* + K J 4 ) 1 - t + c K- +K,4
 1 vform v form d i s 7 interm form dis 

I n i t i a l Condition Θ = 0 at t = 0 

t h u S C = Κ- form* form dis 

n r form form dis interm, £n [ - ] - t 
K f o r m + K c i i s form 

, Kform + K d i s . 
or 1 - (1 + Κ)Θ. = e"" Γ ; interm. 
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Abstract 

A growing awareness that photo-assisted electrochemical 
systems may provide the best device technology for some direct 
solar energy conversion applications is manifested by the rapidly 
expanding literature in this area. Nevertheless, poor device per
formance remains a major problem in this research. This is parti
cularly true for many
been studied. The most
tion has been the photo-electrolysis of water. Growing evidence 
suggests that unfavorable photo-assisted water electrolysis cell 
performances arise, at least in part, from product ion adsorbate 
effects. The latter appears to contribute both to materials 
stability and photon utilization efficiency vs. bias problems. 
This product ion phenomena should also be of importance, in 
general, for any system incorporating photoelectrodes which 
utilize depletion space charge fields. 
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Carbanion Photooxidation at Semiconductor 
Surfaces 

M A R Y E ANNE FOX and ROBERT C. OWEN 

Department of Chemistry, University of Texas at Austin, Austin, T X 78712 

Within the last decade,
quantum utilization of  light by organic  inorganic
sorbers have been developed. The most efficient of these often 
involve electron exchange reactions. Here, a vexing problem 
persists: rapid thermal recombination of the electron-hole pairs 
can regenerate the ground state and effectively waste the energy 
of the absorbed photon. We have reasoned that this back reaction 
could be inhibited, or at least dramatically slowed, if an ex
cited anion M- (eqn 1) were used as the donor rather than a neu
tral molecule M (eqn 2). The reversal of equation (1), governed 
only by the typically low electron affinity of the photoproduced 

radical, should be less favored than the back reaction in equa
tion (2), where an electrostatic attraction within the photopro-
duct pair favors reversion to the ground state. Indeed, in this 
analysis, recapture of a photo-ejected electron by the oxidized 
primary photoproduct formed from a dianion should be even less 
favorable. This approach to the inhibition of electron recap
ture is therefore complementary to the use of acceptors which 
form metastable one electron reduction products upon photoexcita
tion of an electron donor. In fact, the most effective acceptors 
(e.g., methyl viologen) are usually those which operate on this 
same electrostatic principle, i.e., where electrostatic attraction 
of the oxidized and reduced primary photoproducts is minimized. 
In the cases considered here, one might reasonably expect compar
able stabilization of the primary photoproducts in equations (1) 
or (2) by the presence of neutral electron acceptors. Consequent
ly, the relative inhibition of back electron transfer in simple 
processes like equations (1) and (2) should find direct parallel 
in the presence of neutral electron acceptors. 

0097-6156/81/0146-0337$05.00/0 
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Further i n h i b i t i o n would also be anticipated i f the environ
ment of the electron-hole pair interferes with recombination. 
Separation of such pairs has been e f f e c t i v e l y achieved i n the 
e l e c t r i c f i e l d formed at the interface between a semiconductor 
and an electrolyte solution (1). Accordingly, we have examined a 
series of excited organic anions, both in homogeneous solution and 
at a semiconductor electrode i n a photoelectrochemical c e l l . As 
expected, redox photochemistry occurring at the semiconductor sur
face d i f f e r s s i g n i f i c a n t l y from that found under homogeneous con
ditions. We have used this altered r e a c t i v i t y as a synthetic 
technique for controlled oxidative coupling reactions and as an 
investigative tool for establishing mechanism in v i s i b l e l i g h t 
photolysis of highly absorptive anions. 

Our experimental procedure p a r a l l e l s that described e a r l i e r 
i n the construction of an anionic photogalvanic c e l l (22. A very 
thin layer (-1 mm) of anhydrou
tive anion i s sandwiche
semiconductor electrode. Upon i r r a d i a t i o n of this s t i r r e d solu
ti o n , photocurrents between the illuminated electrode and a dark 
platinum counterelectrode can be monitored. (See reference 2 for 
experimental detail.) By choosing an appropriate wavelength re
gion from the i r r a d i a t i o n source, we may excite pre f e r e n t i a l l y 
either the dissolved (or adsorbed) anion or the semiconductor i t 
s e l f . Redox reactions occurring i n the s t i r r e d solution may be 
followed i n s i t u by c y c l i c voltammetry or by withdrawing an a l i 
quot for chemical analysis by standard spectroscopic and/or 
chromatographic techniques. Preparative electrolyses were con
ducted i n the same c e l l employing a PAR (Princeton Applied Re
search) potentiostat and d i g i t a l coulometer. Solution phase 
photolyses were conducted by i r r a d i a t i n g sealed, degassed, pyrex 
ampoules containing the reactive anions and were analyzed as 
above. 

By exciting the red-orange cyclooctatetraene dianion 1 i n 
the presence of cyclooctatetraene i n our photoelectrochemical c e l l 
(n-Ti02/NH3/Pt), we were able to observe photocurrents without 
detectable decomposition of the anionic absorber Ç 2 ) . Presumably, 
a rapid dismutation of the photooxidized product inhibited elec
tron recombination, producing a stable hydrocarbon whose cathodic 
reduction at the counter electrode regenerates the o r i g i n a l mix
ture essentially quantitatively (eqn 3 ) . 
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We hope to confirm the prin c i p l e of this mechanism by demonstra
ting that characterizable chemical reactions might ensue i f the 
i n i t i a l photooxidation (unlike eqn 3) were i r r e v e r s i b l e . 

Previous work i n our laboratory (3) and in others (A) has 
established that the primary photoprocess i n a variety of excited 
carbanions involves electron ejection. This photooxidation w i l l 
generate a reactive free r a d i c a l i f recapture of the electron i s 
inhibited. P a r a l l e l generation of these same carbon radicals by 
electrochemical oxidation reveals an ir r e v e r s i b l e anodic wave, 
consistent with rapid chemical reaction by the oxidized organic 
species (5). L i t t l e chemical characterization of the products has 
been attempted, however (6). 

A typical c y c l i c voltammetric trace for the anodic oxidation 
of the fluorenyl anion 2 at platinum i s shown i n Figure 1. The 
oxidation potential for t h i s and several other resonance s t a b i l 
ized carbanions l i e s convenientl
T1O2 i n the non-aqueou
to photoinduced charge transfer. Furthermore, dimeric products 
(e.g., bifluorenyl) can be isolated i n good y i e l d (55-80%) after 
a one Faraday/mole controlled potential (+1.0 eV vs Ag quasi-
reference) oxidation at platinum. 

If an electron acceptor i s available in homogeneous solution, 
photochemical reaction can be observed. For example, when 2 i s 
excited (λ 350 nm) in anhydrous dimethylsulfoxide (DMSO), 
methylation occurs, ultimately giving r i s e to 9,9-dimethyl-
fluorene i n >80% y i e l d . By analogy with Tolbert's mechanism for 
photomethylation i n DMSO (4), such a process may be i n i t i a t e d by 
electron transfer to DMSO to form a caged r a d i c a l - r a d i c a l anion 
pair from which subsequent C-S cleavage occurs (eqn 4). 

If no acceptor i s present, recapture of the photoejected 
electron w i l l be rapid and the photon energy w i l l be l o s t . In 
accord with this prediction, after overnight photolysis of a 
tetrahydrofuran solution of 2, under conditions i d e n t i c a l to 
those described above, 2 can be recovered essentially unchanged. 
Exactly p a r a l l e l results have been obtained with tetraphenyl-
cyclopentadienide (3). 

That a semiconductor electrode can prevent back-electron 
transfer follows from detection of dimer (dihydrooctaphenyl-

In Photoeffects at Semiconductor-Electrolyte Interfaces; Nozik, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



340 P H O T O E F F E C T S A T S E M I C O N D U C T O R - E L E C T R O L Y T E I N T E R F A C E S 

25 I 
eV (vs. Ag) 1.5 1.0 O.5 -O.5 -1.0 

Figure 1. Electrochemical oxidation of fluorenyl lithium (DMSO, LiClOk (O.1M), 
room temperature, scan rate: 50 mV s'1) 
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fulvalene) (7) by HPLC and NMR, when lithium tetraphenylcyclo-
pentadienide i s excited at the surface of doped η-type TiU2 crys
t a l held at O.0 eV (vs Ag) and connected with a platinum elec
trode in DMSO containing LiC10i+ (8) as inert electrolyte (eqn 5). 

3 Phi+ Phi* 

Photooxidation occurs at potentials well negative of the anodic 
wave. As dimer formation occurs photo-currents (O.1-3.9 μΑ) can 
be detected, implying photoinduced change transfer. 

It i s also significant to note that dimeric products are 
formed whether the anio
possible to selectivel
of wavelengths shorter than the onset of band gap ir r a d i a t i o n i n 
n-Ti02, t.e.yby cut off f i l t e r s . For very thin layers of i r 
radiated solution in our c e l l , incomplete l i g h t absorption by the 
solution/adsorbate occurs when unfiltered l i g h t i s used as the 
excitation source. Under these conditions, where sig n i f i c a n t 
excitation of the semiconductor occurs simultaneously with anion 
excitation, greatly enhanced photocurrents attributable to band 
gap i r r a d i a t i o n i n the presence of donors are observed. Thus 
oxidation i s achieved respectively either i f an electron i s i n 
jected into the conduction band from the anionic excited state 
or i f an electron i s transferred to the photogenerated hole i n 
the valence band. As we have shown previously, sensitization by 
adsorbed or chemically attached dyes (9) should therefore ex
tend the wavelength response of large band gap semiconductors 
in a process p a r a l l e l to that observed here. 

Analogous results are being obtained for the fluorenyl anion 
and other resonance st a b i l i z e d anions. Although the mechanistic 
details are s t i l l under investigation and w i l l be discussed else
where, these experiments demonstrate that the semiconductor inter
face i s effective i n inh i b i t i n g electron recapture i n anion 
photolysis, i n establishing mechanism i n possible charge transfer 
photoreactions, and i n acting as a cata l y t i c surface in useful 
oxidative photocoupling reactions. 
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Fundamental Aspects of Photoeffects at the 
n-Gallium Arsenide-Molten-Salt Interphase 

R. J. GALE, P. SMITH, P. SINGH, K. RAJESHWAR, and J. DUBOW 

Department of Electrical Engineering, Colorado State University, 
Fort Collins, CO 80523 

Detailed studies of the semiconductor/electrolyte interphase 
boundary are necessary in order to understand fully the operation 
of photoelectrochemical cells. It is important to be able to 
establish the potential distribution throughout the interphasial 
regions because the surface potential barrier governs the separa
tion of photogenerated electrons and holes and thus the energy 
conversion efficiency. Additionally, it is important to identify 
those factors that control or modify both the faradaic charge-
transfer reactions occurring across the solid/liquid interface and 
the recombination processes within the semiconductor. For any 
particular system, a complete analysis in terms of the chemical 
identification of all the interposed molecules and their role 
would be an arduous, if not impossible task. Present knowledge 
of the catalytic and dielectric properties of the species existing 
in surface atomic layers and in the inner double layer region ad
jacent to semiconductor electrodes is particularly limited. We 
are restricted therefore to trying to identify the key factors af
fecting the output performance of cells and to devise experimental 
approaches that might ultimately provide a complete description of 
the photoelectrochemical processes in molecular detail. 

This work attempts to model a semiconductor/molten salt elec
trolyte interphase, in the absence of illumination, in terms of 
its basic circuit elements. Measurement of the equivalent elec
trical properties has been achieved using a newly developed tech
nique of automated admittance measurements and some progress has 
been made toward identification of the frequency dependent device 
components (1). The system chosen for studying the semiconductor/ 
molten salt interphase has the configuration n-GaAs/AlCl3: 1-
butylpyridinium chloride (BPC) melt/vitreous C., with the ferro
cene/ ferricenium ion redox couple as the liquid phase charge car
rier. Photoelectrochemical cell electrolytes can be divided 
broadly into two classes, aqueous and nonaqueous. If aqueous 
mixtures are included within the former classification, the non-

0097-6156/8 l/0146-0343$05.00/0 
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aqueous t ype s can be s u b d i v i d e d f u r t h e r i n t o tho se based upon 
o r g a n i c o r i n o r g a n i c s o l v e n t s and mo l ten s a l t e l e c t r o l y t e s , each 
o f t he se r e q u i r i n g some means o f i o n i c c o n d u c t i o n and/or a s u i t 
a b l e redox sys tem. The r a t i o n a l e f o r s t u d y i n g t he semiconducto r/ 
mo l ten s a l t i n t e r p h a s e i s t h a t i n g e n e r a l , f rom c o r r o s i o n c o n s i d 
e r a t i o n s , nonaqueous e l e c t r o l y t e s appear t o be more a t t r a c t i v e 
than t he aqueous f o r use w i t h t he t r a d i t i o n a l semiconducto r mat 
e r i a l s . I nherent advantages o f d e v e l o p i n g mo l ten s a l t e l e c t r o l y t e 
systems f o r c e l l s t o produce e l e c t r i c i t y f rom l i g h t have been d i s 
cus sed e l sewhere ( 2 ) . 

E xpe r imenta l 

M a t e r i a l s . S i n g l e c r y s t a l s o f Sn-doped n-GaAs o f o r i e n t a t i o n 
(100) were o b t a i n e d f rom La se r Diode Lab, Inc. w i t h the f o l l o w i n g 
quoted p r o p e r t i e s , N D =
c m 2 V " 1 s " 1 . Ohmic c o n t a c
Ge-Au a l l o y annea led i n N 2 a t 400 C f o r 15 m i n u t e s . A T e f l o n 
coa ted Cu w i r e was a t t a c h e d w i t h s i l v e r epoxy cement and t he s i n 
g l e c r y s t a l and t he Ohmic c o n t a c t masked w i t h a nonconduc t i ng 
epoxy cement. S u r f a c e p r e p a r a t i o n o f t he c r y s t a l s was s e q u e n t i a l 
l y a 30 sec e t c h i n 6M HC1, a d i s t i l l e d wate r r i n s e , a 1 minute 
immers ion i n H 2 S 0 4 : H 2 0 2 : H 2 0 (3:1:1 v o l . ) , a d i s t i l l e d wate r r i n s e , 
and a f i n a l r i n s e w i t h a b s o l u t e e t h a n o l . The wet assembly was 
then p l a c e d immed i a te l y i n t o t he ante-chamber o f t he drybox t o be 
vacuum d r i e d . The c o u n t e r e l e c t r o d e compr i sed a p l a t e o f v i t r e o u s 
C (A tomerg i c Chemeta l s , I n c . ) and t he r e f e r e n c e e l e c t r o d e f o r a l l 
e xpe r imen t s c o n s i s t e d o f O.5 mm A l w i r e ( A l f a Yent ron P u r a t r o n i c 
g r ade , m4N8) immersed i n 2:1 mo la r r a t i o A l C l 3 : BPC m e l t , 
t he p r e p a r a t i o n o f 1 - b u t y l p y r i d i n i u m c h l o r i d e and m e l t s have been 
d e s c r i b e d i n e a r l i e r p u b l i c a t i o n s , e .g (3). 

Apparatus and Technique 

C i r c u i t r y used t o o b t a i n c a p a c i t a n c e - v o l t a g e da ta f o r M o t t -
S c h o t t k y p l o t s was s i m i l a r t o t h a t used p r e v i o u s l y ( 2 J . L i n e a r 
v o l t a g e ramps (5-10 mVs " 1 ) and 10 mV peak/peak ac s i g n a l s were 
added t o a PAR 173 P o t e n t i o s t a t / G a l v a n o s t a t f rom a PAR 179 U n i 
v e r s i t y Programmer and I t h a ca Dynatrac 3 l o c k - i n a m p l i f i e r , r e 
s p e c t i v e l y . The v o l t a g e ou tpu t f rom the c u r r e n t f o l l o w e r o f a 
PAR 179 D i g i t a l Cou lometer was connected t o the s i g n a l i n p u t o f 
t he LIA and t h e c a p a c i t a n c e - v o l t a g e cu r ve s were d i s p l a y e d on a PAR 
RE 0074 X-Y r e c o r d e r . These measurements were made on c e l l s t h e r -
mostated t o 40 + 1 C w i t h i n a d r ybox . Most measurements were made 
i n a b s o l u t e da rknes s o r i n c e l l s c a r e f u l l y sc reened w i t h A l f o i l 
t o e x c l u d e l i g h t . 

A s chemat i c o f the au tomat i c network a n a l y s i s system used f o r 
p h o t o e l e c t r o c h e m i c a l c e l l measurements i s shown i n F i g u r e 1. The 
ac s i g n a l o f 20 mV p/p amp l i t ude i s a p p l i e d w i t h a H e w l e t t - P a c k a r d 
3320B f r equency s y n t h e s i z e r t o t he c e l l and t o the r e f e r e n c e s i g -

In Photoeffects at Semiconductor-Electrolyte Interfaces; Nozik, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



22. G A L E E T A L . n-GaAs-Molten-Salt Interphase 345 

na l i n p u t o f a HP 3570A a u t o m a t i c network a n a l y z e r . A h i gh speed 
c u r r e n t - v o l t a g e c o n v e r t e r (Te ledyne P h i l b r i c k 1435) and c u r r e n t 
b o o s t e r w i t h a f l a t f r e q u e n c y response from d c * t o 1 MHz i s used t o 
b u f f e r t he a n a l y z e r . C e l l a dm i t t ance s can be c a l c u l a t e d from t he 
measured G(s ) = (G.j + s C j ) / ( G f + s C f ) i n wh ich G i and G f a r e the 

conduc t ance s , C. and C f t h e c a p a c i t a n c e s o f the c e l l and t he f e e d 
back components, r e s p e c t i v e l y , and s e q u a l s jo>. The desk top com
p u t e r (HP 9825A) communicates v i a t he IEEE-488 s t anda rd i n t e r f a c e 
bus w i t h t he s y n t h e s i z e r and network a n a l y z e r t o sweep f r e q u e n c y , 
t o c o l l e c t g a i n and phase d a t a , t o c a l c u l a t e c a p a c i t a n c e and c o n 
duc tance v a l u e s and then t o s t o r e t h i s i n f o r m a t i o n on f l e x i b l e 
d i s c s . In t h e s e e x p e r i m e n t s , t he b i a s was a d j u s t e d manua l l y u s i n g 
a low n o i s e power s upp l y u n t i l t he r e q u i r e d p o t e n t i a l drop was o b 
t a i n e d between t he r e f e r e n c e and work i ng e l e c t r o d e s . Measurements 
were made i n two f r equenc  f ro  5-50 H d 50-100 KHz
D e t a i l s c o n c e r n i n g t he
r e s u l t s o b t a i n a b l e t o t h e da t a a c c e s s i b l e f rom impedance b r i d g e 
t e c h n i q u e s have been o u t l i n e d a l r e a d y f o r m e t a l - i n s u l a t o r - s e m i 
c onduc t o r ( M I S ) / s e m i c o n d u c t o r - i n s u l a t o r - s e m i c o n d u c t o r (S IS) s o l a r 
c e l l s ( ] ) . Dummy c e l l c a l i b r a t i o n cu r ve s gave e r r o r s n o m i n a l l y 
< 3 pe r cen t f o r g a i n and moderate phase a n g l e s . 

R e s u l t s and D i s c u s s i o n 

V o l t a m m e t r i c I n v e s t i g a t i o n s . L i n e a r sweep vo l tammetry p r o 
v i d e s a s i m p l e , s e n s i t i v e and r a p i d means o f o b t a i n i n g a c u r r e n t -
v o l t a g e p r o f i l e o f t he s e m i c o n d u c t o r / e l e c t r o l y t e i n t e r p h a s e . F i g 
ure 2 i l l u s t r a t e s t he dark I-V cu r ve s a t a n-GaAs e l e c t r o d e i n 
b a s i c O.8:1 ( A 1 C 1 3 : BPC r e s p e c t i v e l y ) and a c i d i c 1.5:1 mo l a r 
r a t i o m e l t s . In b a s i c m e l t s , a peak a t -O.6 t o -O.75 V i n c r e a s e s 
w i t h i l l u m i n a t i o n and by s cann ing f u r t h e r i n t he p o s i t i v e d i r e c -
i on pa s t t he r e s t p o t e n t i a l a t -O.48 V ( F i g u r e 3 ) . T e n t a t i v e l y , 
t h i s r e d u c t i o n peak may be a s s i g ned t o a homogeneous a r s e n i c 
c h l o r i d e s p e c i e s a t t he e l e c t r o d e s u r f a c e because a s i m i l a r peak 
i s o b t a i n e d a t a C e l e c t r o d e by the a d d i t i o n o f A s C l 3 t o t he m e l t 
( F i g u r e 4 ) . An anod i c peak i n F i g u r e 4 a t +O.47 V appears o n l y 
a f t e r t h e c a t h o d i c r e a c t i o n a t -O.4 V b u t , p r o b a b l y due t o f i l m 
i n g , r epea ted scans cause the waves t o d i s t o r t and d i m i n i s h . The 
e l e c t r o c h e m i s t r y o f g a l l i u m c h l o r o a l u m i n a t e s p e c i e s i n a h i gh 
t empera tu re A l C l 3 : N a C l : KC1 e u t e c t i c has been s t u d i e d ( 4 ) . 
The s t anda rd e l e c t r o d e p o t e n t i a l s a r e r e p o r t e d t o be G a ( I I I ) / G a ( I ) 
= O.766 V, Ga ( I I I ) /Ga (0 ) = O.577 V and Ga( I )/Ga(0 ) = O.199 V v e r 
sus A l ( A l C I 3 : N a C l : KC1 e u t . ) r e f e r e n c e . E x t r eme l y low e l e c t r o -
a c t i v i t y was i n d i c a t e d a t a C e l e c t r o d e a f t e r t he a d d i t i o n o f 
G a C l 3 t o the b a s i c room tempera tu re me l t but t he peaks a t c i r c a 
+O.2 V and +O.8 V i n t he voltammograms o f n-GaAs may be t e n t a t i v e 
l y a s s i g ned t o compounds o f Ga( I ) and G a ( I I I ) , r e s p e c t i v e l y , e i t h 
e r homogeneous o r s u r f a c e bonded. 

Both g a l l i u m and a r s e n i c compounds e x i s t i n s e v e r a l o x i d a t i o n 
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Figure 1. Computer-controlled network analysis system for photoelectrochemical 
cell admittance measurements 

Figure 2. Cyclic voltammograms of n-GaAs in O.8:1 (upper) and 1.5:1 (lower) 
melts at 50 mVs'1 and 20 mVs'1, respectively, nonilluminated, 40°C 
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Figure 4. Cyclic voltammogram (initial scan) of AsCl3 (O.136 mL) added to O.95:1 
melt (12.12 g), ν = 100 mVs1, C electrode 
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s t a t e s and t he p r o b a b i l i t y o f complex e q u i l i b r i a w i t h h a l o - s p e c i e s 
and t he degree o f i r r e v e r s i b i l i t y o f t h e e l e c t r o n - t r a n s f e r p r o c e s 
ses makes a b s o l u t e c o r r e l a t i o n s o f p o t e n t i a l peaks w i t h d e f i n i t i v e 
s p e c i e s d i f f i c u l t . An e s s e n t i a l p rob lem t o o , i s t o d i s t i n g u i s h 
between the t r a c e amounts o f d i s s o l v e d p r oduc t s f rom c o r r o s i o n o f 
the semiconduc to r and chemica l s t a t e s t h a t may be p r e s e n t i n t he 
s u r f a c e a tomic l a y e r . 

E l e c t r o l y t e Compos i t i on E f f e c t s 

The major e q u i l i b r i u m p roce s s c o n t r o l l i n g t he s o l v e n t a c i d i t y 
i s g i v e n by e q u a t i o n (1 } , 

2 A i d / A 1 2 C 1 7 " + C l " (1) 

From a p o t e n t i o m e t r i c model f o  t h  c h l o r a l u m i n a t  s p e c i e
i n t h e s e i o n i c m i x t u r e s
u s i n g t he mole f r a c t i o ,  ( 3 J  p C l
can be d e f i n e d ana logous t o pOH" i n aqueous med i a , pCl~= - l o g i o C l T 
M i x t u r e s w i t h an exce s s o f A l C l 3 w i l l be Lewis a c i d s c o n t a i n i n g 
t h e e l e c t r o n d e f i c i e n t A 1 2 C 1 7 " i o n w i t h some A 1 C 1 4 " i o n , whereas 
when t he mo la r r a t i o becomes < 1:1 A l C l 3 : BPC, r e s p e c t i v e l y , t he 
m e l t w i l l be termed b a s i c and c o n t a i n donor C l " i o n s t o g e t h e r 
w i t h A l Cl 1+" i o n . S u r f a c e i n t e r a c t i o n s between t he s u b s t r a t e mat 
e r i a l and t h e e l e c t r o l y t e can a f f e c t s i g n i f i c a n t l y t he per formance 
o f c e l l s (5) and t h e s e a r e o f two main t ype s ( i ) s o l v e n t a c i d - b a s e 
i nduced i o n i z a t i o n o f s u r f a c e compounds, and ( i i ) t h e a c c u m u l a t i o n 
o f s o l u t e s p e c i e s i n t he i n n e r doub le l a y e r r e g i o n a t t he s e m i 
c o n d u c t o r s u r f a c e ( s p e c i f i c o r s u p e r e q u i v a l e n t i o n a d s o r p t i o n , 
o r g a n i c a d s o r b a t e s , e t c . ) . Such a c l a s s i f i c a t i o n i s not c l e a r c u t 
because the phenomeno log ica l d e f i n i t i o n o f s p e c i f i c i o n a d s o r p t i o n 
a t meta l e l e c t r o d e s (6) does not d i s c u s s the chemica l s t a t e o f the 
s p e c i e s , t h e e s s e n t i a l c r i t e r i o n be i ng t h a t an exce s s o f t h e s p e 
c i e s must be p r e s e n t a t t he p o t e n t i a l o f z e ro c ha r ge . D i f f e r e n t 
i a t i o n o f t h e s e p r oce s se s r e q u i r e s a knowledge o f t h e chemica l 
f o r c e s i n v o l v e d i n t he e q u i l i b r i a o r t he a d s o r p t i o n ( e l e c t r o s t a t i c 
p l u s chemica l f o r i o n s ) , t he e x t e n t o f i o n i z a t i o n o r t he ad so rp 
t i o n i s o t h e r m , and t he s u r f a c e p o t e n t i a l pa rameter s a s s o c i a t e d 
w i t h e i t h e r p r o c e s s . Q u a n t i t a t i v e e x p r e s s i o n s o f t he se e f f e c t s 
a re r e s t r i c t e d i n the l i t e r a t u r e . An e x p l a n a t i o n o f the f l a t - b a n d 
s h i f t found i n aqueous s o l u t i o n s a r i s e s f rom a c o n s i d e r a t i o n o f 
s u r f a c e e q u i l i b r i a o f t he t y p e , 

-M0H + OH" -MO" + H 2 0 (2) 

An a d d i t i o n a l p o t e n t i a l drop o c c u r s a c r o s s the He lmho l t z l a y e r , 
( 7 ) , g i v e n by , 

Δ φ η | = c on s t - (2.3RT/F){ [pH] + 1 o g ( f M n - . X M n - ) } (3) 
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i n wh i ch A<j>DL i s t h e p o t e n t i a l drop a c r o s s the doub le l a y e r and 

f j Q - and X Q - r e s p e c t i v e l y a r e t he a c t i v i t y c o e f f i c i e n t and mole 

f r a c t i o n o f i o n i z e d groups i n t h e s u r f a c e . A l i n e a r r e l a t i o n b e 
tween t he f l a t b a n d p o t e n t i a l , Y f . , and t h e pH shou ld be expec ted 
as l o n g as t h e c o n t r i b u t i o n f rom t he second te rm i s p a r e n t h e s i s 
i s m i n i m a l . G r y s e , Gomes, Cardon and Vennik (8) have d i s c u s s e d 
t he e f f e c t o f t he doub le l a y e r p o t e n t i a l d r op . 

F i g u r e 5 c o n t a i n s a summary o f t he M o t t - S c h o t t k y p l o t s o b 
t a i n e d a t 1 KHz and d i f f e r e n t e l e c t r o l y t e c o m p o s i t i o n s r ang i n g 
f rom O.8:1 t o 1.75:1 mo l a r r a t i o s . The i n t e r c e p t s were c a l c u l a t e d 
f rom t h e l e a s t squares g r a d i e n t s t aken i n t he v o l t a g e r e g i o n s 
where f a r a d a i c p roce s se s a re l e a s t s i g n i f i c a n t , namely 2.0 t o O.6 
V f o r t h e a c i d i c and 1.0 t o -O.5 V f o r t he b a s i c m e l t s . F a r a d a i c 
p r oce s se s become apparent as h y s t e r e s i s i n t he C-V p l o t s and t he se 
e f f e c t s g i v e r i s e t o c o n s i d e r a b l
near t h e 1:1 m o l a r r a t i
t he se d a t a g i v e a s h i f t o f t he f l a t - b a n d w i t h p C l  o f O.066 V 
( s t a n d a r d d e v i a t i o n , σ = O.009 V ) , o r a p p r o x i m a t e l y (2 .3 RT/F) 
V a t 4 0 ° . Th i s A V f . / p C l ~ v a l u e f o r t h e (100) o r i e n t a t i o n n-GaAs 
i s a p p r o x i m a t e l y o n e - h a l f t h a t o b t a i n e d w i t h (111) n-GaAs c r y s t a l s 
( 2 ) , i n d i c a t i n g t h a t t h e c r y s t a l s u r f a c e atom d e n s i t y and t ype can 
be a s i g n i f i c a n t f a c t o r i n t he i n t e r a c t i o n s between s u b s t r a t e and 
e l e c t r o l y t e . F l a t - b a n d p o t e n t i a l v a l u e s f o r (100) and (111) 
n-GaAs/molten s a l t i n t e r p h a s e s and f o r t he (111) n-GaAs/aqueous 
e l e c t r o l y t e i n t e r p h a s e a r e compared i n Tab l e I. 

TABLE I 

X t a l O r i e n t a t i o n V f b ( N H E ) Ref. 

n-GaAs (TTT)face aqueous pH 2.1 -O.95V (£) 
II pH 12 -1.50V 

n-GaAs ( l l l ) f a c e A l C 1 3 : B P C pCl "2 -1.25V (2) 

II pCl "12 +O.1OV 

n-GaAs ( 100 ) f ace A1C1 3 :BPC p C l " 2 -O.80V T h i s work 

II p C l ' l 2 -O.20V T h i s work 

T y p i c a l l y i n aqueous e l e c t r o l y t e s t he f l a t - b a n d p o t e n t i a l 
v a r i a t i o n per pH u n i t i s (2.3 RT/F) V ( 7 , S M 5 ) but i n t he h igh 
t empera tu re A l C l 3 : N a C l mo l ten e l e c t r o l y t e s , Uch ida and coworkers 
Q 6 > Π3 have r e p o r t e d f l a t - b a n d s h i f t s o f 2(2.3RT/F) V per p C l " 
u n i t f o r Sb-doped S n 0 2 and n - T i 0 2 s em i conduc to r s . 
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Figure 6. Power curves for n-GaAs O.124M ferrocene cell, electrolyte unstirred, 
illumination ~ 100 mW cm'2 
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The consequences o f q u i t e sma l l changes i n t he s u r f a c e charge 
can be s i g n i f i c a n t t o d e v i c e pe r fo rmance . F i g u r e 6 i l l u s t r a t e s 
t he i l l u m i n a t e d c u r r e n t - v o l t a g e b e h a v i o r o f a (100) n-GaAs e l e c 
t r o d e i n a m e l t c o n t a i n i n g t he f e r r o c e n e / f e r r i c e n i u m redox c o u p l e . 
At t he e x a c t n e u t r a l p o i n t , V f . -O.91 V, o r 1.04 V n e g a t i v e 
o f t he redox p o t e n t i a l o f t he f e r r o c e n e c o u p l e . As t he band gap 
o f n-GaAs i s a p p r o x i m a t e l y 1.44 V, a n e g a t i v e s h i f t o f t he band 
edges o f O.4 Y would improve t he o v e r l a p between the redox c o u p l e 
energy l e v e l s and the v a l e n c e band edge. Thus, i t may be p o s s i b l e 
t o " t u n e " p h o t o e l e c t r o c h e m i c a l c e l l s f o r o p t i m a l per formance by 
d e l i b e r a t e l y v a r y i n g the e x t e n t o f t h e s u r f a c e charge w i t h s u i t 
a b l e a d s o r b a t e s . These p h o t o e f f e c t s have been d i s c u s s e d i n g r e a t 
e r d e t a i l e l s ewhere ( 18 ) . 

The magnitude o f t he e r r o r s i n d e t e r m i n i n g t he f l a t - b a n d 
p o t e n t i a l by c a p a c i t a n c e - v o l t a g e t e c h n i q u e s can be s i z a b l e because 
(a) t r a c e amounts o f c o r r o s i o
s u r f a c e , (b) i d e a l p o l a r i z a b i l i t
t o e l e c t r o l y t e de compo s i t i o n p r o c e s s e s , ( c ) s u r f a c e s t a t e s a r i s 
i n g f rom chemica l i n t e r a c t i o n s between t he e l e c t r o l y t e and s e m i 
c o n d u c t o r can d i s t o r t t he C-V d a t a , and (d) c r y s t a l l i n e inhomo-
g e n e i t y , d e f e c t s , o r bu l k s u b s t r a t e e f f e c t s may be m a n i f e s t e d a t 
the s o l i d e l e c t r o d e c a u s i n g f r equency d i s p e r s i o n e f f e c t s . In t he 
nex t s e c t i o n , i t w i l l be shown t h a t t he e q u i v a l e n t p a r a l l e l c o n 
duc tance t e c h n i q u e enab le s more d i s c r i m i n a t o r y and p r e c i s e a n a l y 
ses o f the i n t e r p h a s i a l e l e c t r i c a l p r o p e r t i e s . 

Automated Admi t tance Measurements 

Some o f t he e x p e r i m e n t a l t e c h n i q u e s t h a t have been deve loped 
f o r s t u d i e s o f MIS s o l a r c e l l s , f o r example , might be a p p l i e d s u c 
c e s s f u l l y t o p h o t o e l e c t r o c h e m i c a l c e l l s . Fea tu re s common t o e l e c 
t r o c h e m i c a l s o l a r c e l l s and m e t a l - o x i d e - s e m i c o n d u c t o r (M0S), MIS, 
o r SIS d e v i c e s have been r ev i ewed i n a t h e o r e t i c a l compar i son o f 
t h e i r u n d e r l y i n g modes o f o p e r a t i o n (19). An e s s e n t i a l s t a r t i n g 
p o i n t f o r d e v i c e a n a l y s i s i s t o be a b l e t o model e q u i v a l e n t c i r 
c u i t t h a t a c c u r a t e l y r e p r e s e n t and r e f l e c t t he m a t e r i a l p r o p e r t i e s 
and c e l l b e h a v i o r i n both t he s t a t i c a nd , h o p e f u l l y , t he o p e r a 
t i o n a l modes. Tomkiewicz (20) has a p p l i e d a r e l a x a t i o n spectrum 
a n a l y s i s t e c h n i q u e t o the n -T i 0 2 /aqueou s e l e c t r o l y t e i n t e r p h a s e 
and he c o u l d a s s i g n p a s s i v e e lements t o two space charge l a y e r s 
w i t h d i f f e r e n t dop ing l e v e l s . In t he l i g h t o f p r e v i o u s work wh ich 
has demonst ra ted (2Tj t h a t t he e q u i v a l e n t p a r a l l e l conductance 
t e c h n i q u e i s more s e n s i t i v e than c a p a c i t a n c e measurements f o r d e 
r i v i n g s u f a ce s t a t e i n f o r m a t i o n i n MIS d e v i c e s , we have made a 
s e r i e s o f t he se measurements on a p h o t o e l e c t r o c h e m i c a l c e l l . For 
our i n i t i a l e v a l u a t i o n s , t he i n t e r f a c e was not i l l u m i n a t e d and no 
redox c o u p l e was added t o t he e l e c t r o l y t e . Both t he c a p a c i t a n c e 
and conductance methods d e r i v e e q u i v a l e n t i n f o r m a t i o n as f u n c t i o n s 
o f t he a p p l i e d v o l t a g e and f r e q u e n c y , however, t he i n a c c u r a c i e s 
t h a t a r i s e i n t he t r e a t m e n t o f da ta g e n e r a l l y a r e l a r g e r u s i n g 
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c a p a c i t a n c e measurements ( 21 ) . F i g u r e 6 i l l u s t r a t e s an e q u i v a l e n t 
c i r c u i t f o r t he semiconduc to r/mo l ten s a l t i n t e r p h a s e . The c a p 
a c i t a n c e and r e s i s t i v e e lements a s s o c i a t e d w i t h t he l a r g e a r ea 
c o u n t e r e l e c t r o d e and t he c e l l geometry have been i gno red i n t h i s 
a n a l y s i s . 

Ma themat i ca l t r e a t m e n t s f o r e q u i v a l e n t c i r c u i t o f t h i s t ype 
f o r a s i n g l e l e v e l and a cont inuum o f s u r f a c e s t a t e l e v e l s have 
been p re sen ted e l sewhere ( e . g . , 10 , 2Ό, 2 1 , 2 2 J . The adm i t t ance 
o f t he reduced c i r c u i t a f t e r removing the i n f l u e n c e o f R h l l l L , 

( = R d i e l + R e l e c } w i l 1 h a v e t h e f o r m : 

Y = 6 + j B (4) 

where G 1 " r / n , , , 2 , , ς χ 
— - R + ω 0

and Β = u)C + Σ O>C./(1 + (ωτ. 2) (6) sc i = 1 ι ι 

The unknown p a r a l l e l RC e lements t h a t compr i se t he impedance ζ i n 
F i g u r e 7 cause a s e r i e s o f maxima i n t he G/ω v s . ω d a t a a t ωτ = 1, 
from wh ich t he m a j o r i t y c a r r i e r t ime c o n s t a n t τ o f a s i n g l e l e v e l 
i n t e r f a c e s t a t e , R C., o r any gene ra l RC t ime c o n s t a n t may be o b 
t a i n a b l e . S u p e r p o s i t i o n o f cu r ve s o c c u r s i f t he i n d i v i d u a l t ime 
c o n s t a n t s a r e c l o s e l y spaced. 

F i g u r e 8 i l l u s t r a t e s t he da t a p o i n t s and t h e o r e t i c a l c u r ve 
f i t s f o r the (100) n-GaAs/O.8 : l me l t i n t e r p h a s e . To i d e n t i f y t he 
space charge c a p a c i t a n c e and t he bu l k r e s i s t a n c e e l e m e n t s , t he 
f r equency independent c a p a c i t a n c e s were d e r i v e d f rom the maxima 
i n l o g (G/ω) v s . log(aj) p l o t s , e . g . , F i g u r e 8 , as (G/œ)max = c s / 2 

and conductances f rom the maxima i n log(a)C) v s . l o g ω p l o t s e . g . , 
F i g u r e 9. The p r o c e d u r a l s t ep s f o r mode l i ng were (a) f i r s t l y , 
e s t a b l i s h the l i m i t i n g low f r equency conductance G<jc = 1/Rfar a n c*> 
as d e s c r i b e d above, t he Rbulk C S c pa r amete r s , (b) model a cu r ve 
f o r t he c i r c u i t o b t a i n e d f rom the b a s i c e l e m e n t s , ( c ) s u b s t r a c t 
t h e o r e t i c a l c u r ve f rom e x p e r i m e n t a l d a t a t o de te rm ine d i f f e r e n c e 
maxima and , f i n a l l y , (d) s u c e s s i v e t r i a l and e r r o r i n s e r t i o n o f 
RC v a l u e s c o n s t i t u t i n g ζ t o a t t a i n be s t cu rve f i t t o expe r imen ta l 
d a t a . In F i g u r e 8 , t he c i r c u i t e lement R fa r = O.83 ΜΩ de te rm ine s 
t he degree t o wh ich i d e a l p o l a r i z a b i l i t y has been a c h i e v e d i . e . , 
t he absence o f c o r r o s i o n p r oce s se s and f a r a d a i c l o s s e s due t o 
e l e c t r o a c t i v e i m p u r i t i e s o r e l e c t r o l y t e decompos i t i on ( c f . n -T i 02/ 
aqueous i n t e r p h a s e ( 2 2 ) , R f a r = 10 ΚΩ). A d d i t i o n o f a l a r g e 
p s e u d o - c a p a c i t y o f R fa r d i d not a l t e r t he s l o p e o f the low f r e 
quency s i m u l a t e d p o r t i o n o f the c u r v e . A v a l u e o f C f a r - O.1 yF 
causes a peak a t low f r e q u e n c i e s (<100 Hz ) . No such peaks were 
obse rved i n t he p r e s en t d a t a . The i n f l u e n c e o f d e c r e a s i n g t he 
e l e c t r o l y t e conductance o r i n c r e a s i n g o v e r p o t e n t i a l s a t the 
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Figure 7. Equivalent circuit for inter
phase: (Rdiei) resistance of semiconductor; 
(Reiec) electrolyte resistance, (Rfar) fara
daic resistance; (Csc) space charge capaci
tance; (CDL) double-layer capacitance; 
and (z) parallel impedances associated 
with surface states, faradaic reactions, etc. 

Figure 8. n-GaAs in O.8:1 melt at O.0 V bias, area O.06 cm2. Experimental (G/ω) 
values are crosses: ( ) the theoretical curve for Rfar and single Kuik Csc circuit; 
(----) curve insertion of high frequency parallel RC; and ( ) final curve fit. 
Lower points represent the difference between theoretical and experimental curves. 
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Figure 9. n-GaAs in O.8:1 melt, O.0 V bias. Experimental coC values (Φ) and 
theoretical curve ( ) 
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Figure 10. Cole-Cole plot for n-GaAs in O.8:1 melt, bias O.0 V: (%) experimental 
data; ( ) theory for circuit insert of Figure 8; ( ) single R C hemisphere 
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secondary e l e c t r o d e i s t o l owe r t he f r equency o f the maximum 
a s s o c i a t e d w i t h t he space charge c a p a c i t a n c e and i t s s e r i e s r e 
s i s t a n c e , Rbulk- Another method f o r compar i son o f e x p e r i m e n t a l 
da t a and d e r i v e d c i r c u i t components i s t o examine t he C o l e - C o l e 
p l o t s ( 2 3 ) . F i g u r e 10 p o r t r a y s the imag i na r y and r e a l adm i t t ance s 
f o r t h e e x p e r i m e n t a l d a t a and i t i s apparent t h a t t he t o t a l r e 
duced c i r c u i t f i t s more c l o s e l y than t he t h e o r e t i c a l model f o r a 
s i n g l e RC s c e l ement . D i s p e r s i v e d i s t o r t i o n o f t he cu r ve s i s 
e v i d e n t about 10 KHz i n e x p e r i m e n t a l d a t a p o s s i b l y caused by t he 
presence o f f a s t s u r f a c e s t a t e s whereas i t appears above 100 KHz 
i n a dummy c e l l o f s i m i l a r f o r m a t . 

I t i s n e c e s s a r y , however, t o i n c l u d e two RC e lements f o r ζ i n 
o r d e r t o o b t a i n a good f i t t o t he e x p e r i m e n t a l d a t a . The i n s e r t 
i n F i g u r e 8 d e s c r i b e s the complete c i r c u i t i n terms o f i t s p a s s i v e 
e l emen t s . A h i g h e r f r e q u e n c y RC element i n ζ o f as y e t u n d e t e r 
mined p h y s i c a l o r i g i n , d both  b a s i d a c i d i
( 1 . 5 :1 ) i n t e r p h a s e s w i t
f a c e s t a t e , an o r d e r o f magnitude e s t i m a t e o f i t s d e n s i t y f rom 
the e x p r e s s i o n N s s = C s /e i s 4 χ 1 0 1 1 c m " 2 . The l o w e r f r equency 
RC e lement i n t he b a s i c m e l t s can be a s s o c i a t e d w i t h t he f a r a d a i c 
p r oce s s seen i n c y c l i c vo l tammet ry a t c i r c a -O.7 V. T h i s i s 
shown i n F i g u r e 1 1 , where t he magnitude o f i t s e f f e c t has i n c r e a s 
ed . The i n f l u e n c e o f t r a c e f a r a d a i c p r oce s se s i n t he a c i d i c m e l t s 
a l s o i s m a n i f e s t a t f r e q u e n c i e s 50-500 Hz. A more d e t a i l e d d i s 
c u s s i o n o f t he se e x p e r i m e n t a l p rocedure s and t h e o r e t i c a l mode l i ng 
i s a v a i l a b l e ( 2 4 ) . F i n a l l y , t h e f r e q u e n c y independent c a p a c i t a n c e 
v a l u e s C s c o b t a i n e d a t d i f f e r e n t b i a s v a l u e s have been used t o 
o b t a i n v a l u e s by M o t t - S c h o t t k y a n a l y s e s f o r t he f l a t - b a n d p o t e n 
t i a l s i n t he O.8:1 and 1.5:1 m e l t s . These v a l u e s a r e shown i n 
F i g u r e 5 and co r r e spond w e l l t o t he da t a o b t a i n e d f rom s low v o l t 
age sweep c a p a c i t a n c e measurements. O b v i o u s l y , t he e q u i v a l e n t 
p a r a l l e l conductance method can p r o v i d e a d e t a i l e d p i c t u r e o f t he 
f r equency e f f e c t s and b e t t e r i n d i c a t e wh ich f r e q u e n c i e s a r e most 
r e l i a b l e f o r e x t r a c t i n g i n f o r m a t i o n f o r s p e c i f i c i n t e r p h a s i a l 
phenomena. 

Abstract 

Linear sweep voltammetry, capacitance-voltage and automated 
admittance measurements have been applied to characterize the 
n-GaAs/room temperature molten salt interphase. Semiconductor 
crystal orientation is shown to be an important factor in the 
manner in which chemical interactions with the electrolyte can 
influence the surface potentials. For example, the flat-band 
shift for (100) orientation was (2.3RT/F)V per pCl- unit com
pared to 2(2.3RT/F)V per pCl- for (111) orientation. The manner 
in which these interactions may be used to optimize cell perform
ance is discussed. The equivalent parallel conductance method 
has been used to identify the circuit elements for the non-illum
inated semiconductor/electrolyte interphase. The utility of this 
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Figure 11. Illustration of influence of irreversible faradaic process on (G/ω) data, 
O.8:1 melt, bias: O.65 V ((X) experimental data; ( ) theoretical curve for equiva

lent circuit insert) 
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technique in providing information on surface states, trace 
faradaic processes and reliability of Mott-Schottky analyses, is 
demonstrated using the n-GaAs/AlCl3-Butylpyridinium Chloride in
terphase as a representative example. 
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Analysis of Current-Voltage Characteristics of 
Illuminated Cadmium Selenide-Polysulfide 
Junctions 
JOSEPH REICHMAN and MICHAEL A. RUSSAK 

Research Department A01/26, Grumman Aerospace Corporation, 
Bethpage, NY 11714 

Comparisons of experimental I-V characteristics with those 
predicted by theoretical
the effects of illumination
These comparisons have not normally been made for semiconductor-
electrolyte (S-E) junctions, most likely due to the lack of 
suitable theoretical models. 

In this paper the calculated I-V characteristics using a 
model that includes depletion region recombination (2) are com
pared with experimental results for single-crystal CdSe 
electrode/polysulfide electrolyte junctions. In particular the 
predicted effects of redox ion concentration and light intensity 
on the I-V characteristics are analyzed and compared with exper
imental data. 

T h e o r e t i c a l D i s c u s s i o n 

Mode l s . The most commonly used model to ana l y ze the I-V 
performance o f S-E j u n c t i o n s i s t h a t o f Ga r t ne r (3) as g i ven by 
the f o l l o w i n g 

Ig= qF [ l - exp(-oW)/(l + oL)] 

where F i s the absorbed monochromatic s o l a r f l u x , α i s the 
a b s o r p t i o n c o e f f i c i e n t , W i s the d e p l e t i o n w i d t h , and L i s t he 
m i n o r i t y c a r r i e r d i f f u s i o n l e n g t h . T h i s e q u a t i o n shows a weak 
dependence of c u r r e n t on v o l t a g e through the f u n c t i o n a l depen
dence o f d e p l e t i o n w i d th on the square r o o t o f p o t e n t i a l drop 
ac ro s s i t . Th i s equa t i on o f t e n g i v e s a good f i t to expe r imenta l 
da ta a t s h o r t c i r c u i t c o n d i t i o n s ( the redox p o t e n t i a l ) and a t 
r e v e r s e b i a s (anod ic p o l a r i z a t i o n f o r an η-type semiconductor 
e l e c t r o d e ) . However, i n the fo rward b i a s range ( c a t h o d i c p o l a r 
i z a t i o n ) , the r e g i o n of i n t e r e s t f o r p h o t o v o l t a i c performance 
a n a l y s i s , the Ga r t ne r model p r e d i c t s a decrease i n c u r r e n t c o n 
s i d e r a b l y s m a l l e r than i s observed e x p e r i m e n t a l l y . Th i s i s due 
t o the n e g l e c t o f the v a r i o u s r e comb i na t i o n mechanisms t h a t c o n 
t r i b u t e to the decrease i n p h o t o c u r r e n t w i t h i n c r e a s i n g 
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p h o t o v o l t a g e ( o r d e c r e a s i n g band bend i n g ) . The G a r t n e r mode l , 
o r i g i n a l l y d e r i v e d f o r a Scho t t ky b a r r i e r i n r e v e r s e b i a s , o n l y 
accoun t s f o r r e c o m b i n a t i o n o f c a r r i e r s generated i n the bu l k o f 
the semiconduc to r . Other mechanisms t h a t can c o n t r i b u t e t o 
p h o t o c u r r e n t l o s s a r e : 

1. D i f f u s i o n o f d e p l e t i o n r e g i o n generated m i n o r i t y 
c a r r i e r s to the bu l k and subsequent r e c o m b i n a t i o n 

2. Recombinat ion i n t he d e p l e t i o n r e g i o n 
3. Recombinat ion a t the i n t e r f a c e 
4. Opposing dark c u r r e n t . 
Recomb inat ion i n the d e p l e t i o n l a y e r can become i m p o r t a n t 

when the c o n c e n t r a t i o n o f m i n o r i t y c a r r i e r s a t the i n t e r f a c e 
exceeds the m a j o r i t y c a r r i e r c o n c e n t r a t i o n . Under i l l u m i n a t i o n 
m i n o r i t y c a r r i e r b u i l d u p a t the s e m i c o n d u c t o r - e l e c t r o l y t e i n t e r 
f a c e can occu r due to s low charge t r a n s f e r . Thus s u r f a c e i n v e r 
s i o n may occu r and r e c o m b i n a t i o  i  t h  d e p l e t i o  r e g i o
become the dominant mechanis
c u r r e n t . 

Mechanisms 1 and 2 a r e i n c l u d e d i n the model t h a t i s used 
here f o r compar i son w i t h e xpe r imen ta l d a t a . I n t e r f a c e r e c o m b i n 
a t i o n and dark c u r r e n t e f f e c t s a r e not i n c l u d e d ; however, the 
expe r imen ta l data have been a d j u s t e d to exc lude the e f f e c t s o f 
dark c u r r e n t . To i n c l u d e the a d d i t i o n a l bu lk and d e p l e t i o n 
l a y e r r e c o m b i n a t i o n l o s s e s , t he d i f f u s i o n equa t i on f o r m i n o r i t y 
c a r r i e r s i s s o l v e d u s i ng boundary c o n d i t i o n s r e l e v a n t to the S-E 
j u n c t i o n ( i . e . , the p h o t o c u r r e n t i s l i n e a r l y r e l a t e d to t h e c o n 
c e n t r a t i o n o f m i n o r i t y c a r r i e r s a t the i n t e r f a c e ) . Us ing t h i s 
boundary c o n d i t i o n and assuming q u a s i - e q u i l i b r i u m c o n d i t i o n s 
( f l a t qua s i - F e rm i l e v e l s ) (4) i n the d e p l e t i o n r e g i o n , the f o l 
l o w i n g c u r r e n t - v o l t a g e r e l a t i o n s h i p i s o b t a i n e d . 

I = qvp w exp(q Φι,/kT) 

v/here ν i s the r a t e c o n s t a n t f o r charge t r a n s f e r , i s t h e 
p o t e n t i a l drop a c r o s s the d e p l e t i o n r e g i o n and p w i s the ho l e 
c o n c e n t r a t i o n a t the d e p l e t i o n edge. To determine p w t h e 
f o l l o w i n g e q u a t i o n i s used 

ν 2 

κ + (K2 + 4 Α 0 2

Ί 

K w L 2A J 

where A = q v e x p b / k j ) + qL/τ , C = I a + q v p 0 e x p b o / k T ) 
and Κ = - n k l ( 2 e e 0 / q / / T . y 

In the above, L i s the ho l e d i f f u s i o n l e n g t h , τ i s the 
l i f e t i m e , p 0 i s the e q u i l i b r i u m ho le d e n s i t y , and Φ β 0 i s t he 
e q u i l i b r i u m band bending v o l t a g e . These equa t i on s a re good 
app rox ima t i on s when Φ i s not too smal l and a re e q u i v a l e n t t o 
t h a t g i ven i n [2) where the exchange c u r r e n t parameter i s used 
i n s t e a d o f t he charge t r a n s f e r r a t e c o n s t a n t . More a c c u r a t e 
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equa t i on s t h a t app ly t o the e x t i r e range o f p o t e n t i a l have been 
used i n the a n a l y s i s g i ven he re ( 5 ) . The equa t i on s however a r e 
somewhat complex and t h e r e f o r e a re not p re sen ted i n t h i s pape r . 

P r e d i c t e d R e s u l t s . The e f f e c t s o f charge t r a n s f e r r a t e 
c o n s t a n t , v , and i l l u m i n a t i o n i n t e n s i t y were s e l e c t e d f o r a n a l y 
s i s and compar i son w i t h expe r imen t . P r e d i c t e d r e s u l t s based on 
the model d e s c r i b e d above showing the e f f e c t s of ν on t h e I-V 
c h a r a c t e r i s t i c s a r e g i ven i n F i g u r e 1. Us ing the v a l u e s o f the 
parameters g i ven i n the c a p t i o n , t h i s f i g u r e shows t h a t as ν 
ge t s s m a l l e r , l o s s e s i n c u r r e n t due to d e p l e t i o n r e g i o n recom
b i n a t i o n occu r a t h i g h e r v a l ue s of band bend ing . T h i s i s due 
to the h i ghe r c o n c e n t r a t i o n o f m i n o r i t y c a r r i e r s a t the i n t e r 
f a ce t h a t i s r q u i r e d to s u s t a i n a g i ven p h o t o c u r r e n t as ν d e 
c r e a s e s . T h i s l e a d s to h i g h e r r e c o m b i n a t i o n r a t e s i n the 
d e p l e t i o n r e g i o n as th

The e f f e c t o f v a r y i n
i s t i c s a re shown i n F i g u r e 2. Because t he cu rves a re n o r m a l i z e d 
to the i n c i d e n t i n t e n s i t y , they shou ld superpose each o t h e r i f 
t he r e c o m b i n a t i o n l o s s e s were l i n e a r l y dependent on i n t e n s i t y . 
However, our model p r e d i c t s t h a t r e c o m b i n a t i o n l o s s e s i n the 
d e p l e t i o n r e g i o n i s p r o p o r t i o n a l to the square r o o t of i n t e n 
s i t y . Thus l o s s e s due to d e p l e t i o n r e g i o n r e c o m b i n a t i o n become 
r e l a t i v e l y l e s s s i g n i f i c a n t a t h i g he r i n t e n s i t i e s and c o n s e 
q u e n t l y , f o r a g i ven band bend ing , h i g h e r c o l l e c t i o n e f f i c i e n 
c i e s r e s u l t . 

F o r the parameters used h e r e , the a d d i t i o n a l r e c o m b i n a t i o n 
due to d i f f u s i o n from the d e p l e t i o n r e g i o n to t he bu lk do not 
become s i g n i f i c a n t u n t i l the band bending becomes s m a l l . 

D i s c u s s i o n o f Exper iment 

Expe r imen ta l P r o c e d u r e . Expe r imenta l I-V data f o r a CdSe 
s i n g l e c r y s t a l e l e c t r o d e i n p o l y s u l f i d e e l e c t r o l y t e was used t o 
compare w i t h p r e d i c t i o n s o f the model t h a t i n c l u d e s d e p l e t i o n 
r e g i o n r e c o m b i n a t i o n s . The c r y s t a l was o b t a i n e d from C l e v e l a n d 
C r y s t a l C o r p . , C l e v e l a n d , Oh io , and prepared f o r measurements 
a c c o r d i n g to procedures found i n the l i t e r a t u r e (6). E l e c t r o d e s 
composed o f Na2S and s u l f u r i n 1M NaOH was used w i t h Argon gas 
b u b b l i n g through the c e l l d u r i n g measurements. Vo l t ammet r i c 
measurements were made w i t h a PAR model 173 p o t e n t i o s t a t and 
Model 175 u n i v e r s a l programmer u s i n g a scan r a t e o f 10 MV/sec. 
S p e c t r a l measurements were made u s i ng the ou tpu t o f a t u n g s t e n -
ha logen lamp. Monochromatic i n t e n s i t i e s were o b t a i n e d by u s i n g 
narrow bandpass f i l t e r s . I n t e n s i t i e s were measured u s i ng a 
E l p p l e y t h e r m o p i l e d e t e c t o r . 

E l e c t r o d e C h a r a c t e r ! z a t i o n . To m in im i ze t he number o f 
a d j u s t a b l e parameters o f the mode l , the o p t i c a l and e l e c t r o n i c 
p r o p e r t i e s o f the CdSe c r y s t a l e l e c t r o d e were meaured. D i f f u s e 
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1.0 r -

BAND BENDING, VOLTS 

Figure 1. Calculated effect of rate constant on I-V characteristics (parameters: 
lifetime τ = 10'9 s; Ν = 1.5 Χ 1017 cm'3; L = 1 μτη; a = 3 Χ 104 cm-1) ((A) 

1000; (B)100; (C) 10; (D) 1 cm/s) 

1.0 r -

0 O.2 O.4 O.6 O.8 
BAND BENDING, VOLTS 

Figure 2. Calculated effects of intensity on I-V characteristics (parameters as in 
Figure 1 with ν = 10 cm/s) ((A) 10 mA/cm2; (B) 1.0 mA/cm2; (C) O.1 mA/cm2) 
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r e f l e c t a n c e measurements as a f u n c t i o n o f wave length from the 
e l e c t r o d e s u r f a c e immersed i n t he e l e c t r o l y t e compartment were 
o b t a i n e d . The a b s o r p t i o n c o e f f i c i e n t as a f u n c t i o n o f wave
l eng t h was o b t a i n e d from r e f l e c t a n c e and t r a n s m i t t a n c e measure-
T i e n t s o f CdSe t h i n f i l m s u s i ng c o n v e n t i o n a l methods. The 
c a r r i e r d e n s i t y was o b t a i n e d from measurements o f r e s i s t i v i t y 
and H a l l v o l t a g e u s i n g the Van de Pauw method ( 7 J . The f l a t b a n d 
p o t e n t i a l was o b t a i n e d by d e t e r m i n i n g the p o t e n t i a l a t which a 
photoresponse i s observed u s i ng a h igh i n t e n s i t y chopped l i g h t 
sou rce . A d d i t i o n a l l y , M o t t - S c h o t t k y p l o t s were a l s o made f o r 
a d d i t i o n a l v e r i f i c a t i o n o f f l a t band p o t e n t i a l and c a r r i e r 
d e n s i t y . The r e s u l t s of t he se measurements a re summarized i n 
Tab le I. 

Measurements of p h o t o c u r r e n t as a f u n c t i o n of wave length a t 
s h o r t c i r c u i t c o n d i t i o n s ( - O . 8 V r e l SCE) were made. The data 
tfas reduced to i n t e r n a
va l ue s o f r e f l e c t a n c e
and measur ing the i n c i d e n t i n t e n s i t y . The r e s u l t s a re shown i n 
F i g u r e 3 t o g e t h e r w i t h a b e s t f i t to the da ta u s i ng the G a r t n e r 
model ( Equat ion 1 ) . The d e p l e t i o n w id th was c a l c u l a t e d u s i n g 
the measured v a l u e s o f c a r r i e r d e n s i t y and f l a t band p o t e n t i a l . 
For a d i f f u s i o n l e n g t h o f 1 ym and the measured v a l ue s of t h e 
a b s o r p t i o n c o e f f i c i e n t s , a good f i t to the da ta was o b t a i n e d , as 
seen from F i g u r e 3 . 

The I-V c h a r a c t e r i s t i c s were o b t a i n e d a t v a r y i n g monochro
mat ic i n t e n s i t i e s u s i n g a chopped beam a t a wave length of 650 
nm. The i n t e r n a l quantum e f f i c i e n c y ( o r c o l l e c t i o n e f f i c i e n c y ) 
was then de te rm ined , as a f u n c t i o n o f band bend ing v o l t a g e , 
u s i n g the r e f l e c t a n c e and t r a n s m i t t a n c e d a t a . Th i s was done by 
f i r s t s u b t r a c t i n g the dark c u r r e n t from the p h o t o c u r r e n t as 
o b t a i n e d from the chopped l i g h t r e sponse . 

Comparison o f Theory & Exper iment 

To compare the e f f e c t s o f i n t e n s i t y , I-V c h a r a c t e r i s t i c s 
were o b t a i n e d f o r the C d S e / p o l y s u l f i d e j u n c t i o n a t i n t e n s i t i e s 
o f 3 . 7 and O.37 ma/cm 2 a t a wave length o f 650 nm. The r e s u l t s 
u s i n g the above data r e d u c t i o n method, a re shown i n F i g u r e 4 
t o g e t h e r w i t h c a l c u l a t e d f i t s t o the da ta u s i ng the model t h a t 
i n c l u d e s d e p l e t i o n l a y e r r e c o m b i n a t i o n . The a d j u s t a b l e c o n 
s t a n t s were c a r r i e r l i f e t i m e and charge t r a n s f e r r a t e c o n s t a n t . 
Other parameters were o b t a i n e d from the p rev i ou s meaurements. 
As can be seen from F i g u r e 4 r ea sonab l y good f i t s to the data 
a re o b t a i n e d f o r va l ue s of band bend ing >O.2 V. The p r e d i c t e d 
d e c r e a s i n g impor tance o f d e p l e t i o n r e g i o n r e c o m b i n a t i o n w i t h 
i n c r e a s i n g i n t e n s i t y i s observed e x p e r i m e n t a l l y . A t low v a l u e s 
o f band bend ing , e f f e c t s not i n c l u d e d i n the mode l , such as 
i n t e r f a c e r e c o m b i n a t i o n and changes i n p o t e n t i a l drop ac ro s s 
the He lmho l t z l a y e r may become i m p o r t a n t and e x p l a i n the d i s 
c repancy . 
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Table I. CdSe Single Crystal Electrode Characterization 

P A R A M E T E R M E A S U R E M E N T V A L U E S 

ABSORPTION TRANSMITTANCE 5x 10 3 cm" 1 

COEFFICIENT (a) & REFLECTANCE TO 7 χ 10 4 cm" 1 

REFLECTANCE INTEGRATING 
SPHERE 

O.10-O.12 

CARRIER DENSITY 

<ND) 

HALL METHOD 

MOTT-SCHOTTKY 

1.5 χ 1 0 1 7 c m " 3 

1 χ 1 0 1 7 c m " 3 

FLATBAND 
POTENTIAL (V f b ) 

CHOPPED LIGHT 
MOTT-SCHOTTKY 

-1.60 vs SCE 
-1.47 vs SCE 
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Figure 4. Comparison of theory with experiment: effects of intensity (parameters as 
in A of Figure 1 with ν = 225 cm/s) (( ) experimental; ( ) calculated; (A) 

3.7 mA/cm2 intensity; (B) O.37 mA/cm2 intensity) 
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ο 

0 O.2 O.4 O.6 O.8 
BAND BENDING, VOLTS 

Figure 5. Comparison of theory with experiment: effect of redox ion concentration 
(parameters to fit data were as in Figure 1 with ν = 225 cm/s for A and ν = 22.5 
cm/s for Β) (( ) experimental; ( ; calculated; (A) 2.5M Na2S/lM S/1M 

KOH; (Β) O.25M Na2S/O.1M S/1M KOH) 
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The e f f e c t s o f charge t r a n s f e r r a t e c o n s t a n t were d e t e r 
mined by v a r y i n g t he c o n c e n t r a t i o n of the redox i o n s . The 
r e s u l t s a r e shown i n F i g u r e 5 f o r e l e c t r o l y t e o f c o m p o s i t i o n 2.5 
M N a 2 S / l M S/1 M kOH and O.25 M Na 2S/O.1 M S/1 M KOH. The 
c a l c u l a t e d cu rve s were o b t a i n e d by assuming the r a t e c o n s t a n t s 
d i f f e r e d from one another by an o r d e r o f magnitude to co r r e spond 
t o the redox i o n c o n c e n t r a t i o n change. Fo r the h i g h e r concen 
t r a t i o n e l e c t r o l y t e , a good f i t was o b t a i n e d . A t t he l owe r c o n 
c e n t r a t i o n , however, the f i t was poor w i t h the p r e d i c t e d r e s u l t 
showing a much more r a p i d c u r r e n t v a r i a t i o n . T h i s may be due t o 
an i n s t a b i l i t y i n the s u r f a c e l a y e r due to b u i l d u p o f s u l f u r (J$) 
which would then make ν a f u n c t i o n o f c u r r e n t d e n s i t y . As t h e 
c u r r e n t dec reases due to r e c o m b i n a t i o n , the s u l f u r l a y e r ge t s 
t h i n n e r . T h i s i n c r e a s e s ν and the reby reduces t he r e c o m b i n a t i o n 
l o s s e s making f o r a more gradual d e c l i n e i n p h o t o c u r r e n t . T h i s 
e f f e c t i s expected to b  s i g n i f i c a n t t t h  l owe  redo  i o
c o n c e n t r a t i o n . 

Summary 

The observed decrease i n p h o t o c u r r e n t w i t h d e c r e a s i n g band 
bend ing ( i n c r e a s i n g p h o t o v o l t a g e ) f o r C d S e / p o l y s u l f i d e j u n c t i o n s 
have been accounted f o r u s i ng a model t h a t has d e p l e t i o n r e g i o n 
r e comb ina t i on as t he major l o s s mechanism. Th i s i s based on 
rea sonab l y good f i t s o f p r e d i c t e d b e h a v i o r to expe r imenta l I-V 
data f o r w e l l c h a r a c t e r i z e d e l e c t r o d e s where l i g h t i n t e n s i t y and 
redox i o n c o n c e n t r a t i o n v a r i a t i o n s were s t u d i e d . The s i g n i f i 
c a n t depa r t u r e from p r e d i c t i o n s of t he low redox i o n c o n c e n t r a 
t i o n I-V data can be a s c r i b e d to n o n l i n e a r boundary c o n d i t i o n s . 
Th i s appears due to the dependence o f t he charge t r a n s f e r r a t e 
on c u r r e n t d e n s i t y caused by s u l f u r b u i l d u p on the s u r f a c e . 
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Abstract 

The current-voltage (I-V) characteristics of semiconductor/ 
electrolyte junctions under illumination are analyzed using a 
model that has depletion region recombination as the dominant 
loss mechanism. The effects of intensity and charge transfer 
rate constant on the I-V characteristics are studied theoreti
cally and experimentally using single-crystal CdSe electrodes in 
polysulfide electrolyte. Reasonably good fits to the data were 
obtained using a minimum number of adjustable model parameters 
except at small band bending and for the low redox ion 
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concentration. These deviations are ascribed to effects not 
included in the model. 
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Stability of Cadmium-Chalcogenide-Based 
Photoelectrochemical Cells 
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Cd-chalcogenides (CdS, CdSe, CdTe) are among the most studied 
materials as photoelectrodes i n a photoelectrochemical c e l l (PEC) 
(jL>.2>3>40 . Interest i n such PEC's stems from the fact that, i n 
aqueous polysulfide or polyselenide solutions, a drastic decrease 
i n photocorrosion i s observed, as compared to other aqueous solu
tions, while reasonable conversion e f f i c i e n c i e s can be attained. 
An important consideration, from the pr a c t i c a l point of view, i s 
that thin f i l m polycrystalline photoelectrodes can be prepared, by 
various methods, with conversion e f f i c i e n c i e s of more than half of 
those obtained with single c r y s t a l electrodes and with better 
s t a b i l i t y characteristics than those obtained with single c r y s t a l 
based PEC 1 s U,4,5). 

Recently we showed that PEC's using alloys of Cd(Se,Te) as 
photoelectrodes can be prepared with s t a b i l i t y characteristics 
much better than those obtained for CdTe based c e l l s and with 
similar conversion efficiences (6>7) . Those e f f i c i e n c i e s could 
be improved considerably by several chemical and photoelectro
chemical surface treatments. 

Here we w i l l consider mainly the shor t - c i r c u i t current (SCC) 
output s t a b i l i t y characteristics of both small grain, thin f i l m 
CdSe and Cd(Se,Te)-based PEC ?s as well as those of single c r y s t a l 
CdSe-based c e l l s , where different crystal faces are exposed to the 
solution, after they have undergone any of a series of surface 
treatments. These studies show a strong dependence of the output 
s t a b i l i t y on solution composition, on real electrode surface area, 
on surface treatment, on cr y s t a l face and on cry s t a l structure 
(for the Cd(Se,Te) alloys) (1,2,7). 

We suggest a predominantly kin e t i c explanation for these 
phenomena, involving the fine balance between the rate of the 
photocorrosion reaction on the one hand and that of the regenera
tive redox reactions on the other hand. 

Because we are interested, ultimately, i n pr a c t i c a l devices, 
our aim i s to try to att a i n long term s t a b i l i t y (months-years). 

0097-6156/81/0146-0369$05.00/0 
© 1981 American Chemical Society 
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Therefore unsatisfactory s t a b i l i t y by our d e f i n i t i o n does not 
necessarily r e f l e c t short term behaviour (minutes-hours). 

Experimental 

Single crystals of CdSe were obtained from Cleveland Crystals 
Inc., as well as from W. G i r i a t (iVIC-Caracas), and were n-type 
with t y p i c a l r e s i s t i v i t i e s of 3-15 Ω-cm (VLO- Cm~3 donor concen
t r a t i o n ) . Crystal orientation was checked by X-ray d i f f r a c t i o n . 
Electrodes were prepared from them as described elsewhere (1). 
Polycrystalline CdSe and Cd(Se,Te) electrodes were prepared by 
painting a slurry of the powder on a T i substrate and subsequent 
annealing (5). The Cd(Se,Te) powders were prepared from CdSe and 
CdTe by cosintering (7). Solution preparation has been described 
before (1). Except for the outdoors tests, which used 2-electrode 
c e l l s with CoS counterelectrod
under potentiostatic contro
rence electrodes. A s t a b i l i z e d quartz-l2 lamp provided illumina
tion. Constant temperature was maintained using a thermostatted 
water bath surrounding the PEC. 

Etching. The polycrystalline electrodes were etched, before 
use i n polysulfide solution, i n 3% HNO3 i n cone. HC1 for sees. 
Single c r y s t a l CdSe electrodes were polished, before use, down to 
O. 3., with alumina polish. Their various etching treatments were 
as follows : 
1. Chromic acid etch only; 10 sees, i n Cr03:HCl:H20 (6:10:4 w/w). 
2. Aqua regia etch; 20 sees, i n aqua regia. 
3. Aqua regia/chromic acid etch; VL0 sees, i n solution of "1", 

after normal aqua regia etch. 
4. Photoetch; 5 sees, i n HN03:HC1:H20 (O.3:9.7:90 ν/ν), under 

AML illumination, as photoelectrode i n PEC with carbon counter-
electrode, after aqua regia etch (Tenne and Hodes, Appl. Phys. 
Lett., i n press). 

Results 

During the las t few years we have carried out several out
doors test of PEC's containing thin f i l m polycrystalline CdSe pho
toelectrodes and CoS counterelectrodes. Figure 1 shows the re
sults of one such test carried out during 1979, with an i n i t i a l l y 
high efficiency c e l l . It i s clear from the figure that the drop in 
effi c i e n c y after 2 months i s due mainly to parameters affecting 
the SCC. More recent tests, using several of the improvements 
that can be obtained from the results discussed below, showed CdSe 
c e l l s of a similar type to be stable within 10% for 6 months. 

The solution used i n the c e l l of figure 1 was chosen i n Dec. 
1978 and i t s most important characteristic i s the [S]/[S =] (added 
quantities) of O.5. Figure 2 shows the considerable importance of 
this ratio on the output s t a b i l i t y of CdSe-based PEC fs. We see 

In Photoeffects at Semiconductor-Electrolyte Interfaces; Nozik, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



24. C A H E N E T A L . Cd-Chalcogenide Photoelectrochemical Cells 371 

Figure 1. Results of an 8-month outdoors test of PEC containing a O.8-cm2 thin 
film, painted CdSe photoelectrode (not photoetched), CoS counter electrode, and 
1M KOH, 2M S-, 1M S, ImM Se solution. (OCV) open-circuit voltage; (SCC) 
short-circuit current; (EFF) solar conversion efficiency (~ A M 1.5). Between mea
surements the cell operated on maximum power (68 Ω load). No appreciable change 

in fill-factor occurred during the test. 

Figure 2. Time dependence of short-circuit current of polycrystalline painted CdSe 
photoelectrodes as a function of solution composition. All solutions contained O.8M 
KOH and O.8M S=. S/S= ratio indicated next to plots. Dashed line shows behavior 
in 3.2M S solution at 50°C All other experiments done at 35°C., potentiostatically. 

Light intensities adjusted to obtain identical initial current densities. 
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that the [S]/[S =] of figure 1 i s one of the least favourable ones 
and that a rat i o of 2 would y i e l d much better r e s u l t s . If we com
pare the output s t a b i l i t y of polycrystalline and single c r y s t a l 
CdSe c e l l s we f i n d the polycrystalline CdSe c e l l s to be much more 
stable (figure 3). Figure 3B furthermore stresses the importance 
of the i n i t i a l current density i n determining the output s t a b i l i t y 
of such c e l l s . (Note that the i n i t i a l current densities of figures 
2 and 3 correspond to an illumination intensity equivalent to 3.5 
-5xAKL solar intensity, and as such these experiments are accele
rated l i f e - t i m e tests. Such tests may be much more severe than 
the factors 3.5-5 would imply). 

For comparison, figure 3B shows results not only for the r e l a 
t i v e l y most stable face of a single c r y s t a l (2) and a polycrystal
l i n e thin layer prepared by pasting (5), but also for a pressed 
p e l l e t of CdSe (2). This l a s t electrode shows s t a b i l i t y behaviour 
intermediate between tha
viour i s evident also i
i s less steep than that of the single c r y s t a l electrode. 

In figure 4 we show how the output s t a b i l i t y of a c e l l using 
a single c r y s t a l electrode with a s p e c i f i c c r y s t a l face exposed to 
the solution can vary depending on the surface treatment given to 
the electrode, before use. For comparison we include the s t a b i l i t y 
behaviour of the, least unstable, (1120) face, which was given the 
most favourable surface treatment (photoetch). Figure 5 provides 
a close look at the faces after the various surface treatments. 
(The completely featureless chromic acid etched-face i s not shown). 
The progressively increasing surface area (from A-C) i s evident. 
The nature of the small CO.ly) holes obtained after purposely 
photocorroding the electrode (termed "photoetching") i s presently 
under investigation. 

Although figures 2-5 indicate how we may improve the output 
s t a b i l i t y of CdSe-based photoelectrochemical c e l l s (and, i n some 
cases their conversion e f f i c i e n c y , though never much beyond 4% for 
t h i n - f i l m polycrystalline based ones), a p r a c t i c a l device should 
have a considerably higher solar conversion e f f i c i e n c y together 
with an output s t a b i l i t y at least equal to that obtained for the 
best CdSe-based c e l l s . CdTe with a bandgap of 1.45eV (at RT) as 
compared to 1.7eV for CdSe would be a l o g i c a l choice for attaining 
this goal but, unfortunately, c e l l s using n-CdTe are not stable i n 
polysulfide solutions under "solar illuminâtion" conditions. (Such 
c e l l s are claimed to be stable i n polyselenide and p o l y t e l l u r i d e 
solutions (9)). Also addition of tens of millimolar quantities of 
Se to polysulfide solutions was shown to improve the output s t a b i 
l i t y of CdSe c e l l s (2). Here we are, for p r a c t i c a l reasons, 
interested i n solutions containing no, or only minimal quantities 
of Se and Te because of the much lower t o x i c i t y and lower a i r -
s e n s i t i v i t y of pure polysulfide solutions). 

Figure 6 shows, however, that alloys of CdSe x T e x can have 
op t i c a l bandgaps comparable to that of CdTe, even i f x>O.5 (10). 
CdSe and CdTe form homogeneous alloys over the whole composition 
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Figure 3. (A) Dependence of short-circuit current on total charge passed for 
painted polycrystalline ( ) and single crystal ( , (1120) face) CdSe photo
electrodes. Solution contained 1M each KOH, S=, and S. (B) Same as 3A but at 
higher initial current density. Behavior of pressed pellet CdSe electrode (2) included 
as well. Other conditions as for 3A (but 5mM Se added to the solution) and for 
Figure 2. The behavior of the single crystal from 3A is shown, too, for comparison. 

(Data obtained at Bell Labs.). 
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Figure 4. Logarithmic plot of time dependence of short-circuit current for single-
crystal CdSe photoelectrode, (1010) face exposed to solution: (. . -) after chromic 
acid etch; (-.--) after aqua regia/chromic acid etch; ( ) after aqua regia etch; 
( ) after aqua regia/photoetch; (A) (1010); (B) (1120). Further conditions as 

in Figure 3A. 
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Figure 5. Scanning electron microscope pictures of single-crystal CdSe after sev
eral surface treatments. (0001) face, Cd-side, shown. (1120) and (1010) faces 
behave similarly. (A) After aqua regia/chromic acid etch; (B) after aqua regia 

etch; (C) after aqua regia/photoetch. 
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1 0 - 3

At. % Se (χ in CdSe x Te, x ) 

Figure 6. Direct optical bandgap of Cd(Se,Te) as a function of Se content and 
crystal structure. Data for well-annealed samples, at room temperature. (After Ref. 

10) (1). 
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Figure 7. Spectral response of polycrystalline, thin-film, painted CdSe0.esTe0.35 
photoelectrode in 1M KOH, S=,S solution. Corrected for photon density wavelength 

dependence (6). 
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range (as do CdS and CdSe (10,11) and CdS and CdTe (10)). The 
alloy can have either the hexagonal, wurtzite, structure or the 
cubic, sphalerite, one, depending on i t s composition and the con
ditions of preparation (10,12). Table I shows that the l a t t i c e 
parameters of Cd(Se,Te) alloys depend on the alloy stoichiometry 
i n a rather linear fashion, i . e . Vegard fs law i s obeyed (although 
deviations of up to one percent are observed). 

Table I 
Cd Se x Te 1 -. 

ο ο ο ο 

X 1-x Hex(%) a (A) c(A) Cubic (%) a Q(A) 

1.00 O.00 100 4.31 7.02 0 (6.05) 
.70 .30 100 
.65 .35 >95 4.40 7.18 <5 6.23 
.63 .37 >90 4.42 7.20 <10 6.24 
.60 .40 70 (±10) 4.43 7.23 30(±10) 6.26 
.57 .43 30(±10) 4.44 7.24 70(±10) 6.27 
.55 .45 <5 4.44 7.25 >95 6.28 
.50 .50 0 - - 100 6.30 

O.00 1.00 0 (4.60) (7.50) 100 6.48 

Crystallographic data for C d S e x T e - x , from X-ray powder d i f f r a c 
tion. Stoichiometries from r e l a t i v e amounts of starting materials, 
and from Vegard's law. Percentages of cubic and hexagonal struc
tures estimated from powder d i f f r a c t i o n i n t e n s i t i e s . L a t t i c e 
dimensions i n parentheses are l i t e r a t u r e data. 

Figure 6 shows moreover that the two structures can coexist over 
a range of stoichiometries. The spectral response of a PEC con
taining n-CdSee£5 Te 35 as photoanode i s shown i n figure 7. An 
effective optical bandgap of VL.45eV, i n agreement with figure 6, 
i s observed. Such c e l l s can, under optimal conditions, attain 
solar conversion e f f i c i e n c i e s of 8% (6). Here we w i l l consider 
their output s t a b i l i t y as a function of stoichiometry of the 
photoelectrode or, more precisely, as a function of the cr y s t a l 
structure of the photoelectrode. Figure 8 i l l u s t r a t e s the pro
nounced differences i n s t a b i l i t y between c e l l s with electrodes 
having different stoichiometries. The strong decrease i n s t a b i 
l i t y which occurs when the stoichiometry i s altered only s l i g h t l y , 
suggests that another factor besides composition, plays a r o l e . 
As indicated on the figure this factor i s the cry s t a l structure. 
Electrodes that have a predominantly hexagonal structure are much 
more stable than those having mainly the cubic structure. This i s 
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20 30 

TIME (hrs.) 

40 

Figure 8. Time dependence of short-circuit current for several Cd(Se,Te) elec
trodes in 2 M KOH, S=, and S. Further details as in Figure 2. See Table I for deter
mination of stoichiometry (upper numbers, Se/Te) and crystal structure flower num

bers; (1). 

Journal of the Electrochemical Society 
Figure 9. Scanning electron microscope pictures of painted Cd chalcogenide films: 
(A) CdfSeo.65Teo.35); (B) CdSe (3χ larger magnification than A). Both surfaces 

were etched before the experiment (5). 
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true also at a fixed stoichiometry. Cells with CdSeQQ TeQ 
photoelectrodes could be prepared with a higher hexagonal content 
than that shown i n the figure, and then showed a s t a b i l i t y closer 
to that found for the CdSeQ TeQe35 - containing c e l l . 

The surface morphology of such allo y electrodes i s shown i n 
figure 9A and compared to that of CdSe electrodes (figure 9B), 
prepared by the same "pasting" method (5). The increased grain 
size of the alloy electrodes can be attributed to the double 
annealing process needed for their preparation. A single annealing 
step (of the slurry on the Ti-substrate) suffices for preparation 
of the CdSe electrodes. As we s h a l l see below, this increased 
grain size can have a detrimental effect on output s t a b i l i t y . 

Discussion 

The results presente
(figures 1-4) can be understoo
ween regenerative redox reactions (S = oxidation) and photocorro-
sion of the semiconductor as i l l u s t r a t e d schematically i n figure 
10. This scheme i s based on the model for deactivation of CdSe 
and CdS polycrystalline - and single c r y s t a l electrodes, proposed 
previously (1,13). This model involves the above mentioned two 
possible reaction paths open to a photocorrosion reaction produces 
zerovalent Se or S, and C d 2 + ions, whose rapid reprecipitation 
leads to the formation of a f i n e l y polycrystalline top layer of 
CdS (1,14, Cahen and Vandenberg, submitted) and, i n the case of 
CdSe, to S/Se substitution ( , 2 1 4 ) . Although one can argue that 
the deactivation of CdSe i s due to the formation of a chemically 
different (CdS) layer on i t , by introducing a barrier for holes 
on their way to the surface, figure 11 shows that CdS behaves 
rather similar to CdSe. This suggests that the surface restruc
turing alone, e.g. differences i n grain size, and, possibly, a 
different doping l e v e l of the top layer of CdS, as compared to 
the bulk, may suff i c e to destabilize the electrode, by introducing 
a new resistance to current flow. The results shown i n figure 1 
can be understood i n the l i g h t of these findings, as we would 
expect the SCC to be affected mostly by this increased resistance. 
The explanation for the results of figure 2 can be found i n the 
extreme left-hand process of figure 10, namely the dissolution of 
S from the surface. Previously we showed how the solution compo
s i t i o n can influence the transient photocurrents i n CdSe/Sj PEC's, 
i n a manner which can be correlated with the S-dissolving a b i l i t y 
of the solution (15). An optimum solution composition was found 
for a [S]/[S =] ra t i o of 1.5-2. Figure 2 shows that the same ra t i o 
exerts an optimal s t a b i l i z i n g influence on the c e l l . This can be 
rationalized by considering the effect of elemental S on the 
electrode surface. Such sulfur w i l l i n h i b i t the flow of holes to 
S from the solution (or, l i m i t the a v a i l a b i l i t y of adsorbed S at 
the surface) and thus increases the probability of photocorrosion. 
(A more electrochemical way of looking at this i s to consider the 
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REGENERATIVE 

REDOX REACTIONS 

Cd Se PHOTOCORROSION 

counterelectrod

SeS = Cd S 

Figure 10. Scheme of competing reactions at illuminated CdSe surface. The proc
ess on the extreme left is the main rate-limiting step, while the one on the right can 

lead to photoelectrode corrosion. 

10 20 
TIME (hrs.) 

30 

Figure 11. Time dependence of SCC for thin-film polycrystalline CdS and CdSe 
photoelectrodes (1M KOH, 2M S=, and O.2M S solution). Note unfavorable [ 5 ] / [ 5 = ] 
(see Figure 2), chosen here to minimize solution absorption. Further details as in 

Figure 2. 
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s h i f t i n potentials caused by the presence of a, rather non-con
ducting, sulfur layer on the surface. This reasoning leads to the 
same conclusions). It i s quite l i k e l y that, i n i t i a l l y , the photo-
corrosion reaction w i l l affect electrode performance only mini
mally. However, because photocorrosion leads to restructuring of 
the electrode top layer, which causes a decrease i n hole flow to 
the surface as well, i t i s , i n a sense, an autocatalytic reaction, 
at least once i t has proceeded beyond a c r i t i c a l point (a c r i t i c a l 
e ffective thickness of the restructured top l a y e r ) . This auto
ca t a l y t i c nature of the destabilization process can be seen i n 
figure 3 for the single c r y s t a l electrode. It i s clear then from 
the above that -photoelectrode s t a b i l i t y w i l l depend on the 
r e l a t i v e rates of the two competing processes (13). Increasing 
the illumination intensity may favour the photocorrosion reaction 
at constant maximal rate of su l f i d e oxidation and sulfur removal 
(constant solution composition)
solution temperature increase
rate as well as the rate of sulfur removal, and, at constant 
illumination intensity w i l l lead to increased s t a b i l i t y (figure 2). 
(In the Result's section we sounded a cautionary note regarding 
the use of accelerated l i f e time tests. In view of the autocata
l y t i c nature of the degradation process, and the fact that at low 
current densities an electrode may function well, even though some 
surface restructuring takes place (1), this caution can be under
stood. In simple terms: 5,000 C/cm? at 4xAMl t e l l s us only that 
at AMI the electrode w i l l be stable during passage of at least 
this amount of charge. It may very well be stable for 50,000 
C/cm2, however I). 

Also the results of figures 3 and 4 can be understood i n 
terms of this competition. The regenerative redox reaction (S = 

oxidation) w i l l , as any electrochemical process, depend on the 
re a l surface area, because th i s w i l l determine the true current 
density. The higher the real surface area the lower the true 
current density and the more the regenerative redox reaction w i l l 
be favoured over the photocorrosion process, which depends mainly 
on the hole flux to the surface. Figure 9B shows the rather small 
grain size of our thin f i l m CdSe electrodes. Therefore, at equal 
geometric current densities, the true current density passing 
through the po l y c r y s t a l l i n e thin f i l m electrode. Figure 3B 
furthermore shows that an electrode with true surface area i n t e r 
mediate between these, does indeed show a s t a b i l i t y behaviour bet
ween those of the single c r y s t a l and thin f i l m electrode. The 
results of figure 4 are now clear as well, especially i n the 
l i g h t of the SEM pictures of figure 5. The various surface t r e a t 
ments influence, inter a l i a , the true surface area of the e l e c t 
rodes and thus their s t a b i l i t y behaviour. Presently we are study
ing the effects of these surface treatments further, as, for 
example, the improved conversion ef f i c i e n c y of photoetched thin 
f i l m polycrystalline electrodes (6) cannot be explained by this 
surface area e f f e c t . Clearly also the previously observed (2), 
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and here confirmed differences i n s t a b i l i t y between electrodes 
with different crystal faces exposed to the solution, cannot be 
attributed to surface area effects, as the various surface treat
ments a l l had similar effects on the three crystal faces studied: 
(1010), (0001) and (1120). A possible reason for the differences 
i n s t a b i l i t y between these faces (whichwe found to have decrea
sing s t a b i l i t y i n the order (1120), (1010) (0001) for a l l sur
face treatments) may be found i n the number of bonds that has to 
be broken to dislodge a Cd ion from the surface. In the (1120) 
plane t h e r e a r e two in-plane bonds and one into the bulk phase; 
for the (1010) plane there i s only one in-plane bond and one or 
two into the bulk phase; the (0001) plane has no in-plane bonds 
but 1 or 3 i n t o t h e bulk phase. In t h i s , admittedly, simplified 
picture the (1120) plane i s the stable one because 3 bonds need 
to be broken to disrupt i t . Alternatively one can look at the 
p o s s i b i l i t y for strong surface-solut
fluence the r e l a t i v e energetic
and which, i n i t s turn, w i l l be dependent on the number of non
bonded electrons available at the surface. Future experiments 
w i l l try to c l a r i f y these hypotheses through the use of other 
cry s t a l faces. 

We now turn to the strong crystal structure dependence of 
the output s t a b i l i t y of Cd (Se,Te)-based PEC's. In figure 12 we 
compare the two c r y s t a l structures that can be adopted by the 
a l l o y s . Both s p a c e - f i l l i n g and stick-and-ball models are shown, 
because the close relationship between the two structures can be 
best appreciated from the s p a c e - f i l l i n g models, while the Cd and 
chalcogen coordination i s seen clearest i n the stick-and-balls 
model. (The hexagonal phase i s essentially a close-packed ABAB 
hexagonal stacking of tetrahedrally coordinated Cd atoms, and 
the cubic phase has ABCABC stacking. The f i r s t coordination s h e l l 
i s i d e n t i c a l i n both forms). Several possible explanations can 
be forwarded to explain this dependence. For example, because 
the output s t a b i l i t y of hexagonal CdSe depends on the crystal face 
exposed to the S~ solution, preferred orientation of the, more 
stable, (1120) plane, which i s known to be a preferred cleavage 
plane of the wurtzite phase could explain the improved s t a b i l i t y 
of the hexagonal phase over that of the cubic one. (The sphalerite 
(110) plane i s crystallographi cally equivalent to the wurtzite 
(1120) one). Comparison between observed X-ray powder in t e n s i t i e s 
and calculated ones (on the basis of the known crystal structures) 
shows indeed some preferred orientation i n these pasted electrodes, 
but rather of the wurtzite (1010) plane, and of the crystallogra-
phically similar sphalerite (111) one. 

Probably we are dealing here with an i n t r i n s i c difference 
between these two structure types. Their s o l i d state chemistry 
shows the wurtzite structure to be the more r i g i d one (in terms 
of substitution, for example). This could imply a difference i n 
Cd-X (X=S,Se,Te) bond strengths. These bond strengths are, 
according to Pauling's i o n i c i t y concept, influenced by the 
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Figure 12. Space filling (topj and stick-and-ball (bottom,) models of wurtzite (leftj 
and sphalerite (right,) structures 
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e f f e c t i v e ionic charges on the atoms and these charges can be c a l 
culated from piezoelectric c o e f f i c i e n t s . For ZnS (the only case 
where these constants are well-known for both structure types) Zn 
i s found to have a higher eff e c t i v e ionic charge i n the hexagonal 
structure, implying stronger bonding, than i n the cubic one. Also, 
from figure 6 we see that the cubic form has a consistently lower 
optical bandgap than the hexagonal one (over the range where they 
can coexist). This we can associate, be i t somewhat loosely, with 
a weaker interaction between Cd and X (in a l l II-VI compounds that 
adopt these structures, this difference i n bandgaps i s found). 

Since the s t a b i l i t y of Cd chalcogenide photoelectrodes i n po
l y s u l f i d e solution depends on the r e l a t i v e p r o b a b i l i t i e s of s e l f -
oxidation, which leads to breaking a Cd-X bond,and i n t e r f a c i a l char
ge transfer,a small change i n bond strength (only 1-1.5 Kcal/mole, 
from the differences i n bandgaps,i.e. 2-3% of the t o t a l bond d i s 
sociation energy) may influenc
foundly i f i t i s assume
for the cleavage of the Cd-X bond,in the two structures,is of the 
order of 1-1.5 Kcal/mole too. This can be pictured schematically as 
follows: 

Here f- and f2 represent the bond strength of the Cd-X bond, 
dictated by bulk c r y s t a l structure, and that between the surface 
Cd and the probably adsorbed, polysulfide species from solution, 
resp. The larger f , the more l i k e l y i t i s that the photogenera-
ted hole,h +, w i l l react with the polysulfide species, i . e . the 
lower the probability of self-oxidation. 

From this explanation for the observed differences i n output 
s t a b i l i t y , we may infer that the decomposition potential of any 
CdX depends on i t s c r y s t a l structure. In view of the results pre
sented here and i n ref. 2, i t i s l i k e l y that this potential i s a 
function of exposed cr y s t a l face as well. Further insight i n those 
dependences, development of optimal surface treatments, and use of 
electrodes with optimal grain size, may a l l be of help i n devising 
strategies to obtain even more stable CdX/S= photoelectrochemical 
systems. n 
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Abstract 

The output stability of CdS, CdSe and to some extent, 
Cd(Se,Te)/polysulfide photoelectrochemical cells can be explained 
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in terms of a competition between the semiconductor self-oxidation 
and the desired polysulfide oxidation. This stability is shown to 
be dependent on solution composition, real electrode surface area, 
crystal structure and crystal face. Optimal solutions have maximal 
sulfur dissolution ability. For CdSe increase in the electrode 
surface area causes an improvement in output stability, thus exp
laining the observed differences between polycrystalline and 
single crystal electrodes, and between single crystal electrodes 
which are given different surface treatments. Among these, a 
deliberate photocorrosion process is found to lead to greatest 
stability. Variations in output stability between single crystal 
faces may be connected with differences in the number and nature 
of bonds to surface atoms. Cd(Se,Te) electrodes have reasonable 
stabilities only if they have a predominantly wurtzite structure. 
The inferior behaviour of such electrodes with the cubic structure 
is explained in terms of
which affect the probabilities
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25 
Photoeffects on Solid-State Photoelectrochemical 
Cells 

PETER G. P. ANG and ANTHONY F. SAMMELLS 
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Chicago, IL 60616 

Photoeffects in solid-state photovoltaic devices have been de
monstrated for a variety
Schottky barriers. For  of highly-controlled 
fabrication steps are necessary since high-purity semiconductor 
materials are required to reduce electron-electron hole recombina
tion reactions at trap sites. Greater simplicity in solar cell fab
rication can, however, be achieved with liquid-junction photoelec
trochemical cells (PEC). For such devices a junction is formed merely 
by introducing a semiconductor electrode into a redox electrolyte. 
Illumination of, for example an n-type semiconductor, can result in 
oxidation of a redox species via its reaction with electron holes 
photogenerated in the semiconductor space charge region. Solar energy 
conversion efficiencies achieved with such liquid-junction devices 
have recently been approaching those of conventional solid-state 
photovoltaic devices. 

Photoelectrochemical devices have the inherent advantage that 
either electricity or useful chemical species, potentially availa
ble for later electrochemical discharge, can be produced at the in
terface, whereas only direct electricity generation occurs with 
solid-state photovoltaic cells. High solar energy conversion effi
ciencies have been accomplished by narrow band-gap materials which 
can utilize a large fraction of the solar spectrum. However, in many 
cases such materials can manifest photoanodic corrosion effects with 
time, particularly when the redox species equilibrium potential is 
close to the semiconductor decomposition potential. Approaches to 
stabilize those semiconductors have included the evaluation of both 
organic and inorganic nonaqueous electrolytes. Most work is, how
ever, at an early stage. Extending the thought of identifying elec
trolytes having higher stability and lower nucleophilicity has led 
us to consider the utility of solid electrolytes for photoelectro
chemical devices. No work has been previously reported on the eval
uation of solid-state photoelectrochemical systems. It is difficult 
to conceive a regenerative solid-state PEC because of the ionic spe
cificity of most solid electrolytes. This has led us to consider 
semiconductor/solid electrolyte interfaces, where an immobile redox 
species might be present, either in a solid electrolyte lattice 
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p o s i t i o n , or as a s e p a r a t e phase, i n i n t i m a t e c o n t a c t w i t h t h e s o l i d 
e l e c t r o l y t e . I l l u m i n a t i o n of a s e m i c o n d u c t o r / s o l i d e l e c t r o l y t e i n 
t e r f a c e c o n t a i n i n g such a redox s p e c i e s might r e s u l t i n e i t h e r o x i 
d a t i o n o r r e d u c t i o n of t h i s s p e c i e s , depending upon whether the semi
conductor i s a photoanode or a photocathode. Because the redox s p e c i e s 
i s immobile, such a d e v i c e would s t o r e the energy produced. To some 
ex t e n t the v i a b i l i t y of t h i s approach w i l l , i n p a r t , be dependent 
upon the accommodation of a c o n c e n t r a t i o n of m o b i l e c a t i o n s somewhat 
g r e a t e r than t h a t r e q u i r e d f o r a c c e p t a b l e i o n i c c o n d u c t i v i t y a c r o s s 
such a s o l i d - s t a t e c e l l . T h i s i s n e c e s s a r y t o p r e s e r v e e l e c t r o n e u -
t r a l i t y i n the p r o x i m i t y of the immobile redox s p e c i e s . From c r y s -
t a l l o g r a p h i c c o n s i d e r a t i o n s , b e t a - a l u m i n a has a p a r t i c u l a r l y s u i t 
a b l e l a t t i c e s t r u c t u r e f o r t h i s concept. Here, the a and b axes are 
p e r i o d i c a l l y s e p a r a t e d by A1-0-A1 bonds, between which the m o b i l e 
sodium i o n s m i g r a t e . A s i g n i f i c a n t excess of sodium i o n s can be ac
commodated w i t h i n t h i s m a t e r i a l  I  th f t h i k s o l i d 
e l e c t r o l y t e s e v a l u a t e d hav
and r u b i d i u m s i l v e r i o d i d e  U n f o r t u n a t e l y
t i v i t y of b e t a - a l u m i n a at room temperature i s too low t o be of u t i l i t y 
i n s o l i d - s t a t e p h o t o e l e c t r o c h e m i c a l d e v i c e s . Any p h o t o p o t e n t i a l gen
e r a t e d would p r o b a b l y be i n s u f f i c i e n t t o overcome r e s i s t a n c e l o s s e s 
w i t h i n the s o l i d e l e c t r o l y t e . Because of the h i g h i o n i c c o n d u c t i v i t y 
of the r u b i d i u m s i l v e r i o d i d e a t ambient temperature, e x p e r i m e n t a l 
emphasis was p l a c e d on t h i s m a t e r i a l . 

Rubidium s i l v e r i o d i d e , RbAgIç, has a c o n d u c t i v i t y of O.27 ohm - 1 

cm - 1 a t ambient temperatures (1) and has found a p p l i c a t i o n i n g a l 
v a n i c c e l l s ( 2 ) . S o l i d e l e c t r o l y t e s have a l s o been s y n t h e s i z e d through 
compound f o r m a t i o n between A g i and v a r i o u s s u b s t i t u t e d ammonium ha-
l i d e s (3-50 and a l s o between A g i and s u l f o n i u m i o d i d e s (6 ). The 
s i n g l e c r y s t a l s t r u c t u r e s of c e r t a i n unique phases have been i n v e s 
t i g a t e d (7-11) t o determine the s t r u c t u r a l f e a t u r e s t h a t permit f a s t 
i o n d i f f u s i o n i n s o l i d s . I t was observed t h a t the i o d i d e i o n s form 
f a c e - s h a r i n g p o l y h e d r a ( g e n e r a l l y t e t r a h e d r a ) w i t h the s i l v e r i o n s 
s i t u a t e d w i t h i n these p o l y h e d r a . On the average t h e r e are two or 
t h r e e vacant s i t e s per s i l v e r i o n , thus p e r m i t t i n g ready d i f f u s i o n 
t hrough the f a c e s of the p o l y h e d r a . 

P h o t o e f f e c t s a t the semiconductor/RbAgIs i n t e r f a c e were i n v e s 
t i g a t e d w i t h the o b j e c t i v e of i d e n t i f y i n g the u t i l i t y of t h i s s o l i d 
e l e c t r o l y t e m a t e r i a l i n s o l i d - s t a t e p h o t o e l e c t r o c h e m i c a l d e v i c e s 
w i t h s t o r a g e . 

E x p e r i m e n t a l 

S o l i d - s t a t e c e l l s were f a b r i c a t e d u s i n g R b A g I s (Research Or
g a n i c I n o r g a n i c , Sun V a l l e y , C a l i f o r n i a ) , s i l v e r powder (Cerac, Inc.) 
and P b l 2 and/or i o d i n e powder. L a y e r s of the a p p r o p r i a t e m i x t u r e s 
were prepared i n s i d e a commercial KBr d i e and p r e s s e d a t 2000 kg/cm 2 

u s i n g a C a r v e r l a b o r a t o r y p r e s s . The r e s u l t i n g c e l l (about 2mm t h i c k ) 
was sandwiched between a c o u n t e r e l e c t r o d e and a t r a n s p a r e n t semi
conductor w o r k i n g e l e c t r o d e . Current c o l l e c t i o n t o the w o r k i n g e l e c 
t r o d e was made by a t r a n s p a r e n t c o n d u c t i n g g l a s s . The c o n d u c t i n g 

In Photoeffects at Semiconductor-Electrolyte Interfaces; Nozik, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



25. ANG AND SAMMELLS Solid-State Photoelectrochemical Cells 389 

g l a s s e l e c t r o d e was t i n o x i d e - c o a t e d C o r n i n g 7059 g l a s s w i t h a 
t h i c k n e s s of O.032" and a st a n d a r d r e s i s t i v i t y o f 100 ± 30 ohms per 
square. A s m a l l s i l v e r w i r e r e f e r e n c e e l e c t r o d e was i n s e r t e d i n 
s i d e the c e l l v i a a s m a l l h o l e . 

The p h o t o e l e c t r o c h e m i c a l p r o p e r t i e s of the s e m i c o n d u c t o r / s o l i d 
e l e c t r o l y t e i n t e r f a c e was i n v e s t i g a t e d u s i n g aWenking ST-72 poten-
t i o s t a t and an O r i e l 150-Watt xenon l i g h t s ource. Monochromatic 
l i g h t was o b t a i n e d by u s i n g an O r i e l Model 7240 monochromator. The 
s l i t opening o f the monochromator was set a t 1.5mm, thus g i v i n g a 
s p e c t r a l bandpass of 10 nm. The e l e c t r o d e p o t e n t i a l was measured 
u s i n g a Wenking PPT-70 e l e c t r o m e t e r . A T a c u s s e l type GSTP2B p u l s e -
sweep g e n e r a t o r was used t o c o n t r o l the p o t e n t i o s t a t . The c u r r e n t -
v o l t a g e r e l a t i o n s h i p s of the e l e c t r o d e s were r e c o r d e d on a H e w l e t t -
Packard 7046 X-Y r e c o r d e r . An η-type p o l y c r y s t a l l i n e CdSe was made 
by t h e r m a l vacuum e v a p o r a t i o n of CdSe powder (99.999%, Ce r a c , Inc.) 
on the c o n d u c t i n g g l a s s  T h i s was accomplished by u s i n g an Edwards 
306 t h i n - f i l m e v a p o r a t o
was annealed i n a i r a t

R e s u l t s and D i s c u s s i o n 

P h o t o a c t i v i t y of R b A g u I s . B e f o r e e v a l u a t i n g p h o t o e f f e c t s a t 
the s e m i c o n d u c t o r - s o l i d e l e c t r o l y t e i n t e r f a c e , i t i s f i r s t n e c e s s a r y 
t o c h a r a c t e r i z e any p h o t o a c t i v i t y p r e s e n t i n the s o l i d e l e c t r o l y t e 
i t s e l f . Rubidium s i l v e r i o d i d e can be expected to possess some pho
t o s e n s i t i v i t y by analogy t o the p h o t o v o l t a i c e f f e c t demonstrated 
by the b i n a r y s i l v e r h a l i d e s (12» 13.). T h i s was performed by e v a l u a t 
i n g a c e l l o f c o n f i g u r a t i o n Cond. g l a s s / P b I 2 + R b A g I s / R b A g i / A g + 
RbAgi tI 5/Cond. g l a s s . S o l i d - s t a t e c e l l s based upon t h i s s o l i d e l e c 
t r o l y t e u s u a l l y c o n s i s t o f a s i l v e r anode and a complexed i o d i n e 
cathode (14). T h i s c e l l was mounted between two t r a n s p a r e n t con
d u c t i n g g l a s s e l e c t r o d e s . Upon i l l u m i n a t i o n of the Cond. g l a s s / P b l 2 + 
RbAgi fI 5 i n t e r f a c e , t h i s s i d e developed p o s i t i v e p h o t o p o t e n t i a l s of 
between 3 and 50 mV. However, a f t e r i n i t i a l l y p a s s i n g b o t h anodic 
as w e l l as c a t h o d i c c u r r e n t s through t h i s i n t e r f a c e , l a r g e r photo-
p o t e n t i a l s c o u l d be a c h i e v e d . D u r i n g passage o f an o d i c c u r r e n t a t 
t h i s i n t e r f a c e , dark areas appeared on the e l e c t r o l y t e s u r f ace. T h i s 
might be e x p l a i n e d by the f o r m a t i o n of f r e e i o d i n e a t t h i s i n t e r f a c e . 
L a r g e r p h o t o p o t e n t i a l s were r e a l i z e d a t these d a r k e r a r e a s . F or 
example, a p o t e n t i a l of 450 mV i n the dark and 850 mV under i l l u m i 
n a t i o n was found v e r s u s the s i l v e r r e f e r e n c e e l e c t r o d e . T h i s i s 
shown i n F i g u r e 1. However, when the l i g h t beam was not focused on 
the darkened s p o t , the p h o t o p o t e n t i a l was o n l y about 5 mV. Large 
p h o t o p o t e n t i a l s were s t i l l d e t e c t e d a t wavelengths l o n g e r than 4750 A, 
when a shar p - c u t f i l t e r was used i n the l i g h t p a t h . The response 
of the c e l l under t h i s c o n d i t i o n i s shown by the second d e f l e c t i o n 
shown i n F i g u r e 1. The a c t i o n s p e c t r a of the c e l l w i l l be d e s c r i b e d 
l a t e r i n more d e t a i l . 

P h o t o e x c i t a t i o n of the R b A g I s can be expected t o r e s u l t i n the 
f o r m a t i o n o f e l e c t r o n - h o l e p a i r s . The p h o t o e l e c t r o n s w i l l d i f f u s e 
from the s u r f a c e i n t o the b u l k because of t h e i r much g r e a t e r d r i f t 
m o b i l i t y compared t o the p h o t o h o l e s . A net p o s i t i v e space charge 
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Figure 1. Photopotential
cond. glass/Pblt + RbAgJs/RbAgJg/Ag 
+ RbAgkl5/cond. glass. The cond. 
glass/PbI2 + RbAg!fI5 interface was illu
minated with 200 mW /cm2 xenon light. 

Figure 2. Current-voltage characteristics of the cell: cond. glass/Pbl2 + RbAgkl5/ 
RbAg,JrJΆ g + Rb A g,J 5/cond. glass under chopped illumination (200 mW/cm2) 

at 25°C (voltage scan rate: 25 mV/s) 
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w i l l p r o b a b l y be formed near the i l l u m i n a t e d e l e c t r o d e due t o t h i s 
h i g h e r c o n c e n t r a t i o n of p h o t o h o l e s . These photoholes can be expected 
t o o x i d i z e any f r e e s i l v e r p r e s e n t a t t h i s i n t e r f a c e . These p r o 
cesses can l e a d t o a p o s i t i v e p h o t o v o l t a g e at the i l l u m i n a t e d e l e c 
t r o d e , which can be c o r r e l a t e d t o Dember-type p h o t o v o l t a g e (13,15). 

The c u r r e n t - v o l t a g e c h a r a c t e r i s t i c s o f the c e l l were a n a l y z e d 
by sweeping the c e l l v o l t a g e u s i n g a p o t e n t i o s t a t . The c e l l v o l t a g e 
was measured as the v o l t a g e between the i l l u m i n a t e d s i d e v e r s u s the 
n o n - i l l u m i n a t e d s i l v e r s i d e . Under chopped xenon l i g h t i l l u m i n a t i o n , 
c a t h o d i c as w e l l as anodic p h o t o c u r r e n t s were r e c o r d e d , as shown i n 
F i g u r e 2. These p h o t o c u r r e n t s , as w e l l as the p h o t o p o t e n t i a l i n 
F i g u r e 1, i n d i c a t e t h a t p h o t o e x c i t e d charge c a r r i e r s a r e produced 
i n a d d i t i o n t o the s i l v e r i o n s p r e s e n t i n the dark. T h i s c o r r e l a t e s 
w e l l w i t h the H a l l e f f e c t of R b A g I s i n the dark and under i l l u m i n a t i o n 
t h a t has been p r e v i o u s l y r e p o r t e d ( 1 6 ) . H a l l s i g n a l s i n the dark 
a r e caused by the Ag+ i o
the H a l l v o l t a g e , however
of the magnitude and temperature dependence of H a l l m o b i l i t y , i t was 
concluded t h a t the H a l l s i g n a l s under i l l u m i n a t i o n was p r i m a r i l y 
c o n t r i b u t e d by p h o t o e l e c t r o n s . 

I f we assume t h a t the dark areas a r e formed by p h o t o l y t i c i o d i n e , 
then the p o s i t i v e p h o t o p o t e n t i a l s i n F i g u r e 1 can be expected t o 
l e a d t o l a r g e r c a t h o d i c c u r r e n t s . Here the i o d i n e w i l l be reduced 
to i o d i d e . Under co n t i n u o u s i l l u m i n a t i o n , i t has been shown t h a t 
c a t h o d i c p h o t o c u r r e n t s can be drawn f o r many hours. When the poten
t i a l o f the i l l u m i n a t e d i n t e r f a c e was made a n o d i c , i o d i d e w i l l be 
o x i d i z e d t o i o d i n e on the s u r f a c e . Photogenerated charge c a r r i e r s 
may reduce t h e i n t e r n a l r e s i s t a n c e of the c e l l , thereby i n c r e a s i n g 
the e f f e c t i v e c u r r e n t d e n s i t y upon i l l u m i n a t i o n , as shown i n F i g u r e 2. 
However, a t l a r g e c e l l v o l t a g e s , the e l e c t r o l y t e w i l l decompose, ac
c o r d i n g t o (14) : 2 RbAgi+Is + 4 Ag + 2 R b l 3 + 4 A g i , w i t h the con
c u r r e n t e q u i l i b r a t i o n R b l 3 £ R b l + l£. I o d i n e generated by such 
mechanisms may be r e s p o n s i b l e f o r the dark areas on the e l e c t r o l y t e 
s u r f a c e . An i n c r e a s e i n t h e an o d i c dark c u r r e n t at v o l t a g e s h i g h e r 
than 900 mV i n F i g u r e 2 can be c o r r e l a t e d w i t h t h i s p r o c e s s . The 
experiment, however, was performed w i t h no compensation f o r r e s i s 
tance and p o l a r i z a t i o n l o s s e s w i t h i n the s o l i d e l e c t r o l y t e c e l l . 
Hence, the v o l t a g e s f o r the i n c e p t i o n of e l e c t r o c h e m i c a l r e a c t i o n s 
may d i f f e r from v a l u e s expected from a r e v e r s i b l e e l e c t r o d e . 

I t i s of i n t e r e s t t o i n v e s t i g a t e the p h o t o s e n s i t i v i t y of R b A g I s 
s o l i d e l e c t r o l y t e doped w i t h f r e e i o d i n e . Here the s u r f a c e of the 
pressed e l e c t r o l y t e was coated w i t h s o l i d i o d i n e f o r a few seconds 
u n t i l i t became l i g h t brown. The c e l l was assembled between t r a n s 
parent c o n d u c t i n g g l a s s c u r r e n t c o l l e c t o r s . The p o t e n t i a l of the 
i o d i n e - t r e a t e d s u r f a c e was measured a g a i n s t a s i l v e r r e f e r e n c e e l e c 
t r o d e . Due t o the h i g h a c t i v i t y of the i o d i n e , the p o t e n t i a l was 
661 mV i n t h e dark. T h i s s u r f a c e immedi a t e ly developed a l a r g e p o s i 
t i v e p h o t o p o t e n t i a l of about 100 mV upon i l l u m i n a t i o n w i t h the xenon 
l i g h t . The c u r r e n t - p o t e n t i a l c h a r a c t e r i s t i c s of t h i s s u r f a c e was 
e s s e n t i a l l y the same as the one shown i n F i g u r e 2. However, an i n 
c r e a s e i n the dark c u r r e n t i n the an o d i c d i r e c t i o n was n o t i c e d . The 
dependency of the p h o t o p o t e n t i a l o f t h i s c e l l upon the wavelength 
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of the illuminating l i g h t i s shown i n Figure 3. Below 300 nm, essen
t i a l l y no photopotential was detected. This was not surprising since 
the glass and the t i n oxide layer on the conducting glass electrode 
would absorb l i g h t with wavelengths below this value. The band-gap 
of Sn0 2 i s within this range, i . e . , 3.8 eV. This would correspond 
to a wavelength of about 326 nm. The conducting glass had no photo
a c t i v i t y when i t was illuminated in l i q u i d electrolytes. In Figure 3 
the photoresponse peak of this s o l i d electrolyte system occurred at 
a wavelength of about 425 nm. The photopotential decreased at longer 
wavelength. The peak at 425 nm can be correlated to the 425 nm band 
in the o p t i c a l absorption spectrum of RbAgi+Is. The spectrum actually 
showed four bands at 485, 425, 375, and 335 nm (17). The 425 nm band 
was attributed to a forbidden internal t r a n s i t i o n i n the Ag + which 
becomes permitted because of the tetrahedral coordination of the 
Ag + ion i n RbAgIs. The photopotential, as well as the anodic and 
cathodic photocurrents wer
700 nm. 

The photopotential was also measured as a function of l i g h t 
intensity. At 200 mW/cm2 xenon light illumination, a photopotential 
of about 100 mV was measured. The photopotential decreased upon 
attenuation of the l i g h t intensity with neutral density f i l t e r s . A 
plot of the photopotential versus the re l a t i v e l i g h t intensity i s 
shown in Figure 4. The photopotential i s proportional to the loga
rithm of the l i g h t intensity, as observed i n the Dember photovoltage 
of AgBr (13). 

CdSe/Solid Electrolyte Junction. It has been demonstrated i n the 
previous section that RbAglfl5 i s photosensitive. Our primary goal 
in this study was actually to see photoactivity at a semiconductor/ 
s o l i d electrolyte interface. An η-type CdSe was chosen for this 
study since a thin-film, p a r t i a l l y transparent electrode could be 
fabricated by thermal vacuum evaporation on a transparent conducting 
glass. A c e l l of the configuration CdSe on Cond. glass/12 + RbAgIs/ 
RbAgIs/Cond. glass was fabricated. A small quantity of iodine was 
introduced onto the s o l i d electrolyte surf ace as redox species. The 
CdSe electrode was then placed i n contact with this surface. The 
potential of the CdSe was measured versus a s i l v e r wire reference 
electrode. The potential in the dark was 650 mV and i t moved to about 
300 mV under 200 mW/cm2 xenon l i g h t illumination. However, the ac
tual l i g h t intensity reaching the CdSe/solid electrolyte interface 
was s i g n i f i c a n t l y lower. This rapid negative photopotential i s 
shown i n Figure 5. This phenomenon i s analogous to the behavior of 
n-CdSe i n liquid-junction photoelectrochemical c e l l s . 

The dependency of the CdSe electrode potential upon the wave
length of the l i g h t i s shown in Figure 6. The spectrum was not cor
rected for variations i n l i g h t intensity by the monochromator. The 
mean intensity at 625 nm was 70 yW/cm2 with variations at other wave
lengths estimated as ±25 uW/cm2. No photopotential was seen below 
300 nm. Between 300 and 375 nm, a positive photopotential was de
tected. This could have the same or i g i n as the photopotential of 
the Cond. glass/RbAg i +I 5 interface shown in Figure 3. A large nega-
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Figure 3. Potential of cond. glass/12 + RbAgJs interface vs. Ag as a function of 
wavelength 

Figure 4. Photoresponse of cond. glass/12 + RbAgJJcond. glass vs. light 
intensity 
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Figure 5. Photopotential of CdSe/I2 + RbAgJrJRbAgJJcond. glass, back-illu
mination with 200 mW/cm2 xenon light 

Figure 6. Potential of CdSe in contact with I, + RbAgJs vs. Ag as a function of 
the wavelength of the light 
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tive photopotential can be seen i n Figure 6 at wavelengths longer 
than 375 nm, up to about 800 nm, which corresponds closely to the 
1.7 eV band-gap of CdSe. Thus, the negative photopotential can be 
assigned to the CdSe/solid electrolyte interface. The photoresponse 
between 300 and 500 nm i n Figure 6 might very well be a superposi
tion of the positive photopotential of the Cond. glass/RbAgIs i n 
terface and the negative photopotential of the CdSe/RbAgIs inter
face. The magnitude of the negative photopotential was largest at 
625 nm. The dependency of this photopotential upon the intensity 
of the incident l i g h t was also analyzed. Figure 7 shows the nega
tive photopotential as a function of incident o p t i c a l power. The 
rela t i v e scale at 10° corresponds to 70 yW/cm2, where the photopo
t e n t i a l was —85 mV. With approximately 100 mW/cm2 white xenon l i g h t , 
photopotentials up to —300 mV have been detected. At the very low 
li g h t intensity of O.7 yW/cm2 at 625 nm, photopotentials of —2 mV 
were s t i l l observed. A
t i a l i s proportional t

The current-potential characteristics of the CdSe electrode were 
studied under chopped illumination. The result i s shown in Figure 8. 
The open-circuit potential versus Ag was 350 mV under xenon l i g h t . 
When the potential of the CdSe electrode was scanned in the positive 
direction, anodic photocurrents flowed. At high potentials the pho-
tocurrent increased, but the dark current increased as well. When 
scanned i n the negative direction, a small cathodic current flowed 
due to reduction of iodine. I n i t i a l l y , small anodic photocurrent 
deflections were seen under chopped illumination near the resting 
potential. However, at higher cathodic polarization the photocur
rent became cathodic. A cathodic photocurrent has already been dem
onstrated by RbAgi+Is as shown i n Figure 2. Bringing the potential 
more cathodic than the equilibrium potential of s i l v e r resulted i n 
a large cathodic current corresponding to reduction of s i l v e r ions 
to s i l v e r . When the potential was brought back to the anodic direc
tion, an anodic current flowed due to reoxidation of the s i l v e r . 
Usually, the photopotential decreased when the electrode i s brought 
to near 0 mV versus s i l v e r . This could be due to plating of s i l v e r 
on the electrode surface. However, upon reoxidation of the s i l v e r 
the photopotential was restored. The decomposition of RbAgi to 
either s i l v e r or iodine species may create limitations to the use of 
this s o l i d electrolyte for photoelectrochemical c e l l s . 

Conclusion 

We have demonstrated photoactivity at s o l i d electrolyte/Cond. 
glass interfaces. The positive photopotentials could, however, be 
a Dember-type photovoltage. Cathodic photocurrents passed when the 
c e l l was discharged. Illumination may y i e l d iodine on the i l l u m i 
nated side with some reduced species (probably s i l v e r ) i n the bulk 
of the electrolyte. 

When CdSe was i n contact with the s o l i d electrolyte containing 
iodine redox species, negative photopotentials and anodic photocur
rents were detected. This i s analogous to the behavior of n-type 
semiconductor i n liquid-junction solar c e l l s . In the case of s o l i d 
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Figure 8. Current-potential characteristics of CdSe/I2 + RbAg,I5 interface under 
chopped illumination (voltage scan rate: 40 mV/s) 
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P-TYPE 
PHOTOCATHODE 

ΓΛΝ-ΤΥΡΕ 
X PHOTOANODE 

Figure 9. Photoelectrochemical cell with a solid electrolyte containing reductant 
and oxidant on each side (the charging circuit contains rectifiers to prevent self-

discharge in the dark) 
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electrolytes, the redox species are immobile. This opens up the pos
s i b i l i t y of constructing a s o l i d - e l e c t r o l y t e photoelectrochemical 
c e l l with a storage capability as shown i n Figure 9. The s o l i d -
state electrolyte device would consist of three phases i n intimate 
contact where i n the ideal case the cr y s t a l l a t t i c e structure of 
the reductant, oxidant, and s o l i d electrolyte phases would be simi
l a r to f a c i l i t a t e rapid movement of ions between each phase. The 
reductant and oxidant portions of the device would contain selected 
redox species either introduced into fixed immobile l a t t i c e sites 
i n the s o l i d e lectrolyte (in the ideal case) or dispersed and i n 
intimate contact with the s o l i d electrolyte i n each of the respective 
compartments. The reductant and oxidant electrodes would possess 
both ionic and electronic conductivity, whereas the separating s o l i d 
electrolyte would possess only ionic conductivity. After separation 
of electrons and holes i n the η-type semiconductor, the following 
general reactions may occu

nC + + M . , +h+ - MÎ ! f H - Ï + (n-DCl ( l a t t i c e ) l ( l a t t i c e ) 
At reductant electrode — 

( n - l ) C + + MÎ „. , + e- + Un'll- ï + n C + 

2(lattice) 2(lattice) 
where: Μ. represents a redox species which i s oxidized by an elec
tron hole h +; C + represents a mobile ion conductor; and M2 repre
sents a redox species which i s reduced by an electron e". 

During discharge, the following reaction may occur: 

+ (n+l) M+fa- 1) M"11 + M*10 

1 ( l a t t i c e ) W 2 ( l a t t i c e ) 1 ( l a t t i c e ) 2(lattice) 
The basic requirement of the redox oxidant i n contact with n-type 

semiconductors i s that i t has an equilibrium potential more negative 
than the decomposition potential of the semiconductor and more posi
t i v e than the lower edge of the semiconductor conduction band. The 
basic requirement of the reductant electrolyte i s that i t s redox 
equilibrium potential be negative of the oxidant electrolyte and 
more positive than the lower edge of the semiconductor conduction 
band. More work w i l l be necessary at characterizing s o l i d electro
lyte/semiconductor interfaces with those s o l i d electrolytes a v a i l 
able before satisfactory solid-state devices capable of photocharge 
can be realized. 
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Absorption, light 1 

photocurrent and anisotropy of 9-11 
Acetonitrile 255 

anthraquinone in 257 
current-voltage curve for 260/ 
light intensity dependence of the 

photoreduction current of.  259/ 
capacitance vs. p-Si electrod

potential 262
Acids, fatty 233 
Aging 

cathodic 96 
experiments, electrochemical 95/ 

conditions for SrTi0 3 dependence 
of semiconductor flatband 
potential on 94/ 

doping profile after anodic 91 
experiments, electrochemical anodic 93/ 

Alcohols, fatty 233 
Alloy(s) 220-222 

stoichiometry 377 
β-Alumina 388 
mes0-tetra(a,a,a,a-0-Aminophenyl)-

porphyrin, tetraoctadecylamide 
derivative (H2TOAPP) of 282 

Anisotropic properties of layered 
semiconductors 18 

Anisotropy of light absorption, 
photocurrent and 9-11 

Anisotropy, optical 4 
Anode surface, rate of holes at 210 
Anodic 

aging, doping profile after 91 
aging experiments, electrochemical 93/ 
dissolution reactions 147 
oxidation 

of carboxylic acids 191 
of halide ions 141 
of the semiconductor 179 

photocurrents 395 
Anthraquinone in acetonitrile 257 

current-voltage curve for 260/ 
light intensity dependence of the 

photoreduction current of 259/ 
Arsenic 
compounds 345 
oxides 64 
trichloride (AsCl3), cyclic 

voltammogram of 347/ 
Auger spectroscopy 160 

Β 

Backscattering studies, Rutherford.... 65 
Band 
bending 80, 296, 360, 363 
edge(s), pinned vs. unpinned 256/ 

unpinning produced by the 
effects of inversion 253-265 

unpinning of the semiconductor.  253 

for Ba0 r,Sr0 5Nb 20 6 212/ 
for FeNb04 215/ 
for Fe 20 3 214/ 
for Sr 2Nb 20 7 214/ 
for SrTi0 3 212/ 

optical 208,209/ 
of Sn02 392 
of «-type Ti0 2 339 

levels, effects of pH on 199 
model of oxidized silicon 186/ 
potential, flat- 208, 209/, 355, 363 
structure and energy terms of a 

semiconductor 146/ 
structure and interface states in 

photoelectrochemical cells, 
electrode 217-230 

theory approximation 220 
Bifluorenyl 339 
Bilayer lipid membranes 239 

hydrolysis of cellulosic 192 
Biomass materials, microbiological.... 192 
/ns(2,2'-Bipyridine)ruthenium(II) 

complex 245 
Bismuth 67 
Bonding theory, chemical 59 

C 

CdSeTei. x, crystallographic data for 377 
Co(bipy)3

2* 44 
CoS counterelectrode(s) 370, 371/ 
CuInS2 296 
Cadmium 

-chalcogenide 
-based photoelectrochemical 

cells, stability of 369-385 
films, scanning electron micro

scope pictures of painted.... 378/ 
photoelectrodes, stability of 384 
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Cadmium (continued) 
selenide (CdSe) 218,369, 370 

and CdS polycrystalline, 
deactivation of 379 

cells, output stability of 
polycrystalline 372 

cells, output stability of single-
crystal 372 

electrode, single-crystal bare 224/ 
photoelectrode(s) 370,371/ 

short-circuit current of poly
crystalline painted 371/ 

time dependence of short-
circuit current for single-
crystal 374/ 

time dependence of short-
circuit current for thin-
film polycrystalline 
and CdS 380/ 

polysulfide junction 36
analysis of current-voltag

characteristics of illu
minated 359-368 

potential of 394/ 
scanning electron microscope 

pictures of single-crystal... 375/ 
single-crystal 272 

electrode characterization 364t 
solid electrolyte junction 392-395 
-SrTiOs composite electrode, 

representation of 219/ 
surface, competing reactions at 

illuminated 380/ 
(Se,Te) direct optical band-gap of 376/ 
(Se,Te) electrodes, time dependence 

of short-circuit current for 
several 378/ 

sulfide (CdS) 369 
and CdSe photoelectrodes, time 

dependence of short-circuit 
current for thin-film poly
crystalline 380/ 

electrode, current-voltage 
curves of 109/ 

electrodes, effects of temperature 
on excited-state descrip
tions of luminescent photo
electrochemical cells em
ploying tellurium-
doped 295-304 

polycrystalline, deactivation of 
CdSe and 379 

sulfide ions on 107-112 
: tellurium 298/ 

-doped 295 
electrode 302/ 
exchange reaction for 300 

telluride (CdTe) 369,370 

rt-Cadmium selenide (/i-CdSe) 
as the anode, energy diagram for 

a regenerative photoelectro
chemical cell with 268/ 

in polysulfide solution, electrolyte 
electroreflectance spectra of 
single-crystal 276/ 

single-crystal in polysulfide, im
pedance response curves for 271/ 

Capacitance-voltage techniques 351 
Carbanion photooxidation of semi

conductor surfaces 337-341 
Carbon impurity(ies) 160, 165 
Carboxylic acid, anodic oxidation of. 191 
Carrier recombination at steps in 

surfaces of layered compound 
photoelectrodes 17-33 

Carriers, minority 30, 33 

Cation concentrations, high-alkali 167 
Cellulosic biomass materials, micro

biological hydrolysis of 192 
Chalcogenide photoelectrodes, 

stability of 384 
Charge 

-collection microscopy 25-27 
-transfer processes in photoelectro

chemical cells 79-100 
-transfer rate constant 361, 367 
transport, interlayer 30 

Chemisorption 59,79-82 
of fluorine 63 
plumbite 67 
reactions 69 
of a reagent 60/ 
ruthenium 67 

splitting of surface states upon 73/ 
Chlorophyll(s) 

-coated electrodes 
metal 242-244 
semiconductor 238-242 

and metal, photoelectrochemi
cal systems involving 237-244 

electrochemical energetics of 235-237 
energy migration among 239 
and its films, microcrystalline 232 
interfacial layers, morphological 

aspects of 232-233 
monolayer assemblies of 233 
monolayers deposited on Sn02 291 
one-electron oxidation potentials 

for 236/ 
photocurrent spectra for 240/ 
photoelectrochemical systems 

involving solid-liquid inter-
facial layers of 231-247 
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Chlorophyll(s) (continued) 
photophysics 234 
utilization, general technique for 237-244 

Chloroplast lamellae 233 
Cole-Cole plot for rc-GaAs 354/ 
Composite electrodes 217-220 
Contaminants, surface 165-167 
Conversion efficiency, improved 381 
Conversion efficiency of semicon

ductor-liquid junction solar 
cell, solar-to-electrical 67 

Corrosion 331 
of gallium 330/ 
product(s) 351 

Si0 2 179 
suppression role of the sulfide ions 107 

Counterelectrode, CoS 371/ 
Crystal(s) 

Auger spectra of water-rinsed 
stoichiometric 164

GaSe 9
structure of 10/ 

hydrogen evolution from platinum-
free 161 

hydrogen production on metal-
free 173-174 

imperfections 4 
on photoelectrochemical reac

tions at semiconductor elec
trodes, the influence of sur
face orientation and 1-15 

the role of 11-13 
MoSe2 5 

Crystalline inhomogeneity 351 
Current 

disk 133/, 135/, 137/ 
experimental reduction 113/ 
output stability characteristics, 

short-circuit 369 
response, pseudo-capacitive 316 
ring 133/ 
-voltage characteristics 

of the cell 390/ 
of illuminated CdSe/polysulfide 

junctions, analysis of 359-368 
of /i-WSe2 22/, 24/ 

D 

Decay routes, interrelationships of 
excited-state 301-303 

Decomposition 
electrolyte 352 

processes 351 
reactions 145 
surface 82-85 

Dember-type photovoltage 391 
of AgBr 392 

Depletion layer, recombination in 360 
Deposition techniques, monolayer 237 
Desorption 85 

rates, in photo-assisted electrochem
ical reactions, role of ionic 
product 307-335 

Destabilization process, autocatalytic 
nature of 381 

Dichalcogenides, molybdenum 18 
Dichalcogenides, transition metal 222 

layered compound 17 
Diffusion, recombination due to 361 
Dihydrooctaphenylfulvalene 339 
1,3-Dimethoxy-4-nitrobenzene in 

methanol 257 
photoreduction current of 261/ 

Dimethyldithiocarbamate 51 
1, Γ-Dimethylferrocene 49 
Dipalmitoyllecithi  241 

boundaries 71, 75 
density 255 
distribution 269 
levels, optimal semiconductor 313 
profile after anodic aging 91 

Dye(s) 341 
assembly construction procedure.... 281/ 
sensitization process, electron 

transfer in 240/ 
visible-light absorbing 279 

Ε 
EBIC (see Electron Beam Induced 

Current) 
Electric charge in surface states 4 
Electrical conductivity in layered 

compounds 30 
Electricity generation, direct 387 
Electroactive impurities 352 
Electrochemical 

behavior and surface structure of 
GaP electrodes 145-157 

equilibria analysis 327 
reactions at illuminated semicon

ductors, factors governing the 
competition in 131-143 

reactions, role of ionic product de
sorption rates in photo-
assisted 307-335 

solar cells 351 
Electrochemistry 53 

semiconductor 11 
Electrode(s) 

band structure and interface states 
in photoelectrochemical 
cells 217-230 
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Electrode(s) (continued) 
CdS:Te 302/ 
characterization 361-363 

CdSe single crystal 364/ 
chlorophyll-coated metal 242-244 
composite 217-220, 224/ 
cyclic voltammetric characteriza

tion of an «-type 46/, 48/ 
dark cathodic currents at a p-GaP 151/ 
disk 

potential 132 
rotating 53 

ring 133/ 
ZnO 133/ 

effects of temperature on excited-
state descriptions of lumi
nescent photoelectrochemical 
cells employing tellurium-
doped CdS 295-304 

electrochemical behavior and
face structure of GaP 145-15

>z-GaP 
current-potential curve for 146/ 
electroluminescence spectra from 154/ 
Mott-Schottky plots of 152/ 

and halide solutions, energetic 
correlation between ZnO 138/ 

ion adsorption at metal 348 
MoSe2 5 

current-voltage curves of If 
MoSo 5 

current-voltage curves in 8/ 
photoanodic decomposition of 37 
photoelectrochemical systems in

volving chlorophyll-coated 
semiconductor and metal 237-244 

platinized platinum 169 
potential of silicon 180 
potentials, ring 134 
semiconductor 

chlorophyll-coated 23 8-242 
competing photoelectrochemical 

reactions on 119-130 
energy scheme for different 

surfaces of 3/ 
the influence of surface orienta

tion and crystal imperfec
tions on photoelectrochemi
cal reactions 1-15 

the role of interface states in 
electron-transfer processes 
at photoexcited 103-116 

single-crystal bare CdSe 224/ 
time dependence of short-circuit 

current for several Cd(Se,Te) 378/ 
«-type Sn02 optically transparent. 238 

Electrodeposition 237 
Electroluminescence spectra from 

an «-GaP electrode 154/ 

Electrolysis half-cell reaction at 
the photocathode 322 

Electrolysis photoanodes, stable water 332? 
Electrolyte(s) 

absorption 363 
acidity of 139 
composition effects 348-351 
contact geometric parameters 

characterizing the semi
conductor/ 3/ 

containing reductant and oxidant on 
each side, photoelectrochemi
cal cell with a solid 397/ 

decomposition 352 
doped with free iodine, photosensi

tivity of RbAg4I5 solid 391 
electroreflectance 267, 272-276 
interface 

 level structur  fo

biased p-GaP/ 97/ 
strongly cathodically biased 

p-GaP/ 97/ 
junction, CdSe/solid 392-395 
non-aqueous 255 
for photocorrosion products from 

«-SrTiOa, analysis of 1911 
photoelectrochemical cell 343 
polyselenide 297 
polysulfide 361 
redox potential of 139 
sulfide 297 

Electromigration, electric fields and 
directions of positive ion 92/ 

Electromigration of ions 88-100 
Electromodulation measurements 211 
Electron 

affinity, surface 172 
Beam Induced Current (EBIC) 25 

experiment, schematic of 28/, 29/ 
identification of recombination 

sites by 25-27 
diffusion velocity 318/—319? 
flux 105 
hole paris 1 
-hole recombination 112 

velocities at semiconductor 
interfaces 58-61 

injection, hot 254/ 
-pumping processes, photoelectro

chemical simulation of the 
photosynthetic 246/ 

recapture, inhibition of 337 
transfer 145 

in dye sensitization process 240/ 
and hole 159 
mediator 150 
processes 239 

In Photoeffects at Semiconductor-Electrolyte Interfaces; Nozik, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



I N D E X 407 

Electron (continued) 
transfer (continued) 

processes (continued) 
at photoexcited semiconductor 

electrodes, the role of 
interface states in 103-116 

schematic of various 104/ 
Electronegativity model 96 
Electroneutrality 388 
Electroreflectance electrolyte 267 
Electroreflectance signal 276/ 
Electrostatic attraction 337 
Energy(ies) 

band 
diagram of the CdSe-SrTi03 

composite electrodes 219/ 
diagram for Ti0 2 221/ 
surface 123 

barrier, electronic 31
conversion efficiency 34

solar 38
conversion, solar 41,49 
determination of adsorption 

potential 331 
free 80 
hydration 80 
levels, Gaussian distribution of 180 
levels, oxide redox 331 
maximum potential 318i—319? 
migration among chlorophylls 239 
phonon 106 
photon 253 

integrated photocurrent vs 224/ 
reorganization 185 
separation 141 
terms of a semiconductor, band 

structure and 146/ 
zinc porphyrin triplet 291 

Etching 370 
Evaporation, solvent 237 

F 

FeNb04, band-gap analysis for 215 
Fe 20 3, band-gap analysis for 214/ 
Faradaic process, influence of 

irreversible 356/ 
Fatty acids 233 
Fatty alcohols 233 
Ferricenium 

by iodide, reduction of surface-
confined 42/ 

by one-electron reductants, reduc
tion of surface 44-49 

rate constants for reduction of 
surface 45? 

redox couple, ferrocene/ 351 
by solution reductants, rate of 

reduction of photogenerated, 
surface-confined 37-54 

Ferricyanide/ferrocyanide couple 152 
redox 148 

Ferrocene(s) 50 
in ethanol 183 
/ferricenium redox couple 351 
voltammetry under illumination 

with 181/ 
(l,r-Ferrocenediyl)dichlorosilane 39 
Ferrocyanide 154/, 155, 182 

couple, ferricyanide/ 152 
redox 148 

Ferrous 
-EDTA, oxide growth in 194/ 
ions 183 
oxalate 154/, 155 

Films, amorphous 232 
Flat-band potential(s) 355, 363 
Fluorenyl lithium, electrochemical 

Fluorine, chemisorption of 63 
Free energies of formation, standard. 200/ 

G 

Gallium (Ga) 
arsenide (GaAs) photoanode 70/ 
arsenide (GaAs), surface recombi

nation velocity of 63-64 
compounds 345 
corrosion of 330/ 
immunity of 330/ 
oxide (Ga203) 64 

at the semiconductor surface, 
formation of 327 

passivation of 330/ 
phosphide (GaP) electrodes, 

electrochemical behavior and 
surface structure of 145-157 

phosphide (GaP), surface recombi
nation velocity of 63 

selenide (Ga2Se2) crystal(s) 9, 11 
structure of 10/ 

«-Gallium arsenide («-GaAs) 353/, 354/ 
Cole-Cole plot for 354/ 
cyclic voltammograms of 346/ 
junction, charge collection scanning 

electron micrographs, gold 
polycrystalline 72/ 

molten-salt interphase, photo-
effects at 343-357 

power curves for 350/ 
surfaces and grain boundaries, effect 

of chemisorbed ruthenium on 64-75 
voltammograms of 347/ 

«-Gallium phosphide («-GaP) 
current-potential curves 

of 149/, 151/, 154/ 
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n-G allium phosphide (rc-GaP) (continued) 
current-potential curves of (continued) 

electrode 146/ 
electrode, electroluminescence 

spectra from 154/ 
electrode, Mott-Schottky 

plots of 152/ 
+ Fe(II)-EDTA...120, 122/, 128/, 129/ 
/Fe(CN) c

4- 120 
in redox solutions, stability of 

illuminated 153-155 
p-Gallium phosphide (p-GaP) 

effects of various ions on the 
luminescence in 98/ 

electrode, dark cathodic currents 
at 151/ 

electrolyte interface, luminescence 
at a reverse-biased 97/ 

electrolyte interface, strongly 
cathodically biased 97

flatband potential for 84
photocurrent for 86/ 

Gartner model 360 
Germanium, surface recombination 

velocity of 61 
Grain boundary(ies) 

chemisorption of ruthenium on 70/ 
doping semiconductors near 74/ 
recombination in semiconductors, 

chemical control of surface 
and 57-75 

Graphite 165 

H 

HoTOAPP, surface pressure-area 
isotherm of 286/ 

Halide 
ions, anodic oxidation of 141 
ions, concentration of 139 
solutions, energetic correlation 

between ZnO electrodes and 138/ 
Hexagonal, Wurtzite structure 377 
Hole(s) 

at the anode surface, rate of 210 
current to a reducing agent as a 

function of oxide thickness, 
maximum 188/ 

pairs, electron 1 
photo-produced 327 
transfer, electron and 159 

Hydrogen 
accumulation on metal-free SrTi0 3 

crystal 163/ 
bronze formation 88 
evolution from platinum-free 

crystals 161 
and lattice oxide 172 

Hydrogen (continued) 
oxygen redox couples, SrTi0 3 

band edges and 176/ 
photogeneration 162/, 173 

from low-pressure water 
vapor 172-173 

on titanium oxides, surface 
aspects of 159-172 

production 
with current measurements, 

comparison of 169-172 
on metal-free crystals 173-174 
on SrTi0 3 systems 159 
and surface stoichiometry 161-165 

yield and integrated current, 
measurements of 171/ 

Hydrolysis of cellulosic biomass 
materials, microbiological 192 

Hydroxid  concentratio  effect 174-175 

I 

ICP (inductively coupled argon 
plasma) emission spectroscopy... 195 

Illumination 148 
chopped 390/ 
the effect of 147-148 
with ferrocene, voltammetry under 181/ 
intensity 131, 139, 309, 361 
photoanode response under 

stepped 309-316 
voltammograms of capacity and 

current for η-Si under 184/ 
Immunity of Gallium 330/ 
Imperfections, crystal 4 

the role of 11-13 
Impurity(ies) 

carbon 165 
and silicon 160 

conduction processes 103 
electroactive 352 
metal ion 167 
and surface metallization, 

metallic 167-169 
Indium antimonide (InSb), surface 

recombination velocity of 63 
Indium phosphide (InP), surface 

recombination velocity of 63 
Inductively coupled argon plasma 

(ICP) emission spectroscopy 195 
Injection, hot carrier 253 
Intensity 

effects of 365/ 
fluorescence 290/ 
incident 363 
and photocurrent, temperature 

effects on emission 300 
relative emission 298/ 
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Interface(s) 
experiments, liquid-solid 160-161 
experiments, gas-solid 161 
in regenerative photoelectrochem

ical solar cells, potential distri
bution at the semiconductor-
electrolyte 267-277 

semiconductor-gas 106 
semiconductor-insulator 105-106 
states in electron-transfer processes 

at photoexcited semiconductor 
electrodes, the role of 103-116 

states in photoelectrochemical cells, 
electrode band structure 
and 217-230 

Intermetallics, platinum-niobium 169 
Interphase, equivalent circuit for 353/ 
Inversion, band-edge unpinning pro

duced by the effects of 253-265 
Inversion layer, capacitance in 26
Iodide oxidation 4

solvent dependence of 41-43 
Iodide, reduction of surface-confined 

ferricenium by 42/ 
Iodine 388 

cathode, complexed 389 
photolytic 391 
photosensitivity of RbAg4I-„ solid 

electrolyte doped with free 391 
reduction of 395 

Ton adsorption at metal electrodes 348 
Ions, electromigration of 88-100 
Ionic product desorption rates in 

photo-assisted electrochemical 
reactions, role of 307-335 

Iron-niobium system 207 

Κ 

Kinetic measurements 54 

L 
/?-LaFeOa, pressed-disk 227/ 
Layer, depletion 1 
Layer, inversion 1 
Layered 

compound photoelectrodes, carrier 
recombination at steps in sur
faces of 17-33 

compounds, electrical conductivity 
in 30 

semiconductors 33 
Lead iodide (Pbl2) 388 
LEED patterns and their real-space 

interpretations for lead on TiOo 170/ 
Ligand, macrocyclic 281/ 
Light 

absorption, photocurrent and aniso
tropy of 9-11 

Light (continued) 
conversion studies 231 
intensity 257, 392 

dependence of the photoreduc
tion current of anthraqui-
none in acetonitrile 259/ 

effect 121 
photoresponse, chopped 276/ 
p-polarized 9, 11 

photocurrent spectra for 12/ 
ç-polarized 9, 11 
xenon 390/ 

illumination, chopped 391 
white 395 

Lipid(s) 233 
membranes, bilayer 239 

Liquid-junction solar cells 267 
Lithium iodide 388 
Lithiu  tetraphenylcyclopenta

in p-GaP, effects of various ions on 98/ 
measurements 284 
and photoelectrochemistry of sur

factant metalloporphyrin 
assemblies on solid 
supports 279-291 

recombination 13 
at a reverse-biased p-GaP-electro-

lyte interface 97/ 
studies 287-289 

M 
Marcus theory 41,49 
Melt interphase 352 
Metal 

electrode(s) 
chlorophyll-coated 242-244 
ion adsorption at 348 
photoelectrochemical systems 

involving chlorophyll-coated 
semiconductor and 237-244 

-free crystals, hydrogen production 
on 173-174 

ion impurities 167 
oxide semiconductor 351 
transition 

complexes, photoactive 244 
compounds, «-type 307 
dichalcogenides 222 

layered compound 17 
Metallic impurities and surface 

metallization 167-169 
Metalloporphyrin, surfactant 286/ 

assemblies on solid supports, 
luminescence and photo-
electrochemistry of 279-291 

ordered layer of 280 

In Photoeffects at Semiconductor-Electrolyte Interfaces; Nozik, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



410 P H O T O E F F E C T S A T S E M I C O N D U C T O R - E L E C T R O L Y T E I N T E R F A C E S 

Metallotetraphenylporphyrins, mono
layers of 285 

Methanol 255 
dark capacitance vs. p-Si electron 

potential in 263/ 
1,3-dimethoxy-4-nitrobenzene in 257 

photoreduction current of 261/ 
Methyl viologen 337 
Microelectronics technology, silicon-

based 61 
Microscopy, charge collection 25-27 
Mixing, homogeneity of 287 
Molybdenum 

dioxide (Mo02) energy band 
diagram for 221/ 

dichalcogenides 18 
diselenide (MoSe2) 18 

electrodes 5 
current-voltage curves f If 

photoanodes 17-3
surface morphology an

cell performance of 19-25 
disulfide (MoS2) electrode(s) 5 

current-voltage curves in 8/ 
disulfide, model of 2 H-crystal 

lattice for 6/ 
-Molybdenum diselenide 0z-MoSe2) 

current-voltage characteristics of 23/ 
-Molybdenum diselenide samples, 

electron micrographs of 22/ 
Monolayer(s) 

action spectrum of 292/ 
properties 284-287 
techniques 283 
of ZnTOAPP:SA:octadecane 

mixtures 289 
Mott-Schottky intercept, variation of 350/ 
Mott-Schottky plot(s) 145, 148, 149/, 150 

of rt-GaP electrode 152/ 

Ν 
Niobate, perovskite 213 
Niobium 

intermetallics, platinum- 169 
oxides, photoelectronic properties 

of ternary 207-216 
system, iron- 207 

/t-Niobium dioxide, pressed-disk 226/ 
Nucleophilicity 387 

Ο 

Overshoot current vs. time behavior 317 
Overshoot phenomena 309 
Oxidation 

anodic 
of carboxylic acids 191 
of halide ions 141 
of the semiconductor 179 

Oxidation (continued) 
iodide 49 

solvent dependence of 41-43 
of fluorenyl lithium, electrochemical 340/ 
half-cell reaction 323 
hydrogen and lattice 172 
potentials for chlorophyll, one-

electron 236/ 
Oxide(s) 

films, the enhanced effectiveness of 
stabilization agents due to 179-189 

growth in ferrous-EDTA 184/ 
photoelectronic properties of 

ternary niobium 207-216 
-semiconductor, metal- 351 
thickness, maximum hole current 

to a reducing agent as a 
function of 188/ 

production, rate-limiting step in 174 
redox couples, SrTi0 3 band edges 

and hydrogen 176/ 

Ρ 
Palladium film evaporated onto TiOo, 

Auger spectra of 168/ 
Palladium on TiOo, LEED patterns 

and their real-space interpreta
tions for 170/ 

Passivation of gallium 330/ 
Pasting method 379 
Perovskite(s) 208 

niobate 213 
structure 222 

Peroxytitanium complexes 199 
Phenylferrocene 49 
Phonon energy 106,253 
Phonon excitation 265 
Photoanode(s) 265 

conditions for rapid photocorrosion 
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