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This review discusses the structure of an electrical double layer formed at the semiconductor—
electrolyteinterface, as well as the energy states and imperfections in the electrolyte and on the
semiconductor surface. A considerable part of the review is devoted to the results of investigations
of photoelectric effects, luminescence, reflection, and electroreflection at this interface. The
quantum size effects which occur in semiconductor electrodes and in colloids and the injection of
hot electrons into an electrolyte are discussed in later sections of the review. A classification of
photoelectrochemical cells is given and current data are provided on devices for conversion of
solar or laser radiation energy into electrical and chemical energy.

1.INTRODUCTION

In the last 15 years a new subject of electrochemical
physics'’ has appeared and grown: it represents photoelec-
trochemistry of semiconductors developing on the basis of
the concepts, ideas, and experimental methods adopted ear-
lier not only in physical chemistry and chemical physics, but
primarily in the physics of solids and semiconductors, sur-
face physics, semiconductor microelectronics, and materials
science.

At present photoelectrochemistry of semiconductors
covers a wide range of border problems, is growing explo-
sively, is stimulating discoveries and studies of new materi-
als, and promises interesting applications in various some-
times unexpected branches of modern technology, including
electronics, energetics, and control systems. Improvements
in light sources should make it possible to use, for example,
lasers in order to create the required topology of the surfaces
of semiconductors immersed in electrolytes and to compete
successfully with the available hologram recording meth-
ods. The energy crisis of the seventies has stimulated studies
of photoelectrochemical solar cells of different types based
on semiconductor photoelectrodes. One can quote also other
examples of the application of successful ideas from photoe-
lectrochemistry or semiconductors. These applications and
the fundamentals of this new branch of science are discussed,
for example, in monographs of Morrison' and of Gurevich
and Pleskov’, and in the review of Gerischer® in which the
literature published to the end of 1980 is covered. Later work
is discussed in more recent reviews.*’ A bibliography of
work on this subject covering 1975-1983 can be found in
Ref. 8. This book® fails, as is often the case, to give a full
account of the work of Soviet authors; the gap is largely filled
by the bibliographies in Refs. 2 and 4-6 and by the Proceed-
ings of the All-Union Conferences on Photocatalytic Con-
version of Solar Energy held in Novosibirsk in 1983 and in
Leningrad in 1987, as well as of the Conference on Renew-
able Energy Sources held in 1985 in Erevan.* "’

2.STRUCTURE OF ANELECTRICAL DOUBLE LAYER
FORMED AT THE SEMICONDUCTOR-ELECTROLYTE
INTERFACE

The semiconductor—electrolyte interface (SEI) is a
more complex system than the interface between two differ-
ent semiconductors. The different types of conduction (elec-
tronic and ionic) and the different aggregate states of the
components in contact (solid, electrolyte) give rise to specif-
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ic physical and physicochemical properties of this phase
boundary, although one can easily establish a number of
analogies with semiconductor heterojunctions and p-» junc-
tions and with Schottky barriers at the semiconductor-met-
al interfaces.

A thermodynamic analysis of the processes at the SEI
based on the generally known physical ideas and principles
helps to understand and describe various ionic and elec-
tronic exchange processes in both phases and at the inter-
face. As usual, the electrochemical potential (Fermi level) is
the same in all parts of the system if it is in equilibrium.
Nonequilibrium currents appear as a result of spatial vari-
ation of the Fermi level.

The electrochemical potentials of both phases are mea-
sured relative to the vacuum level. In this reference system
the energies of affinity to an electron and a hole, and the
values of the Fermi level in the semiconductor are negative
relative to the vacuum level. It is known that the potential of
the normal hydrogen electrode,” which is in equilibrium at
the interface because of the reaction

H* e H,, (2.1)

lies 4.44 V below the vacuum level when the pressure of gase-
ous hydrogen above the electrolyte is 1 atm and the activity
ofthe H™ ionsin the electrolyteis 1 mol/liter. Any potential
in an electrochemical cell is usually found by comparison
with a potential of the normal hydrogen electrode or other
standard electrodes, which are therefore known as the refer-
ence electrodes. The latter include saturated calomel or sil-
ver/silver-chloride electrodes, the potentials of which rela-
tive to the normal hydrogen electrode are 0.24 and 0.22 V,
respectively.

When a semiconductor is immersed in a liquid electro-
lyte, a thermodynamic equilibrium is as usual established by
various electronic and ionic exchange processes at the inter-
face. Electric charges of opposite sign (electrons, holes,
ions) accumulate on both sides of the SEI creating an elec-
tric field. Charge accumulation at the interface creates an
electrical double layer and a certain potential known as the
Galvani potential which compensates for the difference
between the chemical potentials of the two phases in con-
tact.”’ The electrode potential is then the sum of the Galvani
potential, ohmic losses in the bulk of the semiconductor, and
possible contact potentials inside the semiconductor.® The
internal resistance is reduced by the use of saturated solu-
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tions of electrolytes with ion concentrations of the order of
10*' cm 3 (1 M solutions).

At very low densities of the surface states at the SEI the
structure of the double layer at the interface has the form
shown in Fig. 1. The loss of electrons from the semiconduc-
tor to the electrolyte creates a positive space charge region in
the surface layer of the semiconductor. On the other side of
the SEI this positive charge is compensated by negative ions
present in the electrolyte (Fig. 1b). A dense layer of ions
adjoining directly the SEI is known as the Helmholtz layer
and its thickness is governed by the size of the practically
immobile ions “‘attracted” to the SEI (this thickness is of the
order of several angstroms). On the electrolyte side the
Helmholtz layer is followed by a space charge region known
as the Gouy-Chapman layer. This layer forms in practice
only in electrolytes with a low ion concentration and in the
case of a 1 M solution its thickness is approximately 1 A.

It therefore follows that an electrical double layer at the
SEI consists of three components: the space charge region in
the semiconductor, the Helmholtz layer, and the space
charge region in the electrolyte. Consequently, the total po-
tential drop across the SEI is the sum of the potential drops
in these three regions (Fig. 2a).

The formation of the double layer is also influenced by
dipoles that form near the SEI, due to the formation of polar
bonds between the semiconductor surface and adatoms and
due to oriented adsorption of the solvent molecules, as well
as the dipole moment associated with a redistribution of the
electron density on the semiconductor surface. The last di-
pole moment exists also on the surface of a solid even when it
is in contact with vacuum. These dipoles do not affect the
electrode charge, but they do contribute an additional poten-
tial jump which is very sensitive to the quality of the surface
treatment and to the composition of the ambient medium.
This additional potential jump is usually included in the po-
tential across the Helmholtz layer @ ;.

We shall now turn our attention back to the interface
along the direction of the axes of the potentials used in the
physics of semiconductors and in electrochemistry. In elec-
trochemistry it is usual to measure potentials from the po-
tential of a reference electrode, which is identical (apart
from a constant) with the potential deep inside the solution
U( — «). In the physics of semiconductors the potential is
assumed to be zero in the bulk of the semiconductor (i.e., at

+ o). Therefore, in calculation of the Galvani potential the
application of a certain electrical bias (polarization) to the
electrode changes this potential by Ag, (Fig. 2b)

Aps =A@, + Ap, — Ap,. 2.2)

Helmholiz Gouy
layer (1) layer

on3

In the ideal case the value of Ag,, is close to zero (the sub-
scripts s and e are used for the semiconductor and electro-
lyte).

In the case when @, = 0 the electrode potential ¢ mea-
sured relative to a reference electrode is known as the flat-
band potential ¢;,. The potential on the semiconductor sur-
face is then equal to the potential in the bulk of the
semiconductor. If ¢, > 0, the energy bands of the semicon-
ductor are bent downward, but if @, <0 they are bent up-
ward. In the case of an n-type semiconductor a surface layer
with an accumulation of the majority carriers is formed if
@, >0, whereas in a p-type semiconductor it appears if
@, <0. Depletion and inversion layers are possible when
these inequalities are reversed. We shall consider the specific
case of an n-type semiconductor in which immersion in an
electrolyte results in the formation of a depletion layer
(Mott-Schottky layer) because of immobile ionized donor
centers.

The density of the Fermi gas (specifically, the gas of
electrons) is related to the electrochemical potential u by'?

n=_ﬁ%_( mgir )3/2 o, (%) ’ 23)
where
Fm(%):v"zﬁ §EW§E%L%TWI g fote

m¥* is the effective mass of an electron, k is the Boltz-
mann constant; 7 is the absolute temperature; e is the elec-
tron charge; & is the energy; & _ is the energy corresponding
to the bottom of the conduction band. The Fermi integral
F|,, cannot be calculated explicitly. In most cases this inte-
gral is described by the following asymptotes:

B o M u
F”Z( kT )—e"p kT i< 0, (2.42)
_ 4 pyn W
”“3_1/5( ) > (2.4b)

We shall discuss below the solutions of the Boltzmann equa-
tions for these two asymptotes. Using Eq. (2.4b) for the case
of a degenerate n-type semiconductor, we can find the distri-
bution of the potential from the Boltzmann equation:

[ Wom Wa— 2 (28]

d2g e

(2.5)

3
dr Eofy

here, N, is the donor concentration, ¥, is the acceptor con-
centration, and n, is the thermal density of electrons. The
donors and acceptors are assumed to be completely ionized.
Selecting zero of the potential to be in the interior of the
semiconductor, we can reduce Eq. (2.5) to a differential

FIG. 1. Electrical double layer of a semiconductor—
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equation for the Weierstrass function. If we limit the series
for this function to its first term, we find that the expression
for the potential becomes

@,

AR (e (2.6)
where
L* —-5 156 ———=— (Y*)l/" , (27)
KTeoE, \12 o P,
LD:( ezr(:0 ) - Y= kT’ (2.8)

and L, is the Debye screening length. It follows from Eq.
(2.6) that the potential falls nonexponentially with depth in
a degenerate semiconductor.

The distribution of the potential ¢ in the case described
by Eq. (2.4a) is found by solving the self-consistent Pois-
son—Boltzmann equation

d2cp

dz2 505

e\
exp (=7 |

(2.9)
—1130xp—;—(%+ ND—NA] ,

where p,, is the thermal density of holes.
The first integral in Eq. (2.9) can be calculated exactly:

the expression for the electric field on the semiconductor
surface E, is written in the form

kT s

E = 4. —— F(Y*, A%,

, = & oL ( A*) (2.10)
where

i ekl \1/2 Pa 12

Lh=( ,2) ) “:(W) )
The function F(Y *, 4 *), defined by
FY*, h*)={k*[exp(—Y™) (2.10")

— 1}

is tabulated in Ref. 13; graphs of the function are given in
Refs. 14 and 15. The total charge per unit surface area of the
semiconductor Q, is

0.~ T kTE"E‘F(Y*/{*),

el

so that the differential capacitance of the space charge region
in the semiconductor, reduced to a unit area of the SEI, is
. Eo€,s

(h7) 7 (exp Y *— 1)+ [AF—(A%) 71 TH]172,

(2.11)

[(A*¥y~t (exp } % — )t
(2.12)
—~A¥jexp (— ¥Y*)—1]).

In the case of a depletion layer N,>n;, N,; ny=Np;

Po<€ N, in the region 0<x< W, we have

eN
L
[$

(o — W)2. (2.13)
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FIG. 2. Distribution of the potential at a semicon-
ductor—electrolyte interface in equilibrium (a) and

Un=const in the presence of polarization (b)."
=
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The thickness of the space charge region is

T
eN, 2

and it is proportional to the Debye length L ,. The expres-
sion for the capacitance becomes

L

(2.14)

C, cm' /D2y = (1Y*1—=1)

€

(2.15)

1.41 - 1092 kT

= £\Nl)-( _¢)lh-——2~).
This dependence is known as the Mott-Schottky law. Ac-
cording to Eq. (2.15), we have §,”*—0 when ¢, =0, i.e.,
extrapolation of the experimentally determined curves (Fig.
3) can be used to find the flat-band potential ¢, by measur-
ing the capacitance. It follows from Fig. 3 that the values of
@, for n- and p-type semiconductors are different.

The distribution of the potential in the space charge
region in the electrolyte is found from the self-consistent
equation

Ao 2eey g G (o)
dr? 7 guE, T kT !

(2.16)

which in contrast to Eq. (2.9) can be solved exactly. The

electric field E, at the boundary between the diffusion layer

in the electrolyte and the Helmholtz (dense) layer is
8c,kT\'"? ey’

E, =(—W ) shob, (2.17)
The notation used in Eqs. (2.16) and (2.17) is as foliows: ¢,
is the bulk (volume) concentration of ions inside the solu-
tion, £,¢, 1s the permittivity of the electrolyte; ¢, is the po-
tential inside the electrolyte; W’ is the potential on the outer
plane surface of the Helmholtz layer measured relative to the
potential well inside the electrolyte. In the case of an electro-
lyte containing multiply charged ions the expression for E,
becomes more complicated [see, for example, Eq. (3.36) in
Ref. 2].

In the simplest case the differential capacitance of the
SEI represents a series connection of the capacitances of the
semiconductor C,, of the Helmholtz layer C,,, and of the
electrolyte C,.

3.ENERGY STATES IN THE ELECTROLYTE AND THEIR
PARTICIPATION IN TRANSPORT PROCESSES

The ions in the electrolyte can be in reduced or oxidized
states. The transition from one state to the other involves an
electron and is described by

[Ox] - se == [Red],
where s is the number of electrons participating in this reac-
tion. Ions of the same metal in two different charge states
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FIG. 3. Mott-Schottky dependences for GaP in a 0.1-N H,SO, solu-
tion."?

(for example, Fe?* and Fe** ) may form a reduction-oxida-
tion (redox) system in the electrolyte across which electrons
may be transported from the electrolyte to the sémiconduc-
tor and vice versa.

In contrast to crystalline solids, where the energy states
(levels) have unique values (for example, the position of any
impurity center, the bottom of the conduction band, or the
top of the valence band), in liquid media the intetaction of
electrons and ions with their environment means that we can
speak only of the average values of their characteristic ener-
gies, since both ions and molecules interact with the ambient
medium which is a polar liquid. Fluctuations of these inter-
actions shift the energy levels in either direction from the
most probable value.

The positions of the energy levels of a redox pair in the
electrolyte are governed by the ionization energy of the re-
duced states and by the electron affinity of the oxidized
states. Time-average fluctuations of the energy states give
for each component of a redox pair a Gaussian distribution
of the energy of the level near its average characteristic value
if fluctuations of a solvation shell are harmonic. The distri-
bution is characterized by what is known as the reorientation
(or reorganization) energy Ag. It is assumed that a rapid
transition of an electron does not affect the solvation shell.
According to the Franck—Condon principle the characteris-
tic times of the electron transitions are of the order of 10 ~'*
s. The system formed by an ion and the surrounding liquid
electrolyte “particle’” contains ‘““heavier” components than
an electron. This system cannot follow the motion of the
electron and the exchange of energy between them does not
take place in the short electron transition time. It follows
from the Franck—Condon principle that this transition is not
accompanied by any changes in the energy (¥ = &') and
this applies also to the emission or absorption of photons
(i.e., the transition is nonradiative), the interaction with vi-

Ly j

a Cred =Coz b Cred <Cox c
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brational modes, plasmons, etc. The solvation shell is modi-
fied subsequently. This requires the energy A, which is pro-
portional to the quantity a~' (e, — &5 '), where a is the
radius of an ion, and ¢, and ¢,, are the optical-frequency
and static permittivities of the electrolyte.

The value of A represents a fraction of an electron volt
or even a few electron volts, so that in some cases the energy
levels of a redox pair may “penetrate” not only the range of
energies corresponding to the band gap of the semiconduc-
tor, but even above the bottom of the conduction band of the
semiconductor or below the top of its valence band (Fig. 4).
The Gaussian distribution of the energy levels in the electro-
lyte has a half-width 2(A, kT)'/2. The values of 1 are dif-
ferent in the bulk of the electrolyte and at the interface. In
the latter case the transport of charge across the interface
results in changes in the half-space occupied by the electro-
lyte, whereas in the case of the solution the changes apply
throughout the ambient space. This is the reason for the dif-
ferent values of A ; in the case of heterogeneous and homoge-
neous reactions.

The Fermi level (electrochemical potential) of a redox
pair Fr obeys the Nernst equation

Al . Cox
FR=FR+AT111—CJ, (3.1
where ¢, and ¢, are the concentrations of the oxidized and
reduced components of the pair in the electrolyte. If
Cox = Creq» the Fermi level F, = F% lies half-way between
the most probable energy levels of the oxidized and reduced
states of an ion. Figures 4b and 4c show schematically the
positions of the Fermi level of a redox pair F in the case
when ¢, #Creq-

Some of the above assumptions may, in principle, be
disobeyed. A more general microscopic approach is needed
to develop a theory of electron states and transitions in elec-
trolytes. A very interesting alternative approach is proposed
by Khan and Bockris. '®

Variation of pH of an electrolyte shifts the energy posi-
tions of bands of the semiconductor and of redox pairs at a
rate of 59 meV/pH (Nernst shift), which is due to an in-
crease in the adsorption of hydroxyl groups on increase in
pH. Figure 2 in Ref. 5 shows the positions of the energy
bands of a semiconductor immersed in an aqueous electro-
lyte. This figure demonstrates a great variety of positions of
the semiconductor band edges and of the energy of redox
pairs relative to one another, which suggests that kinetic
processes occur on each specific SEI. All these energy pro-
cesses represent heterogeneous chemical reactions which are
accompanied by the transfer of an electric charge across the

FIG. 4. Energy states in equilibrium expected
for different concentrations. '2

Cred > Cox
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SEI. The energy processes and in particular the rate of
charge transport from the semiconductor to the electrolyte
and vice versa depend strongly on the difference between the
electric potentials between the two phases. Therefore, in
contrast to conventional chemical kinetics, where the impor-
tant kinetic variables are the concentration and temperature,
a major role is played by an independent variable represent-
ing the electrode potential.

A typical current-voltage characteristic of the SEI is
shown in Fig. 5 for the case of n- and p-type GaAsin a 1-M
solution of H, SO, . The continuous curves in this figure rep-
resent the characteristic in darkness and the dashed curves
represent the same characteristic during illumination of the
SEI. A phenomenological description of the electrode reac-
tions, calculations of the electron transport current across
the SEI, and the current-voltage characteristic of this inter-
face have attracted many authors (see, for example, Refs. 2,
4,and 5). Studies have been made not only of the cases when
there are direct electron transitions between the levels in the
conduction or valence band and fluctuating electron levels in
the electrolyte, but also the processes occurring in other
ways, such as quantum-mechanical tunneling of carriers
across the thin space charge region of the semiconductor,
transport via surface states on the SEI, etc. The exceptional-
ly great variety of possible situations means that we cannot
assume that all the fundamental problems of electrochemi-
cal kinetics have already been solved. Further serious com-
plications arise when it is necessary to allow for the partici-
pation of both allowed bands of the semiconductor in the
electron reaction, as well as in calculations dealing with the
processes accompanied by photoexcitation of the semicon-
ductor and reagents in the electrolyte and by double injec-
tion of carriers from sensitizers into the semiconductor or by
emission of hot electrons from the semiconductor into the
electrolyte. Special attention should be given to the kinetics
of the reactions which alter the composition of the surface
layer of the semiconductor or cause its dissolution or corro-
sion (including photocorrosion). The resistance of various
semiconductors to corrosion and photocorrosion has been
investigated on many occasions. However, this is outside the
scope of the present review (for further information see
Refs. 1-5and 17).

Figure 5 shows the current-voltage characteristics for
low currents across the SEL In the presence of strong anodic
bias voltages the potential across the Helmholtz layer in-
creases and there is also a considerable voltage drop across
the space-charge region, which increases strongly the proba-
bility of impact ionization in this region.'®!° This results in a
rapid rise of the photocurrent followed by a saturation re-
gion. Hysteresis loops are then exhibited by the current-vol-
tage characteristics in darkness and during illumination.

The ratio of the values of the photocurrent in the region of
rapid rise to the value before impact ionization gives approx-
imately the multiplication coefficient. In fact, the ionization
does occur when voltages ¥ ~2-3 volts are applied to ZnO
and TiO, surface layers. An even faster rise of the current in
the range ¥>7 volts is clearly due to the Zener breakdown.
Eventually the number of ionization events reaches satura-
tion and the resistance of the space charge region falls steep-
ly.1810

4.INFLUENCE OF IMPERFECTIONS ON THE SURFACE
REACTIONS

Since the periodic potential of a crystal terminates at
the SEI, the presence of dangling electron bonds, structure
defects, etc. on the surface gives rise to states**?! which are
best called interface electron states. They have an important
influence on the processes occurring at the SEI.

Electrons and holes are captured by these surface states
forming a surface electric charge which induces an opposite
charge in the bulk of the semiconductor. Moreover, the sur-
face states have a considerable influence on the kinetics of
electron processes occurring at the SEI because they may act
as additional recombination centers, trapping levels, and in-
termediate centers in the process of charge transport across
the interface. Therefore, the existence of such states at the
SEI frequently affects strongly the flow of the current across
the interface and the various nonequilibrium processes (in-
cluding the photoprocesses discussed below ). The density of
such states can reach 10'*~10'? cm ~? on the semiconductor
surface. These states can be *‘fast” or ““slow” from the point
of view of relaxation of the charge and the processes govern-
ing the characteristic relaxation times vary greatly, begin-
ning from the interaction with phonons and electrons in the
solid and ending with diffusion across oxide films on the
semiconductor. Therefore, there are usually several relaxa-
tion times. Statistics of the surface recombination processes
has been developed thoroughly. Oxidation of an electrode
during its dissolution in an electrolyte is called corrosion.
Corrosion of semiconductors is usually enhanced by illumi-
nation of an electrode because this generates a large number
of the minority carriers. The reactions on the semiconductor
surface can vary greatly and they have been given much at-
tention in the literature (see, for example, Refs. 1-5). We
shall not consider the oxidation and dissolution of an elec-
trode, especially as the description of the corrosion process
at the SEI can be provided simply by an analogy with surface
recombination processes and we can demonstrate the role of
the surface states in prevention of photocorrosion of semi-
conductors.'™'7 A major role is played also by the surface
states in heterogeneous catalysis and details on this topic can
be found in Ref. 21.

FIG. 5. Current-voltage characteristics of GaAs
electrodesin a 1-N H, SO, solution. The contin-

uous curve represents the characteristic in dark-
ness and the chain curve is the characteristic
during illumination. '?

¢, mA/cm2
n-GaAs azp Ton 0-GaAs £y mA/cm?
——— !
/ 01 o1 -
Uy . .
vl : Y A %
—10 -0,5 0 0.5 Viucr iy Vd Ui Vince
01 / -0.1 -
- _/ —
-0.2+ en =0.2-
a b
525 Sov. Phys. Usp. 32 (6), June 1989

V. M. Arutyunyan 525

)b



The most widely used method for the determination of
the density of the surface states at the SEI is measurement of
differential capacitance C, (Refs. 2 and 22). Using an
equivalent circuit describing the SEI, we can calculate the
density of the surface states NV,,. Under certain conditions
the value of C, can be greater than the semiconductor ca-
pacitance C, or it may be comparable with the capacitance of
the Helmholtz layer. A high density of the surface states NV,
may result in a redistribution of the potential in various lay-
ers associated with the SEI.

5.PHOTOELECTRIC EFFECTS AT THE SEMICONDUCTOR-
ELECTROLYTEINTERFACE

We shall now briefly consider the effects which occur as
a result of illumination of the SEI when the absorption of
light in the electrolyte is weak. Illumination with photons of
energies exceeding the width of the band gap of the semicon-
ductor (i.e., corresponding to the fundamental absorption
region of the semiconductor) results in generation of elec-
tron-hole pairs in the semiconductor. The depth of the ab-
sorption of light in the semiconductor, which is of the order
of 1/a, where a(w) is the absorption coefficient, usually
varies with the wavelength of light 1. Photogeneration of
carriers in the surface layers of the semiconductor can alter
radically the rates and nature of the physical and chemical
processes occurring at the SEI.

Electron-hole pairs become separated in the space
charge region: holes in an n-type semiconductor are trans-
ported by the electric field to the electrode surface and elec-
trons are displaced deeper into the semiconductor.
Gartner” assumed that the dark current is zero and ob-
tained the following expression for the absolute value of the
photocurrent J,,, :

exp(—ocW)}

Jm=rely[1— ——

(5.1)

The rate of generation of electron-hole pairs g(x) is
1, a exp( — ax). In Eq. (5.1) the symbol L is the diffusion
length of holes and I, is the photon flux. If (a) ~'> W, L,
it follows from Eq. (5.1) that the photocurrent is propor-
tional to a(W+ L), but if (@) ~'«W, it is equal to the
maximum possible value of e/, i.e., all the photoholes con-
tribute to the photocurrent. A more rigorous analysis was
carried out in several other papers by a variety of methods
(see, for example, Ref. 2).

The electrode potential ¢ changes as a result of illumi-
nation from the dark value ¢, to @,, which after a number of
simplifying assumptions was found to be given by

o= = 1421y, (5.2)
where

_ aLp DN, Dppy \-1 3

E= 1+aLp( o+ ) , (5.3)

| ¥ase
A=V2Lp S exp (z%) dz;
0
Y *isthevalue of Y * in the presence of an equilibrium poten-
tial (the subscripts n and p refer to electrons and holes).

It follows from Eq. (5.2) that in this simplified situa-
tion in the absence of surface recombination the photopoten-
tial in the space charge region is negative. This means that
illumination of an n-type semiconductor reduces the poten-
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tial drop in the space charge region and the energy bands are
bent. In the case of a p-type semiconductor the bands are
again bent as a result of illumination but the photopotential
is positive. A linear rise of the absolute value of the photopo-
tential on increase in the illumination intensity occurs, as
predicted by Eq. (5.2}, if £« '. A further increase in the
photon flux (illumination intensity) makes this dependence
weak (logarithmic).

If aL, and a W are much less than 1, a series expansion
of the exponential function in Eq. (5.1) gives

_ _No (T}
o= 2e,£,€ (t—zl_(,) '
Extrapolation of the dependence J 3, on ¢ and of the Mott—
Schottky dependence to the point of intersection with the
potential axis makes it possible to find the flat-band poten-
tial. This method is used widely in an analysis of the experi-
mental data obtained for various materials. The values of the
flat-band potential @, for some oxide semiconductors can
be found in, for example, Refs. 4 and 5. Equation (5.1) also
readily yields the following expression for the quantum effi-
ciency:

(5.4)

2e8, |,

P

which can be used to establish the nature of interband photo-
transitions in a semiconductor near the edge of the funda-
mental absorption band: in the case of direct transitions we
have n = 1, whereas for indirect transitions we find that
n = 4 (Refs. 24 and 25) and the value of 4, depends on such
transitions.

The photoelectric effects at the SEI illuminated with
photons of energies less than the width of the band gap of the
semiconductor are of considerable interest. Such illumina-
tion corresponds to the impurity and exciton absorption re-
gions. We shall cite the results of investigations carried out
at the Erevan State University on TiO, and ZnO (Refs. 26—
32) to demonstrate some characteristic features of the pho-
tocurrent spectra for the SEI and the photoconductivities of
such systems. Reference to earlier work done at the Erevan
State University, the results of which will be used below, can
be found in Refs. 4 and S. Some of the results have been
presented at conferences.’™""

Figure 6 shows the photocurrent spectra of TiO, ob-
tained in the impurity part of the spectrum. The long-wave-
length photosensitivity can hardly be attributed to the con-
ventional mechanism of the tunneling of bound holes from
acceptor levels to the surface, because a < 10* and pairs are
generated quite far from the surface. Acceptor impurity lev-
els create a certain density of the surface states. Absorption
of a photon of energy hv < E, transfers electrons from the
surface states to the conduction band, where in the presence
of a strong electric field generated in the space charge region
these electrons tunnel into the bulk of the semiconductor.
Similar results were obtained by us using the method of pho-
toacoustic spectroscopy.?® The widest impurity photosensi-
tivity range was observed in the case of TiO,:V. Atoms of
vanadium were at levels located 2.1 eV below E,. Investiga-
tions of the cathodoluminescence spectra of these samples*
demonstrate that large complexes of vanadium and intrinsic
defects of the TiO, lattice, particularly ¥ %, are formed.
Figure 6b shows the spectral dependences of the photocur-

== Ay, (ho — Eq) 2 [ Ly + (5.5)
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FIG. 6. Photocurrent spectra of polycrystalline
TiO, doped with: a) Al (curve 1), Cr (curve2),
Mn (curve 3)},and V (curve4);b) Crinconcen-
trationsof O at.% (curve 1),0.1at.% (curve2),
1.0 at.9% (curve 3), and 2.5 at.% (curve 4).
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rent in undoped rutile and in TiO, :Cr samples with different
chromium concentrations (0.1-2.5 at.%) and these depen-
dences demonstrate that in the impurity absorption region
the photocurrent rises linearly on increase in the chromium
concentration. Extrapolation of the long-wavelength edge of
the photocurrent spectrum yields the values of the activation
energy of acceptor levels. This dependence on the impurity
concentration and also the width of the photocurrent band
suggest that optical transitions do not occur from one level
or even from several levels. We are most likely dealing with
an impurity subband formed on the surface.

A comparison of the spectral dependences of the photo-
conductivity and photocurrent across the TiO,—electrolyte
interface shows that the former spectrum is shifted toward
shorter wavelengths relative to the latter. This is a conse-
quence of the formation of a region with a high electric field
(~10° V/cm) in the surface layer adjoining the SEI This
field may weaken greatly the role of surface recombination
and enhance the proportion of the carriers which are genera-
ted in the interior of the semiconductor and participate in
the various processes. Introduction of different impurities

E, £, -LG -2L0
S

; AT

T=78K
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FIG. 7. Photoconductivity spectra of polycrystalline ZnO with ¥, — N,
=107em~* (1) and 10" ecm ™% (2-4). T= 78 K (1,2), 170K (3), and
300K (4).
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can be used to control the short-wavelength part of the
spectrum.

The spectral dependences of the photoconductivity
were obtained by us in the temperature range 77-300 K
(Fig. 7). A steep fall of the photosensitivity was observed
and the position of the minimum shifted toward lower wave-
lengths relative to the bulk exciton line: by 50 meV in the
case of sample 1 and by 73 meV for sample 2. An increase in
temperature (curves 2-4) broadened the main minimum
and shifted it from 375.9 to 383 nm by analogy with the
temperature-induced changes in the bulk exciton line exhib-
ited by ZnO. The role of the surface was investigated by
measurements of the photoconductivity of a ZnO single
crystal. A brief chemical etching of a sample in a selective
etchant not only shifted the maximum considerably toward
longer wavelengths, but also altered the spectrum.

The minima and the high sensitivity to the surface treat-
ment exhibited by these spectra (curves 2-4 in Fig. 7) on the
long-wavelength side of the bulk exciton line demonstrated
that the observed excitons were of surface origin. The photo-
conductivity spectra of moderately doped samples revealed

35 3.3 3.7 hv.eV
L1

Photocurrent, rel. units
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FIG. 8. Photocurrent spectra of the interface between a ZnQO single crystal
and an electrolyte subjected to various external voltages (¥):1) — 0.5;2)
0.45;3)0;4) 2.5. T=300K.
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the presence of both bulk and surface excitons. For example,
amaximum at 4 = 367.8 nm (curve 1 in Fig. 7) represented
a bulk exciton line (its spectral position was the same for
different single-crystal samples) and a minimum at 364 nm
varied in synchronism with the main minimum. The separa-
tion between them was 90 meV, which was considerably
higher than the LO phonon energy in a ZrO crystal (71
meV), whereas the first phonon replica of the bulk exciton
was manifested by a steep fall on the short-wavelength side
of the photoconductivity spectrum. The hypothesis of the
surface nature of the observed exciton lines was supported
by the observation that the positions of the lines attributed to
the surface excitons varied from sample to sample, and as a
function of the surface treatment. Changes in the spectral
profiles were observed also when a light beam scanned the
length of a sample in the presence of an inhomogeneous field.
Measurements carried out by the scanning capacitance
probe method showed that at high values of x (far from the
region of rapid variation of the surface fields) there were two
maxima at wavelengths ~ 380 and 393 nm. Illumination of
the region where the surface potential was highest quenched
the latter line. In this case the surface excitons were formed
from carriers located in the appropriate surface bands. A
similar investigation of the photoconductivity spectra at 80
K revealed bulk and quasi-two-dimensional (I with a carrier
in a surface subband and II in a bulk subband) excitons and
the band of quasi-two-dimensional excitons was quenched at
low values of x.

The exciton nature of the photoconductivity bands at
370-375 nm was supported also by measurements of the
photoconductivity using different polarizations of the inci-
dent light relative to the optic axis of ZnO. In view of the low
value of the spin—orbit splitting it was found that at high
temperatures two exciton lines were observed for Elc and
E|jc. The spectral maxima were shifted by ~0.04 eV, in
agreement with the value of the splitting due to the influence
of the hexagonal crystal field in ZnO. The maxima observed
at 300 K were most likely due to dissociation of bulk exci-
tons. The distribution of the maxima obtained for a specific
polarization of light agreed with the energies of the 4 and C
bulk excitons revealed by the reflection spectra.

Figure 8 shows the spectral dependences of the photo-
current obtained for an interface between ZnO and 0.1 N
KCl and different anodic and cathodic polarizations. A min-
imum (dip) observed under a bias voltage of — 0.5 V oc-
curred at an energy of 3.28 eV which was ~ 90 meV less than
E, of ZnO at 300 K (3.37 V). An increase in the bias vol-
tage destroyed this minimum. Further increase in the band
bending resulted in an overlap of this band with the bulk
exciton absorption region, giving rise to a fairly wide band
with its maximum (curve 4) shifted toward longer wave-
lengths compared with the interband transition region.
When polarized light was used, the photocurrent maximum
shifted by ~0.04 eV. All this evidence supported the exciton
nature of the minimum (which could not be explained by
impurity absorption in bulk or surface centers). It should
also be mentioned that the position of the minimum was
shifted toward energies lower than the bulk exciton line,
which we attributed to the formation of surface excitons
with a greater binding energy than bulk excitons. The energy
position of the former varied from 3.28 to 3.2 eV depending
on the state of the surface and on the degree of doping of the
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samples. An estimate of the critical field £, = & _, /er,,
gave 3X 10° and 5 X 10° V/cm for bulk and surface excitons,
respectively. The exciton absorption coefficient was «a.,
~2~10° cm™"' (300 K). Similar dependences were ob-
served also in the spectral dependences reported for ZnO
(Ref. 30) and CdTe (Refs. 10, 11, and 33).

6. LUMINESCENCE AT THE SEMICONDUCTOR-
ELECTROLYTE INTERFACE

Recent years have seen a major increase of the interest
in the luminescence investigation methods because previous
studies of a whole range of materials have been hindered by
difficulties encountered in fabrication of high-quality p-n
junctions needed to apply sufficiently high electric fields and
ensure high injection rates (these difficulties were due to
self-compensation in such materials observed, for example,
in I1-VI semiconductors). A region with a high electric field
in the vicinity of the SEI establishes favorable conditions for
the observation of electroluminescence, photoluminescence,
and cathodoluminescence, so there is no need to form a p-n
junction. Studies of the SEI and of the surface layers of semi-
conductors by these methods have made it possible to under-
stand the characteristics of surface recombination and of re-
combination in the space charge region, to study changes in
the crystal structure as well as in the energy spectra of pho-
tons and plasmons in the surface part of the semiconductor,
to detect excitons and donor~acceptor pairs, to observe var-
ious defects, and to investigate the role of redox pairs and
various radicals in the generation of luminescence at the
SEI. These investigations have become much easier because
of the ease of variation of the surface potential in a very wide
range. One can also quench or shift the wavelengths of var-
ious luminescence bands. Important information can be ob-
tained from the time and temperature dependences of the
luminescence and by investigation of the polarization ef-
fects.

It should be noted that in addition to the mechanisms of
the electroluminescence generated as a result of injection of
minority carriers from the electrolyte into the semiconduc-
tor, usually observed in the case of cathodic polarization,
and of the electroluminescence resulting from the high-field
effects in the anodic polarization case, we can also observe
electroluminescence on reduction of an organic substance on
a semiconductor photoelectrode.*? Electrons from the con-
duction band are transferred to an excited state R * of an
organic substance and this is followed by a transition to the
ground state R accompanied by emission of a photon. We
shall concentrate our attention on the injection type of lumi-
nescence.

Studies of the luminescence at the SEI have already
been made for systems based on the following semiconduc-
tors: II-VI compounds (ZnS, CdS, CdSe, ZnSe, ZnO, CdS,
Se, _, ), III-V compounds (GaP, GaAs), TiO,, and SrTiO,
(see Refs. 2-5, 18, 19, 30, 31, and 4347 as well as the litera-
ture cited in them). A fairly efficient electrochemical *light-
emitting diode” with an efficiency of 0.2-0.35% was de-
scribed in Ref. 42 and it was reported that the
electroluminescence maximum was observed at 460 nm
when an aluminum-doped n-type zinc sulfide single crystal
was placed in an electrolyte containing redox systems of the
H,0, and S, O}~ type, the total reduction of which resulted
in injection of holes into the valence band of ZnS. Electrolu-
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minescence under cathodic polarization conditions was ob-
served® only in the case of injection of holes into the valence
band of polycrystalline ZnO when S, O; ~ was reduced. The
injected holes recombined in these electrodes with electrons
which accumulated near the surface. The injection of holes
from simpler one-electron redox pairs Fe* * 72+ Ce* 774+
and Fe(CN)}~"*~ into the valence band of gallium arsenide
was confirmed in Ref. 37 and in this case the electrolumines-
cence was observed from 0.8 to 1.25 um. It was established in
Ref. 42 that double injection occurred in a fairly wide range
of voltages*® and the current was proportional to the square
of AV, representing the difference between the applied vol-
tage and the flat-band potential ¢y, . The electrolumines-
cence intensity increased proportionally to the square of the
current. These observations were made at voltages more
negative than @, . When the voltages were more positive
than @, the current / rose exponentially with the applied
voltage V. Significant electroluminescence was observed
only when ¥ was close to or more negative than ¢q. The
injection of holes into the valence band of ZnS and ZnO
together with these features of the electroluminescence and
of the current-voltage characteristic of the SEI were attrib-
uted in Refs. 34, 42, and 44 solely to the dissipation of the
active radicals SO, - or -OH, formed as a result of chemical
reduction of S, 02 ~ or H, O, . The half-width of the lumines-
cence spectrum of ZnS:Al increased proportionally to the
square root of the absolute temperature.**

The time dependences of the electroluminescence emit-
ted by the ZnS:Al-electrolyte system were characterized by
a fast (3.7 ns) exponential decay of the electroluminescence
intensity 7, with time, followed by a slow component [,
«t ~' (~1us). The slope of the slow component decreased
on increase in the intensity of the exciting light. The time
dependences of the electroluminescence intensity and cur-
rent in the case of polycrystalline ZnO samples were also
investigated.** The electroluminescence emitted by ZnO and
TiO, was observed when these compounds were immersed
in aqueous solutions of NaOH, KCl, H,SO,, NaCl
+ Na, S, Oy, etc. The electrode potential corresponding to
the electroluminescence threshold was accompanied by the
onset of a rapid rise of the current in the case of the dark
current-voltage characteristics.'*** Changes in the electro-
luminescence brightness B at the interface of ZnO or TiO,
with 1 M NaOH under an external bias voltage*’** obeyed a
familiar dependence (see, for example, Refs. 24, 25, and 48)

Bocexp(—~l,,,%), (6.1)
where b is a constant.

The spectral dependences of the electroluminescence
intensity obtained for the ZnQ electrodes investigated by us
were reported in Refs. 18, 19, and 30. The spectra of a ZnO
single crystal included three bands with maxima at ~ 380,
505, and 770 nm. The spectral dependences of the electrolu-
minescence of polycrystalline ZnO (Fig. 9) indicated that
doping with yttrium gave rise to a band with a maximum at
Aax =400 nm, whereas doping with indium resulted in the
appearance of two bands at A,,,, ~ 550 and 670 nm. A band
with a maximum at 530 nm was reported in Ref. 44 for
Zn0O:Co. Vacuum annealing of polycrystalline samples at
high temperatures up to 1500°C also produced a band at
Amax =400 nm. A wide peak at 550 nm was typical of ZnO
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FIG. 9. Electroluminescence spectra of an interface between polycrystal-
line ZnO and a 1-N NaOH solution under a voitage ¥ = 10 volts. Curve 1
represents undoped ZnO, whereas curves 2—4 represent samples doped
with 0.25, 0.5, and 0.1 at.9% of Y, respectively; 5) reduced at 1500 °C; 7),
8) doped with 0.5 and 1.0 at.% of In, respectively; 6) curve calculated
using the Poisson distribution for the intensities of transitions assisted by
LO phonons.

and was usually attributed to the luminescence emitted by
donor-acceptor pairs (see, for example, Ref. 44).

The electroluminescence spectra obtained for TiO, had
bands at 4,,,, = 450 and 530 nm after partial chemical re-
duction, whereas doping with Re and Nb gave rise to a band
atA,,,, = 400 nm.

Under the Zener breakdown conditions as a result of
the anodic polarization, which was quite likely in our sam-
ples with the net impurity concentration N, — N, =~ 10%
cm *, the process of radiative recombination could not be
due to the tunneling of an electron and a hole because of their
spatial separation. Holes accumulating at the surface cannot
in practice recombine directly with electrons which are in
reduced states in an electrolyte, since in our case the latter
are located well above the top of the valence band. However,
if there are surface states, these states may capture electrons
from reduced fluctuating-energy levels in the electrolyte.
Some of the electrons may tunnel to the conduction band
and participate in the flow of the current, whereas the others
may recombine radiatively with holes. Therefore, in our case
the observed electroluminescence is generated at the surface.
Only this explanation can account for the band at
Amax = 505 nm, common to all the ZnO samples (doped and
reduced, single crystals and polycrystalline) due to intrinsic
surface defects of ZnO. This is true also of the photolumines-
cence results, which we shall discuss later. The energy of
such a surface L.O phonon in ZnO is close to 65 meV, which
differs little from the energy of a bulk LO phonon (71 meV).
The depth of these levels is £ — 0.6 eV.

The level responsible for the peak at 400 nm lies ~0.1
eV below the bottom of the conduction band. On the other
hand, in the case of ZnO:In the new band at longer wave-
lengths is clearly associated with the formation of In,, V.,
complexes characterized by an energy £, + 2.8 eV. A band
at A,.,, =700 nm is due to a level of iron at £, — 1.6 eV. A
strong band found at 380 nm for ZnO is assumed to be due to
the formation of surface excitons.

A complex formed by a zinc vacancy V,, with Al is
invoked in Ref. 36 to account for a luminescence maximum
at A =630 nm (orange band) at the SEI formed by n-type
ZnSe:Al.

Figure 10 shows the photoluminescence spectra of ZnO
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FIG. 10. Photoluminescence spectra of ZnO crystals subjected to excita-
tion at different rates: 1) L 2)024,3)L,,,.;$0003L, . .T=78K.
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crystals (78 K) obtained at different excitation rates begin-
ning from L, (curve 1) right down to 0.003L ., where
L,.. =10 W/cm? (Refs. 30, 45, and 46). Clearly, the line
width was so large (the half-width was ~ 14 kT) that it
could be regarded as an envelope of multiphonon transitions
(at 78 K it should be possible to resolve readily the lines of
the separate phonon replicas). In addition to the familiar
band labeled Q,, it was possible to resolve luminescence
lines Q, and Q; with intensities dependent strongly on the
state of the surface. The Q, band is usually attributed to the
formation of an electron-hole liquid and radiative decay of
biexcitons or due to the interaction of bound excitons with
electrons. The electron—phonon interaction constant a* for
ZnO is 0.96 so that the exciton lifetime is short (7~ 10 ~°s).
Figure 11 shows the dependences of the intensiiy of a photo-
luminescence band (1) and of the photoresponse amplitude
(2) on the rate of optical excitation L. It was found that
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FIG. 11. Dependence of the intensity of the Q, photoluminescence band
(1) and of the photoresponse amplitude (2) on the excitation rate L.
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I L", where n = 1.6. The reason for saturation of the ab-
sorption could be complete emptying of the valence band
states near its top at some threshold excitation intensity. One
could also postulate the formation of an energy gap near a
resonance value of the quasimomentum. The excitation rates
should in principle be sufficient for this purpose. We shall
therefore assume that the Q, band (~371 nm) is due to
inelastic scattering of excitons, particularly to the phonon
branch of the polarization band, whereas the Q, and Q,
bands (at ~376.5 and 385 nm) are due to quasi-two-dimen-
sional and bound two-dimensional surface excitons.

Investigations of the influence of the surface on the in-
tensities of the Q, and Q. luminescence bands demonstrated
that an increase of the anodic bias potential quenched Q,
and shifted Q, toward longer wavelengths. The application
of small cathodic bias voltages (causing a reduction in the
surface potential) resulted in enhancement of the Q, band.
An increase of the external cathodic bias from 0.5 to 5 V
quenched both bands. Similar changes in their intensities
were observed when the concentration and the nature of the
donor centers were altered. It should be noted that Q, was
less affected by the surface potential than Q, (Ref. 30).

An investigation of the angular distribution of the in-
tensities of the Q, and Q; bands demonstrated (Fig. 12) an
almost spherical distribution of the radiation of the Q, band
which predominated when the electrode was subjected to an
anodic bias. Under cathodic bias voltages the Q- band domi-
nated the luminescence spectrum and the emitted radiation
was highly directional. When temperature was increased to
300 K the Q, line was quenched completely (Fig. 13). The
Q, band could thus be attributed to radiative decay of exci-
tons localized directly at the surface of the investigated crys-
tal in a layer of thickness less than the Bohr exciton radius.
The Q, excitons, formed from an electron in the conduction
band and a hole in a two-dimensional surface subband, did
not create luminescence with the same strong directionality.

The influence of polarization of the luminescence emit-
ted by cadmium selenide electrodes (wurtzite structure)
was reported in Ref. 35. The photoluminescence spectrum
consisted of two bands at energies close to E,, but differing
from one another by ~0.022 eV. The band at the lower ener-
gy appeared for Elc, whereas the one at the higher energy
was independent of the polarization of the exciting radi-
ation. These luminescence bands were attributed to the split-
ting of the I’y and I'; valence subbands of CdSe.

Quenching of the photoluminescence in the space-

Luminescence
intensity
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FIG. 12. Angular distribution of the luminescence intensity plotted for
the Q, and Q; bands.
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charge region had been observed not only for many SEI sys-
tems,*®***2 but also for entirely solid systems.*****® The
quenching effect is usually explained as follows: an increase
in a high depletion-type band bending reduces the transit
time of nonequilibrium carriers crossing the space-charge
layer so that it becomes increasingly shorter than the radia-
tive lifetime. This reduces strongly the radiative recombina-
tion rate in the space-charge layer in accordance with the
expression / «< exp( — a’'d *), whereas d * is proportional to
(V — @y )72 Here, d * is the thickness of what is known as
the “dead” layer. The experiments indicate that In/ depends
on (V —@g)'">

Another mechanism which may be responsible for the
photoluminescence quenching is the change in the surface
recombination rate with the band bending. At present there
is a tendency to analyze the photoluminescence spectra to-
gether with the Riemann spectra and with the results ob-
tained by scanning Auger electron spectroscopy,***' and to
combine them with studies of the size effects influencing the
photoluminescence at the interface between a variable-gap
semiconductor and an electrolyte, and the deformation of
the spectral profiles of impurity photoluminescence bands in
the field of the space-charge region.***

7.REFLECTION AND ELECTROREFLECTION OF LIGHT AT
THE SEMICONDUCTOR-ELECTROLYTE INTERFACE

The use of the SEI provides an opportunity for contin-
uous variation of the surface potential in a wide range so that
the experimentally determined dependences of the reflection
and electroreflection coefficients on the electrode potential
can be used to find the field intensity at the surface, the flat-
band potential, as well as the energy distribution, popula-
tion, and density of the surface states, todetect pinning of the

Luminescence intensity, rel. units

FIG. 13. Photoluminescence spectra of polycrystalline ZnO at different
temperatures 7 (K): 1) 78;2) 95; 3) 200; 4) 300.
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Fermi level, etc., and additionally to determine such funda-
mental characteristics of semiconductors as the width of the
band gap £,, the exciton energy, the spin-orbit splitting,
etc.”®>"%® For example, at voltages close to the flat-band po-
tential there is a change in the sign and a steep fall of the
electroreflection signal. This has been confirmed by inde-
pendent determinations of the C ~>-F characteristics.”***

The main principles of investigation of semiconductors
by electro-optic methods are described systematically in, for
example, Refs. 51 and 52, but these methods are outside the
scope of the present paper. Very frequently complex elec-
troreflection spectra are recorded in inhomogeneous fields
(particularly in the range of energies less than E, ) and are
difficult to interpret, so that the most informative and effec-
tive approach is to combine in one investigation various opti-
cal (including modulation spectroscopic) methods with ca-
pacitance, photocapacitance, impedance, and other
techniques.

By way of example we shall give below the results of an
analysis of the spectra of the ZnO-electrolyte sys-
tem.}0:3!145-47.59-62 Typjica] reflection spectra of the (1010)
face of ZnO single crystals obtained at different potentials
are shown in Fig. 14. The sharp peaks represent the exciton
optical transitions: in the ELc case a peak at 3.306 eV repre-
sents a zero-phonon transition of an 4 exciton, whereas in
the E||c case a peak at 3.345 eV is a zero-phonon transition of
a C exciton. The difference between the energies of these
peaks ( ~40 meV) is due to the splitting of the valence band
by the hexagonal field of the crystal lattice of ZnO. At poten-
tials close to the flat-band value the high-energy parts of the
reflection spectra exhibit an inflection separated from the
energy position of the zero-phonon transitions by an amount
corresponding to the energy of an LO phonon in ZnQ. We
can assume that the bands at 3.38 eV (Elc) and 3.42 eV
(E||c) are due to exciton transitions accompanied by the
emission of one LO phonon.

Anincrease in the concentration N of electrically active
centers increases the possibility of ionization of bulk exci-
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FIG. 14. Reflection spectra of the interface between a ZnO single crystal
and a 0.1-N NaOH solution (¥, — N, ~=10'°-10" ¢cm~*) obtained for
the Elc (a) and Eljc (b) polarizations subject to the following static bias
voltages (¥): 1) —1:2)0;3) 4,4) 8, 5) 16, 6) 32;,7) 40.
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tons under the influence of a random field surrounding a
defect. The critical field necessary to dissociate excitons is®>:

B A

N \1/2
T ) ’ (7.1)
where ¢ is the permittivity; Ze is the charge of oneion; Aisa
constant factor ( ~2); r is the Bohr radius of an exciton. On
the other hand, this critical field should obey E, = & ., /er.,
where &, is the binding energy of an exciton. It therefore
follows that the concentration N at which excitons in ZnO
become ionized is of the order of 10'*cm ~°. At these values
of N the reflection spectra become greatly modified. This is
manifested most clearly by samples with a freshly cleaved
surface.

An increase of the potential on the surface of ZnO gives
rise to bands K| and K| in the spectra, which shift toward
lower energies and finally merge with the background (Fig.
15). A further increase in the surface potential creates new
bands L, and L at energies < E, (ZnO) and shifts X, and
K, parallel to one another toward longer wavelengths. This
is followed by the appearance of bands M, and M, N, and
so on. We can see that the bands identified by the subscripts ||
and 1 are separated by 40 meV and that these bands shift in
parallel for both polarizations of light throughout the inves-
tigated range of bias voltages. These features are retained
largely also by samples of ZnO with higher dopant concen-
trations.

These results taken as a whole can be explained by as-
suming a mechanism of formation of surface excitons asso-
ciated with two-dimensional surface subbands on the as-
sumption that only holes occupy a two-dimensional surface
subband, whereas electrons are in the bulk conduction band.
Their coupling to the surface is of the Coulomb nature. In
the case of ZnO it has been shown experimentally that a
surface subband with a high density of states does exist.

A, rel. units

Continuous variation of the surface potential alters the
energy positions of such subbands and also the number of
these subbands in the band gap. This is the reason for the
appearance of the K, L, M, etc. reflection bands. The density
of the surface states decreases when such a subband crosses
the edge of the bulk valence band and enters the band gap.
Therefore, the maxima of the intensities of the K and L re-
flection bands are located at energies corresponding to cross-
ing of the edge of a bulk energy band by the edge of a two-
dimensional subband. The energy separation from this point
to the maximum exceeds the binding energy of surface exci-
tons ( ~ 100 and 60 meV for the X and L reflection bands).

The appearance of surface excitons deforms greatly the
electroreflection spectra of ZnO: the long-wavelength struc-
ture shifts on increase in the bias voltage toward lower ener-
gies and oscillations appear in the short-wavelength part of
the spectrum. Figure 16 shows how the amplitude of the
electroreflection signal is affected by a bias voltage applied
to a ZnO single crystal in the case of two different polariza-
tions (Elc, Fig. 16a; E||c, Fig. 16b); the effects at different
wavelengths of the incident light are demonstrated there.
The closer the photon energy is to E,, the clearer are the
oscillations. In the case of polycrystalline samples the spec-
tra are less distinct, but the same relationships still apply. In
the case of polycrystalline samples, we can expect not only
bound two-dimensional surface excitons, but also tight-
binding surface excitons due to image forces resulting from
the formation of different phases (semiconductor, semime-
tal, metal) on the surface of ZnO. Surface excitons are mani-
fested by new oscillations of the electroreflection spectra.

In the range of energies well below E, we can use a
combined method of determination of the electroreflection
spectra and of the frequency dependence of the impedance of
a photoelectrode®®*”*® to determine the energy distribution
of the surface states. This approach has been applied to pho-

FIG. 15. Reflection spectra of the interface between a ZnO sin-
gle crystaland a 0.1-N NaOH solution (Np — N, = 10" em™?)
subjected to the following bias voltages (¥):1) —1;2) — 0.5;
3)0;4) 1;5)2:6) 3;7) 6, 8) 8;9) 12; 10) 16. The dashed curves
represent the shifts of the X, L, and M bands.
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FIG. 16. Electroreflection spectra of the interface between a
ZnO single crystal and a 0.1-N NaOH solution (¥, — N,
~ 10" cm™?) obtained for the Elc (a) and E||c (b) polariza-

tions under an alternating voltage of ¥'~0.25 volts and in the
presence of static bias voltages (V): 1) — 0.5;2) 0; 3) 0.25;
4)0.5;5)0.8;6) 1.6;7) 2.4; 8) 4.

~ =

3.2 3.4 3.2 3.5

toelectrodes made of CulnSe, and Culn,Se, (Refs. 58 and
57), CdSe (Refs. 53 and 54), TiO, (Ref. 56), and polyacety-
lene (Ref. 64). It would be of interest to determine also the
conditions for pinning of the Fermi level by the surface
states.

The electroreflection spectra obtained in weak fields are
described in Refs. 38, 57, and 58 by a function

B B (@) L), (7.2)
where
L (hw) = Re {C*e®® (o — B, + i)™ (7.3)

Ex (Q,,) field in the space-charge region modulated at a
frequency 2,,; C * and 8 are the values of the factors occur-
ring in the amplitude and phase of the signal; n>2 represents
critical points for simple parabolic models, where n = 3 cor-
responds to a two-dimensional model, n = 5/2 applies to a
three-dimensional model, and n = 2 represents excitons. Se-
lection of the values of n, E,, 6, and of the coefficient I"
representing a certain parameter can be used to describe the
electroreflection spectrum. For example, the electroreflec-
tion spectrum of the CdIn,Se,-electrolyte system is de-
scribed in Ref. 57 using the following parameters: n = 2.5,
E, =1.825 eV, §=315.5", and I' = 0.316. It is shown in
Refs. 38,57, and 58 that in the case of a totally depleted layer
we can rewrite Eq. (7.2) in the form

AR(Qup) __ _ 2eNp g e 4N )
o= — 2B L (ho) (1 w )Y a4
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where C,, is the capacitance of the Helmholtz layer; N is
the density of the ionized surface states; dU is the amplitude
of modulation of the electrode potential.

Equation (7.4) yields the condition

edN} =CydU, (1.5)

which ensures that the Fermi level is pinned completely by
the surface states. Since changes in the voltage drop across
the Helmholtz layer result in changes in the flat-band poten-
tial @y, , it follows from Ref. 57 that the latter potential can be
found from
rr T+
on=eh+ | —C%idAL— av;
max
here, U,,,, is the potential at which AR /R passes through a
maximum.

The spectral dependence of the photocapacitance of a
ZnO electrode also demonstrates that the maximum of this
photocapacitance occurs at energies < E, and is due to exci-
ton absorption and field dissociation of excitons. The long-
wavelength photocapacitance ‘“tails” are clearly due to opti-
cal absorption and charge exchange.

Nonlinear optical electroreflection, representing the
change in the reflection of the second harmonic in an electric
field, is used in Ref. 65 as the basis of a nonlinear optical
method for the investigation of semiconductor surfaces. The
intensity of the reflected second harmonic is governed in
particular by the lifting of the centrosymmetric forbidden-
ness of the dipole susceptibility near the surface, by the pres-

(7.6)
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FIG. 17. Energy diagrams showing the shifts of the edges of the energy
bands of a semiconductor relative to the redox potential of an electrolyte
due to an increase in the illumination intensity. The diagram on the left
shows the situation in the absence of illumination, the one in the center
corresponds to moderate illumination, and that on the right represents the
case of strong illumination.

ence of a high gradient of the normal component of the elec-
tric field vector of the pump radiation in the surface layer,
and by the appearance of a high static electric field at the
SEL In particular, the proposed method was used in Ref. 65
to study the adsorption of organic molecules on the surfaces
of Ge and Si, and it was found that the sensitivity of the
method was sufficient to investigate not only dyes, but also
molecules with much weaker nonlinear polarizabilities.
Clearly, this nonlinear optical method is capable of monitor-
ing the flat-band potential, the magnitude of the built-in
charge in the oxide, and the degree of roughness of the sur-
face and other parameters.

8.ENERGY BANDS NOT PINNED AT THE SEMICONDUCTOR-
ELECTROLYTE INTERFACE

Experiments on photocathodes made of p-type Si in
nonaqueous electrolytes®** demonstrated the possibility of
chemical reduction of a redox group with the potential sig-
nificantly above the bottom of the conduction band in dark-
ness. For example, a p-type Si photocathode was used to
reduce chemically the redox group of a dimethoxynitroben-
zene in methyl alcohol and of anthraguinone in acetonitrile.
In darkness these redox pairs were located at 0.1 and 0.24
meV, respectively, above the bottom of the conduction band.

The distribution of the applied voltage in the region of
the SEI was discussed above on the assumption that the vol-
tage drop across the Helmholtz layer is practically constant
and the applied voltage drops mainly across the space-
charge region in the semiconductor and thus alters the band
bending in the latter. Photoelectrons usually become ther-
malized in the conduction band and are injected into the
electrolyte with energies corresponding to the bottom of the
conduction band. Therefore, if we adopt the above ideas and
ignore the heating of electrons, we find it difficult to account
for reduction of the redox group level located above the bot-
tom of the conduction band. Possible participation of hot
electrons in such photoelectrochemical processes will be dis-
cussed later. Experiments carried out on Si, GaAs, and mo-
lybdenum chalcogenides®®® have demonstrated that the en-
ergy bands of the semiconductor are no longer pinned to any
specific potentials in the presence of illumination. The
changes in the voltage are then followed by the voltage drop
across the Helmholtz layer and the edges of the semiconduc-
tor energy bands move upward as shown in Fig. 17, which
demonstrates the shift of the energy bands relative to the
redox potential 4 /4 _ in the electrolyte as a function of the
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illumination intensity. The right-hand part of Fig. 17; corre-
sponds to strong illumination, whereas the left-hand side
represents the conditions in darkness and the middle part
corresponds to moderate illumination of the photocathode.
Photocarriers thus participate in recovery of the redox po-
tential 4 /4_. The capacitance-voltage characteristics of
such a system and the nature of their changes with the inten-
sity and frequency of illumination are similar to the charac-
teristics of conventional MIS structures®’ with an inver-
sion layer. Hence, we may conclude that the band bending in
the semiconductor at the SEI should be so strong that the
type of conduction is inverted and the Fermi level on the
surface is closer to the valence band. A large charge then
accumulates in the space-charge region of the semiconduc-
tor and the capacitance of this region becomes comparable
with the Helmholtz layer capacitance, resulting in a redis-
tribution of the voltage drops across these layers (described
above) and in a shift of the edges of the semiconductor band
along the energy axis.

Another possible interpretation of unpinned energy
bands is proposed in Ref. 70. This effect is attributed to pin-
ning of the Fermi level by the surface states at the SEI. The
system becomes equivalent to a Schottky barrier connected
in series with the electrolyte when the band edges shift with
the potential applied to the SEI and the band bending in the
semiconductor is not affected. In this model the process in
question should be independent of the redox pairs in the
electrolyte. However, the experimental results reported in
Refs. 69 and 70 have shown that this is true only in the case
of certain critical values of the redox potentials, so that in
reality the Fermi level is not always pinned. It is therefore
more likely that the pinning of the energy bands of the semi-
conductor at the SEI is due to the formation of an inversion
layer at the semiconductor surface.

9.INJECTION OF HOT CARRIERS INTO THE ELECTROLYTE

The minority carriers created in the surface layer as a
result of illumination of the semiconductor are accelerated
by the electric field of the space-charge region and injected
into the electrolyte. As a result of their interaction with

Electrolyte
Ey

FIG. 18. Injection of hot electrons from a semiconductor into an electro-
lyte: 1) without thermalization; 2) with partial thermalization. Injection
of thermalized electrons in equilibrium with the crystal lattice into an
electrolyte is represented by curve 3.
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phonons they lose their energy (become thermalized), so
that at the moment of injection they are in thermal equilibri-
um with the crystal lattice. However, we can envisage a case
when because of quantization of the energy spectrum in the
surface layer of the semiconductor (see below) the photo-
carriers are no longer capable of transferring their energy to
the lattice and are injected into the electrolyte. The likely
processes are illustrated in Fig. 18. Here, cases 1 and 2 can be
interpreted as injection into the electrolyte of hot electrons
which are not in thermal equilibrium with the lattice.*”’*"

The injection of hot photocarriers into the electrolyte
naturally occurs if the thermalization time of these carriers
7., exceeds the sum of the times taken by these carriers to
diffuse from the point of generation in the semiconductor to
the SEI (7, ), the time for the tunneling across the SEI (7,),
and the time of relaxation in the electrolyte (7,). As pointed
out earlier, 7, increases considerably (by two orders of
magnitude in the specific case discussed in Sec. 10) in the
case of quantization of the energy spectrum in the surface
layer of the semiconductor with a small effective mass of the
minority carriers, which is due to the much higher values of
the carrier energy than the phonon energy. Estimates of the
times 7, 7,, and 7, obtained in Refs. 70 and 72 show that the
injection of hot photocarriers into the electrolyte is possible
from a heavily doped photoelectrode with small dimensions
of the depletion layer. Irreversible constant-energy tunnel-
ing of photocarriers into the electrolyte implies not only fast
(compared with the thermalization time) penetration of the
SEI barrier, but also equally fast relaxation in the electrolyte
as a result of a transition of a molecule to a new solvation
state (a solvated electron can be compared in a sense to a
low-mobility polaron).

Experimental investigations of the injection of hot elec-
trons into the electrolyte should be carefully distinguished
from studies of the effects which occur at the SEI when the
unpinned bands are shifted along the energy axis (Sec. 8),
which is investigated by recording the capacitance-voltage
characteristics. Experimental proof of the injection of hot
photoelectrons into nonaqueous electrolytes from p-type
GaP and p-type InP is reported in Refs. 74 and 75.

Studies of the possibility of heating of photocarriers at
the SEI and of their injection into the electrolyte are not only
of academic interest. These studies provide an opportunity
for using hot photocarriers in catalytic reactions involving
redox potentials located (on the energy scale) outside the
band gap of the semiconductor in darkness (for example, the
reactions of binding of nitrogen to form ammonia). It is
shown theoretically in Ref. 76 that photoelectrochemical
conversion of the solar radiation energy is possible with the
aid of hot carriers and the process can have an efficiency of
66% (under the AM1.5 conditions at 300 K ). These photoe-
lectrochemical reactions involving hot electrons probably
suppress strongly the role of some surface states.

10. QUANTUM SIZE EFFECTSIN THE SURFACE LAYER OF
THE SEMICONDUCTOR

If the thickness of the space-charge region in the semi-
conductor at the SEI is comparable with the de Broglie
wavelength, quantum size effects may be expected in this
region. Their main special feature is the appearance, in the
allowed energy bands of the semiconductor, of a set of levels
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FIG 19. Mode! of a semiconductor~electrolyte junction.

(or two-dimensional subbands) separated by forbidden en-
ergy intervals (Fig. 19). It is known that the discrete nature
of the energy spectrum results in changes in the statistics and
mechanisms of carrier scattering, there are changes in the
nature of their interaction with the surface states, etc. If the
semiconductor surface is parallel to the crystallographic
planes with high Miller indices, oriented surface superlat-
tices may appear and these may induce further changes in
the quantized energy spectrum: they may lift the degener-
acy, alter the dispersion law, etc. The conditions for the ap-
pearance of the quantum size effects in surface layers of
semiconductors and in thin films have been discussed exten-
sively in the literature (see, for example, Refs. 77-79). An
ion which acquires an electron from the semiconductor can
be regarded as a rectangular potential well (Fig. 19).¢77%7
The width of the well is of the order of the molecular dimen-
sions and the depth is the same as in the semiconductor. The
well is located at a distance # from the surface. We shall
assume that on the semiconductor side there is an asymmet-
ric potential well, which is bounded on one side by the para-
bolic potential of a depletion layer of height equal to the
potential representing the band bending, whereas on the oth-
er side there is a very high vertical wall formed by the barrier
between the semiconductor and the electrolyte. If the SEI is
regarded as a heterojunction, then the height of this barrier
represents the difference between the “‘bottom of the con-
duction band” of water and the energy of the conduction
band of the semiconductor.

Simultaneous solution of the one-dimensional Schro-
dinger equation and the one-dimensional Poisson equation
for such an asymmetric potential well is possible only by
numerical methods. Analytic expressions can be obtained
employing a simpler model of the parabolic potential of a
depletion layer approximated by a linear dependence of the
band bending on the coordinate. This triangular shape of the
well makes it possible to separate the variables and to obtain
the exact solutions of the Schrodinger equation. The wave
functions of carriers in a triangular well are Airy functions
®(£) and the energy of the mth level can be described by the
expression

B = s (m ) 1

where F| is the direction of the electric field at the surface.
The effective mass approximation is also used here.

It follows from Eq. (10.1) that under quantization con-
ditions the first discrete level (m = 0) no longer coincides

(10.1)
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with the bottom of the conduction band, but lies above it and
is separated by

23
Fo=gomm | (10.2)
An increase in the quantum number m reduces the separa-
tion between the discrete levels and the spectrum may gradu-
ally become quasicontinuous. The scattering of carriers and
other factors can broaden the levels, but even when all the
upper levels overlap completely, the spectrum is still sepa-
rated from the bottom of the conduction band by the energy
E,. Theeffective rate of surface recombination and the sepa-
ration between E, and the surface states change under quan-
tization conditions.*

In high surface fields F, the surface well may contain
just the lowest level at room temperature. If E, — E,> kT,
then this case is referred to as the quantum limit. It applies to
many semiconductors at 7 = 300 K.

Estimates obtained for a triangular well of height 1 eV
show’®"? that if m* = 0.01m,, the well contains just one en-
ergy level separated by 0.56 eV from the bottom of the well.
Obviously, for this energy spectrum the thermalization time
of carriers increases considerably because the process of
thermalization involves multiphonon scattering and this is a
slower process than one-phonon scattering. Estimates given
in Ref. 70 indicate that the thermalization time 7, is of the
order of 10~ ''seven for E, =~ 0.1 eV, in contrast to 10 =5
in the case of one-phonon energy dissociation. The larger the
effective mass, the greater the interval between the energy
levels and the higher the value of the energy E, [see Egs.
(10.1) and (10.2)]}, the higher the probability of one-
phonon dissociation, and the shorter the thermalization
time of carriers.

11. SUPERLATTICE PHOTOELECTRODES

Thephenomena occurring in arrays of quantum wells
coupled quantum-mechanically are currently attracting
very great interest. Structures composed of such wells are
known as superlattices (see, for example, Ref. 80).%

The first reports of investigations of photoelectrodes
based on a 40-layer GaAs-GaAs, P, superlattice were
published by A. J. Nozik et al.*'® The quantum size effects
were observedoin GaAas (E, = 1.42 V) quantum wells of
thickness 250 A or 50 A and the thickness of the GaAs, s P s
(E, = 2.0 ¢eV) barriers was 250 A. Figure 20a shows the
energy diagram of such a structure and it gives the energies
of allowed (Ar =0) transitions 1-6 and of a forbidden
(An = 1) transition 6'. The substrate in these structures was
a plate of p*-type GaAs and the ohmic contact was made of
gold. A buffer layer of GaAs, P, with x =0-0.25 was
formed between the superlattice and the substrate: this layer
consisted of five identical sublayers (2-um thick), but with
values of x increasing away from the substrate. The top sub-
layer of the photoelectrode consisted of GaAs. The height of
the electron barrier in the conduction band was 0.28 eV and
the height of the hole barrier in the valence band was 0.30
eV.

The photoelectrode was immersed in solutions of 0.2 M
ferricyanide dissolved in 1 M H, SO, or solutions of 0.1 M
Eu’* dissolved in 1 M HC10,. The wavelength depen-
dences of the quantum efficiency of the photoelectrode (Fig.
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FIG. 20. Transitions in a GaAs/GaAs, P, superlattice (a) and the
spectral dependence of its quantum efficiency (b).

20b) indicated that the room-temperature data for the su-
perlattice photoelectrode were in excellent agreement with
the overall envelope of seven Gaussian curves plotted for the
first six allowed transitions (An = 0). The seventh experi-
mentally observed peak represented the forbidden (An = 1)
transition 6’ shown in Fig. 20a.

1t is worth noting the considerable broadening of the
photocurrent spectrum in the direction of higher energies
and a significant increase (doubling to 32% ) of the quantum
efficiency of the superlattice with the GaAsP barrier thick-
ness 50 A compared with the superlattice with the barrier
thickness 250 A. It should be stressed that a significant
quantum efficiency (in excess of 4% ) was observed in a fair-
ly narrow range of wavelengths ( ~50-70 nm between 0.81
and 0.83 um), whereas the quantum efficiency for the p-type
GaAs film was 70% at 0.825 ym. Moreover, it was found
that the quantum efficiences were higher, compared with
Eu?*, when use was made of Fe(CN); ~ acceptors, i.e., the
observed photocurrents depended—as expected—not only
on the intensity of illumination of the photoelectrode, but
also on the laws governing the transport of carriers in the
photoelectrode.

A characteristic feature of the photocurrent spectrum
obtained for the superlattice system was reversal of the sign
of the photocurrent. For example, the sign was reversed at
775 nm in the case of zero bias on the photoelectrode. Under
negative bias voltages (relative to a saturated calomel elec-
trode) the transport of electrons took place from electron
states in the quantum well to the electrolyte, giving rise to a
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cathodic photocurrent. Most likely this transport occurred
from all the states except for the lowest (7, = 1). At positive
bias voltages the photocurrent was of anodic nature and was
a consequence of the transport of holes from the hole wells
(Fig. 20a). The competition between these two types of car-
rier caused the reversal of the sign of the photocurrent at
certain values of the electrode potential. It was concluded in
Ref. 82 that the results provided a convincing experimental
proof of partial thermalization of electrons and of active par-
ticipation in the observed processes of hot electrons injected
into the electrolyte from the high-energy states in the elec-
tron quantum well in the semiconductor. The absence of the
theoretically predicted exciton peaks in the photocurrent
spectrum, the nature of its dependence on the photon ener-
gy, and the mechanisms of carrier transport within the su-
perlattice electrode would require further analysis.

An investigation of GaAs—Alg ;; Gage, As superlattice
electrodes was also reported in Ref. 83.

12. QUANTUM SIZE EFFECTS IN SEMICONDUCTOR
COLLOIDS

The quantum and size effects in three dimensions occur
in semiconductor microcrystals (crystallites) immersed in
an electrolyte. Experimental studies have been made of col-
loids (see, for example, Ref. 7) based on microcrystals of
CdS, PbS, ZnS, HgSe, PbSe, and CdSe (with crystallite di-
ameters from 20 to 200 A ).**-%% Calculations have also been
made for InSb, GaAs, and ZnO crystallites in a liquid *“ma-
trix.””®” A microcrystal is essentially a three-dimensional po-
tential well, the dimensions of which limit free motion of
quasiparticles, so that their energy spectra are quantized.

It is most probable that reduction in the linear size of
crystallites creates discrete electron states in the conduction
and valence bands (as shown in Fig. 20a) and these states
then participate actively in photoelectrochemical processes.
The “‘effective” width of the band gap of microcrystals in-
creases and the work function for the emission of electrons
decreases. ‘“The quantum size effects are manifested most
strongly in semiconductors with a small effective mass of
carriers (primarily electrons) because in the first approxi-
mation the energy of the quantum states is inversely propor-
tional to the effective mass and to the square of the linear size
of a microcrystal (in a simplified theoretical treatment a
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FIG. 21. Dependence of the energy of the lower energy state on the diame-
ter of crystallites. The horizontal line shows the width of the band gap of
the investigated semiconductors.
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crystallite is regarded as a sphere). Calculated dependences
of the energy of the lowest electron state in the conduction
band on the crystal diameter are given in Fig. 21 (Ref. 87).

The problem of the quantum size effects in the spectra
of the exciton and interband absorption by spherical micro-
crystals is discussed in Ref. 88. A detailed theoretical study
of the size quantization of excitons is reported in Ref. 89 for
the specific case of CuCl single crystals grown in a silicate
glass matrix. An analysis is made there of the position and
profile of the exciton absorption and luminescence lines on
the size of microcrystals. The calculated dependences agree
with the experimental results.**® The approach and the
model proposed in these investigations can be developed
further in the case of colloids.

Experimental studies®*>* of CdS, CdSe, PbS, PbSe, and
HgSe colloids have shown that reduction of the crystallite
size shifts considerably the fundamental absorption edge to-
ward shorter wavelengths (blue shift) and this represents an
effective increase in the width of the band gap. For example,
in the case of HgSe w1th E, =0.35 eV the absorption edge
for crystallites of 20-30 A size shifts by 2.8 eV; in the case of
CdS crystallites of <50 A size the shift is 0.9 eV and in the
case of PbS (E, = 0.4 eV) the shift amounts to ~2 eV for
crystallites of ~20-30 A size and ~ 1 eV for 50-200 A. It is
interesting that in the case of CdS microcrystals in an insu-
lating matrix the shiftis ~0.8 eV (Ref. 91). The photolumi-
nescence spectra of semiconductor colloids have ‘‘unusual”
maxima (at 430 nm for HgSe, 360 nm for CdS, and 430-600
nm for PbS), which are again attributed to an increase in the
energy gap.

Injection of hot electrons into an electrolyte containing
microcrystals makes it possible to realize the photoelectro-
chemical reactions mentioned in Sec. 9 which are impossible
in the case of bulk photoelectrodes. For example, it is dem-
onstrated in Ref. 86 that hydrogen can be generated using 50
A PbSe and HgSe colloids and CO, can be reduced by 50 A
CdSe colloids, whereas in the case of bulk electrodes made of
the same semiconductors these reactions cannot be realized.

13. CLASSIFICATION OF PHOTOELECTROCHEMICAL CELLS

When two photoelectrodes placed in an electrolyte are
illuminated, we can expect the same reaction in the forward
and reverse directions or two different reactions. In the for-
mer case the Gibbs energy G in the electrolyte is constant:
cells of this kind are used for the conversion of the optical
into electrical energy and they are known as regenerative or
“liquid” solar cells. If AG #0, as in the case when the reac-
tions on the cathode and anode are different and not reversi-
ble, the cells characterized by this inequality are used in pho-
tosynthesis and for photoelectrochemical reactions
stimulated by the energy of the incident light. In the case of
energy-releasing (AG > 0) reactions the chemical energy ac-
cumulates in the system (for example, photodissociation of
water rev.ults in the accumulation of hydrogen and oxygen).
In photocatalysis, when energy-consuming reactions are ac-
tivated (for example, when ammonia NH, is synthesized
from N, and H, ) the optical energy is used in reactions in
which an activation barrier has to be overcome (practically
impossible in darkness).

We shall now consider briefly the processes occurring
in such cells and we shall begin with photodissociation (pho-
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TABLE L. Efficiencies of regenerative photoelectrochemical cells.

Electrode Efficiency, %
|

)

Ilumination conditions

1. Aqueous electrolytes:
1n-CdSe

single crystal (sc) M R) 12.4 AM2
thin film (tf) 7 AMI
n-Cdseg. g5 Teg.us
sC 12.7 —
tf 8 _
| 1-CdTe sc 10.0 AMI
n-Gaas
s¢ - Ru 12 AMI
sc + polymer 12 AM1
tf 7.3 AM1
n-Znse sc 10.4 366 nm
n-MoSe, sc 9.4 AM1
n-Mos, sc 9.8—13.4 633 nm
N-GaAsy -,Pg .05 SC 1 AM2
» 30 633 nm
n-GaAsy 4Py., on GaAs substrate
tf 16 458 nm
p-1nP sc 11.5 633 nm
n-Wee, sc 14 59( nm
p-Wse, sc 10,2 AM1
Culise, polycrystalline (pc 12
, e poerystaline (pe) AML
tf 5.9 AM:

2 Heteroelectrodes and complex electrodes:

100 mW/cm? (Xe lamp)

Tl —n-Ni 11 75.3 W/cm® (sun)
b ditto. 13.8 80 mW/cm’ (Xe lamp)
! LI 14.6 15 mW/cm? (Xe lamp)
TIZ‘\):;—— HEI 22.3 15 mW/cm? (A = 800 nm)
| GdRe —p*in-8i 9 AM2
I PlL—p* n-Si 7.1—-9.8 | AMI
W—p*.n-5i 7.0—8.1 t AM1
Mo —p* n-Si 7.0—8.1 | AM1
Pt —MgO(Li)y —n-§i 13 AMI
P Cr — 2810, —p-Si 6.1 AM1
Pt — &80, —n-8i 8—8.6 AM1
3. Nonaqueous electrolytes:
n-GaAs
sC 15.1 5.3 mW/cm® (Xe lamp)
pc 4.8 —
n-GaAsg, 23Po.29 13.2 -
Cds 9.5 — ,
n-Si s¢ 14 100 mW/cm’ (halogen lamp)
1n-5i s¢ 12 AM2
p-8i sc 10.5 o 2
a-5i:H tf 4.2 8.3 mW/cm”

tolysis) of water. This reaction can oceur in a photoelectro-
chemical cell consisting of a solid anode and a solid cathode
forming a capacitor containing an aqueous electrolyte.”
Molecular oxygen is released in the gaseous form at the an-
ode and molecular hydrogen at the cathode. The products of
photolysis accumulate at the electrodes which are separated
in space. When these electrodes are connected to an external
emf source, the process is called photoelectrolysis of water.

The main materials used as photocathodes in photoe-
lectrochemical cells are currently semiconductor oxides
TiO,, SrTiO;, ZnO, and Fe,0O;, the main advantage of
which is photocorrosion resistance under high anodic poten-
tials.

Summaries of information on these and other numerous
materials used as photoanodes can be found, for example, in
Refs. 2-6 and 93-95, and in the bibliography in Ref. 8. The
efficiencies attained in conversion of solar energy into chem-
ical energy (under AMI illumination conditions) range up
to 1.8% for a TiO, photoelectrode and 1.3% for ZnO. Ce-
ramic Fe, O, electrodes are characterized by efficiencies not
exceeding 1%.

The values of the efficiency of photoelectrolysis ob-
tained for single-crystal electrodes are contradictory. For
example, an efficiency of ~20% for an SrTiO; single-crystal
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electrode has been reported for illumination with monochro-
matic light of photon energy 3.8 eV. Efficiencies of 5%-8%
are given in the literature for a TiO, electrode containing a
fired-in paste of LaCrO;, LaAuO,, LaRbO;, or LaVO,, but
also in this case calculations allow for the energy of a xenon
lamp in the range of wavelengths from 300 to 600 nm. A
photocathode consisting of a single crystal of n-type CdTe
doped with indium is reported*? to have an efficiency of 10%
in photodissociation of an aqueous electrolyte representing a
7-N solution of SnCl,. A high efficiency of photoelectrolysis
of a 1-M solution of HCIO, is given in Ref. 96 for a p-type
InP photocathode (saturated with hydrogen, rhodium, or
rhenium).

Photoelectrolysis of HBr and HI acids has also been
achieved.”**?’

The current-voltage characteristic of a ‘‘liquid” regen-
erative solar cell is identical with the characteristic of a solid-
state cell. The best efficiencies of photoelectrochemical con-
version of solar energy into electrical energy are given in
Table I. In addition to the materials listed in this table there
have been reports of less efficient regenerative cells utilizing
a very great variety of single-crystal and polycrystalline sem-
iconductor materials and thin semiconductor films (see, for
example, Refs. 2, 4-11, and 98-108).
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There have been practically no studies of aerobic (gas-
filled) regenerative cells.'® These cells operate in the pres-
ence of oxygen and hydrogen in an electrolyte; the gases are
usually supplied from outside. For example, in an oxygen
atmosphere there is a considerable change in the steady-state
electrode potential. This change can be very considerable for
some electrodes. For example, in the case of p-type CdTe the
onset of the appearance of the photocurrent in the presence
of oxygen in an electrolyte is shifted by about 0.5 V toward
negative potentials.

The working life of regenerative photoelectrochemical
cells is still short for extensive practical applications, al-
though some cells have worked up to 18 months.

14. SEMICONDUCTOR HETEROELECTRODES

In the above account of the possibility of using various
semiconductors in photoelectrocheinical cells we have dis-
cussed simple electrodes made of one specific semiconduc-
tor. It is also possible to employ complex electrodes repre-
senting two-layer or multilayer structures differing in
respect of the component materials and in respect of the type
and nature of conduction. Such structures can be made of
various semiconductors or semiconductor structures with p-
n or A-/ junctions coated by a thin metal layer.

Back in 1976-77 suggestions have been made
that photoanodes resistant to photocorrosion can be made
from semiconductors with relatively narrow band gaps (Si,
GaAs, InP, GaAlAs) if they are coated by a film of a stable
wide-gap material with the same type of conduction (TiO,,
Sn0,, AL, O;, Si,N,, Mo0O, ). Heteroelectrodes have also
been made utilizing isotypic n-n junctions of the GaAs—CdS,
CdSe-Si, or CdSe-CdS type.''' Various methods for the for-
mation of protective coatings have been proposed. It has
been found that even practically nonporous thin films can
reduce considerably the photocorrosion of the narrow-gap
part of a heterojunction, but cannot prevent diffusion of the
electrolyte across the film to the narrow-gap semiconductor.
On the other hand, very thick ( > 500 A) films of a wide-gap
semiconductor hinder the passage of photoholes generated
by radiation in a narrow-gap semiconductor across the wide-
gap layer to the SEI. Such passage of photoholes is also hin-
dered by a considerable energy barrier AE, which formsasa
result of the difference between the energy positions of the
valence band in the wide- and narrow-gap parts of a polyty-
pic n-n heterojunction. For example, the height of the bar-
rier hindering holes in the CdSe-CdS system observed in the
case of photoelectrochemical reactions on a CdSe electrode
in polysulfide solutions is approximately 0.5 eV, and a simi-
lar barrier AE, is observed in the case of Fe,O;-Si. Such a
barrier cannot be overcome by the majority of photoholes
and the films are far too thick for the tunneling. Moreover,
we can have a situation when the efficiency of these pro-
cesses decreases compared with the case when an oxide is
grown on a metal substrate. This may occur if a heterostruc-
ture has a barrier hindering electrons AE,, which must affect
electron transport from the SEI to the ohmic contact. This
has been demonstrated, for example, in the case of an n-n
TiO,-Si junction and also in the case of a TiO, film grown
on a titanium substrate.'*°

It is reported nevertheless''*™''* that a photocurrent
generated by radiation absorbed in silicon is generated in

2,4,5,110
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Fe, O,-Si. This was observed for an Fe, O, film of thickness
of the order of 2000 A and a relatively high—for Fe,O,—
quantum efficiency (from a few percent to 40%) was
achieved for anode potentials in excess of 0.6 V relative to a
saturated calomel electrode at wavelengths 550-1140 nm.
At lower potentials the photoresponse was observed only at
wavelengths 250-550 nm. The spectral dependence of the
photocurrent varied with the spectrum when a single crystal
of silicon was replaced with amorphous hydrogenated sili-
con (a-Si:H). It was reported in Ref. 114 that a silicon elec-
trode exhibited long-term stability (it was operated for over
650 h continuously) in photoelectrolysis of water when this
electrode was coated by a thin Mn, O, film: the electrode
current was unaffected by operation for eight months.

The next step in the formation of electrodes on the basis
of n-n isotypic junctions involved the use of n*-n Si-TiO,
and n*-n Si-Bi, O, junctions.'"” An n*-n homojunction
was used to improve the ohmic nature of the contact and
prevented reverse motion of electrons from the contact.

A heterojunction between CdSe and p * /n-Si formed by
deposition of a cadmium selenide film on a cleaned and then
passivated surface of ap* -n solar cell was used in Ref. 111 in
a regenerative liquid cell with a polysulfide electrolyte; its
efficiency was 9%.

Series connection of two junctions (heterojunction and
homojunction or two heterojunctions) ''® is one of several
promising solutions. Electrodes made of an isotypic hetero-
junction in which an external (in contact with the electro-
lyte) layer was a degenerate semiconductor, in which the
absorption of light could not induce any significant photo-
current, are described in Refs. 116-118. In this case only the
carriers generated by long-wavelength radiation play a role
in the layer protected from photocorrosion. Such photoan-
odes have been made from n-type silicon covered by a layer
of degenerate SnO,, T1,0,, or a mixture of indium and tin
oxides (ITO). We are dealing here in fact with a Schottky
barrier. It is interesting to note that SnO, and ITO deposited
on n-type silicon act as photohole *‘sources.” Photoelectrons
moving toward the SnO,-Si interface recombine in silicon
with holes generated by long-wavelength radiation in the
latter material. Photoelectrons in silicon pass through a
short-circuited external cell and participate in the reduction
of water on a platinum counterelectrode. Here in photoan-
odes made of anisotypic n-Si—-SnO, or Si-ITO heterojunc-
tions both layers participate in the conversion process and
the photocurrent is usually governed by the minimum rate of
photogeneration of electrons and holes in any one of the lay-
ers. The potential of the Si photoelectrode is more negative
than that of the ITO or SnO, electrodes, so that the process
of photolysis of water does not require an external voltage or
a difference of pH between the cathode and anode parts of a
photolysis cell.''” In the regenerative regime an electrode
based on a heterojunction of the n-Si-SnQ, type was found
to have an efficiency of 4.8% in the presence of an
Fe(CN)¢~ ">~ redox pair. In the case of n-type Si-T1,0,
used in a regenerative liquid cell the efficiency was found to
be 11% (TableI). A comparison of this cell with a solid cell
with the same base indicated'"” that their characteristics
were very similar and that the main role was played by the
solid-state heterojunction between silicon and T1,0,;.

The properties of an electrode based on n-CdS-RuQ, or
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p-Si-Ru0O, were reported in Ref. 120. Ruthenium dioxide
has a partly filled 4d orbital and, therefore, a high electronic
conductivity, so that it can be regarded more as a metal than
a degenerate semiconductor.

15.COMPLEX ELECTRODES WITH ATHINMETAL FILM
DEPOSITED ON A SEMICONDUCTOR

The deposition of a metal film on a semiconductor for
the purpose of increasing its electrocatalytic activity is a fa-
miliar and successfully used method in electrochemistry of
semiconductors. A metal is deposited either in the form of a
continuous thin film so that light is transmitted across the
metal-semiconductor interface or in the form of islands or
spots or as a highly porous film on the surface of a semicon-
ductor ensuring that the semiconductor is in direct contact
with an electrolyte. In some cases metal silicide films have
been used on the surface of silicon. The best results obtained
for photoelectrodes with a thin metal film are listed in Table
I (Refs. 5,7, 97, 103-105, 117, and 121-123).

16. HETEROELECTRODES BASED ON INORGANIC AND
ORGANIC SEMICONDUCTORS

Physical and chemical processes in organic semicon-
ductors are currently attracting much attention of scientists
working in different disciplines.'**~'** The most interesting
n-type polymers with various potential applications are
trans-(CH), (polyacetylene), polypyrrole, polyaniline, po-
lyparaphenylene. The main features of these polymers are
the existence of systems of conjugate bonds, soliton conduc-
tion mechanism, and the ability to reach a high electrical
conductivity by doping a polymer with donors or acceptors,
and, consequently, the ability to establish n- or p-type con-
duction in these materials.

Photocurrents in photoelectrochemical cells with or-
ganic semiconductor electrodes are very low, so that such
cells are of little interest as electrode materials themselves.
However, they can be used as an external layer, in contact
with an electrolyte, in complex heterojunctions. Such mate-
rials have already been used as protective coatings for Si,
GaAs, GaP, InP, chalcogenides and dichalcogenides of var-
ious metals, and oxides TiO,, SnO,, and ITO in aqueous and
nonaqueous solutions.

In particular, some p-type polymer semiconductors are
transparent over a large part of the visible spectrum and can
easily be deposited in the form of thin films resistant to pho-
tocorrosion, so that in an analysis of the processes in two-
layer systems consisting of organic and inorganic semicon-
ductors one can draw on an analogy with
heterophotoelectrodes discussed above. For example, the
width of the band gap E, of polypyrrole, which is a polymer
used most widely in photoelectrochemical cells, is the same
as E, for Fe,0, and amounts to 2.2 eV. A nearly perfect
Schottky barrier forms at the interface between polypyrrole
and an inorganic semiconductor. For a cell containing an
electrode coated by polypyrrole and a Pt electrode the effi-
ciency of regenerative conversion can be quite high: when n-
type GaAs is used in an aqueous solution of

[Fe(CN)3~ "~ ] with an excess of CN ™ ions the efficiency
is 10.6%, whereas for n-type Si with a Pt sublayer it is 2.3—
2.8% (Refs. 7, 125, 127, and 129). The efficiency of such
photoconversion can be controlled in principle by deposition
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of noble metals on the surface of a polymer'*>~'* or by intro-

duction of particles of an electrocatalyst into the polymer:
these particles may consist of Pd (Ref. 132), or of other
metals belonging to the platinum group and of their oxides,
such as RuO, (Refs. 131 and 133), etc.

In addition to organic semiconductors, protective coat-
ings of inorganic semiconductors can be in the form of insu-
lating ion-exchange polymers containing ions and redox par-
ticles. These polymers include polysiloxane, polyindole,
polyorthophenylenecyanine, and Nafion.''*'?!:!313¢ Ppho.
toelectrochemical processes in such systems do not occur at
the SEI, but directly at the semiconductor—polymer inter-
face where ions (for example, H* ) that have diffused across
the polymer react with the inorganic semiconductor. Films
of polyvinylpyridine with Ru(bipy),Cl (Refs. 137 and
138), polymer viologens (Refs. 132, 139-141), etc., which
themselves are redox polymers, are used as protective pho-
toelectrodes.

Common shortcomings of complex heteroelectrodes
based on inorganic semiconductor—polymer structures are
their poor (at least at present) stability, a short service life, a
low efficiency, and inability of many to operate at normal or
high solar radiation intensities. The expected advantages are
the ability to operate in contact with solid electrolytes (poly-
ethylene oxide with a KI1/1, redox pair,'*’etc.), feasibility of
constructing photoelectrochemical cells consisting entirely
of solids, applications in electrochromic displays, as com-
parison electrodes, and as sensor systems. ''*!#214

17.CONCLUSIONS

Efficient photoelectrodes for the transformation of ra-
diant energy and for photocatalysis will become available as
a result of interdisciplinary research involving physics of
semiconductors, chemical physics, materials science, pho-
toelectrochemistry of semiconductors, microelectronics, ca-
talysis, semiconductor technology, etc. Such research is pro-
ceeding actively in many countries and new striking results
can be expected in the near future.

The author is grateful to L. P. Pitaevskii for his interest.
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