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I. INTRODUCTION

Photoelectrochemical cells are the most efficient chemical means known for
converting solar energy. These devices are simple to construct, and often con-
sist of nothing more than two electrodes, one metallic and one semiconducting,
that are immersed into a liquid and exposed to sunlight. Using a fascinating
process to be described in this chapter, the semiconducting electrode can effi-
ciently absorb sunlight, create delocalized charges, effect the separation of these
charges with high yield, and produce an electrical current that leads to energy
conversion. Such devices can be extremely effective at converting solar energy
into electrical and/or chemical energy, with efficiencies exceeding 15% in state-
of-the-art systems (1-4). The goal of this chapter is to elucidate the operating
principles of such cells and to describe current frontiers in semiconductor pho-
toelectrochemistry.

At present, there are three methods by which light can be converted into
" industrially useful energy sources (Fig. 1). Photosynthesis is Nature’s method
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Figure 1. Methods of solar energy conversion.

of solar energy conversion, and is ultimately responsible for the chemical fuels
that sustain life on this planet. The basic photosynthetic process involves con-
version of carbon dioxide and water to sugars and dioxygen. In this process,
the incident solar radiation provides the energy source, and some of this solar
energy is stored in the form of chemical fuels that are produced by the photo-
synthetic cycle. Although natural photosynthetic systems can form a variety of
chemical products (among them, methane, alcohol, and sugars), all photosyn-
thetic systems found in nature operate similarly, in that they ultimately convert
incident photon energy into stored fuels. Typical photosynthetic processes do
not store a large amount of the incident solar energy. Generally, only 3-5% of
the total incident power is stored as Gibbs free energy in the fuels of plants
during an optimal growing season, yet this level of power storage is sufficient
to support life on earth.

Photovoltaic cells are solid state devices that convert solar illumination into
electrical energy. Photovoltaic cells have been recognized as a feasible energy
conversion technology only within the last 20 years, although devices with ef-
ficiencies of 1-4% were constructed as early as 1954 (5). A basic photovoltaic
cell consists of two different types of solids that are connected at an abrupt,
defined junction (5). This junction provides the cell with the ability to direct
electrical current flow in only one direction through the external circuit, and to
produce electrical power. In contrast to the process of photosynthesis, photo-
voltaics cannot directly convert the incident photon energy into chemical fuels,
but instead lead only to the production of electricity. Modemn photovoltaics are
quite efficient, and state-of-the-art devices are capable of converting over 25%
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of the incident solar energy into electrical energy (6-8). These devices are also
extremely durable and can have lifetimes that exceed 20 years under many types
of environmental stresses (9).

The third type of energy conversion system, which is the topic of this chap-
ter, is a photoelectrochemical cell. Photoelectrochemical cells are also rela-
tively recent energy conversion devices. In fact, photoelectrochemical cells with
solar energy conversion efficiencies greater than 10% have only been developed
within the past 15 years (10-12). The semiconducting electrode is the key to
the operation of a photoelectrochemical cell. The semiconductor is responsible
for the absorption of the incident light, while the interface between the semi-
conductor and the liquid is the key factor in the subsequent chemical steps that
lead to energy conversion. Photoelectrochemical cells can be thought of as hy-
brids between photovoltaics and photosynthesis, in that they can be constructed
either to produce electricity or to store chemical fuel, or both. Their solar en-
ergy conversion efficiencies are also typically between those of photosynthesis
and photovoltaics, with values ranging from less than 1% to as high as 17%
(10).

Before proceeding into the details of the photoelectrochemical process, it is
instructive to draw some additional comparisons between the energy conversion
processes involved in photosynthetic reaction centers, photovoltaics, and pho-
toelectrochemical cells. In the photosynthetic reaction center, light is absorbed
by an antenna system, and the initial excitation energy eventually gets trans-
ferred to a specific site, the chlorophyll dimer, which is often referred to as the
““special pair’’ (13). While the absorption of light by the antenna and chloro-
phyll pigment is a requirement for energy conversion, it is not sufficient to
insure the success of the process. The excited state of this special pair, which
consists of an electron and an electron vacancy (a hole), could just return to the
ground state and release the absorbed optical energy as heat unless another
competing chemical pathway can direct the electron elsewhere to perform useful
work. In the photosynthetic reaction center, this separation of the excited elec-
tron from its vacancy is accomplished by the presence of a series of electron
acceptors that are strategically located within the protein. In a series of steps,
the excited electron moves from one pigment to the next, losing a small amount
of free energy in every step (14, 15). Eventually, the electron is spatially sep-
arated sufficiently far away from its site of excitation that even though recom-
bination with the electron vacancy is thermodynamically feasible, it is kineti-
cally slow. The remaining energy of the excited electron can then be used to
drive the chemical reactions in photosynthesis.

Photovoltaics also use a free energy gradient to separate photogenerated
charges. However, in photovoltaics, the free energy gradient is produced by an
~ electric potential energy gradient at the junction between two solids. The pur-
pose of this energy gradient is similar to that in photosynthesis, because it di-
rects the charges (electrons and holes) through the solid. The electric potential
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energy gradient attracts electrons to one side of the device, while driving holes
to the other side of the system. This separation of the photogenerated charges
thereby prevents ‘‘short circuiting’” of the device that would result from a ran-
dom flow of charge to either side of the photovoltaic cell.

Semiconductor/liquid junctions also utilize a free energy gradient to promote
charge separation. By a process to be explained later in this chapter, immersion
of the semiconductor into a solution produces an electric field at the solid/liquid
interface. When light is incident on the photoelectrochemical cell, the semicon-
ductor electrode absorbs photons and creates excited electrons. These electrons
sense the electric field present at the solid/liquid interface, and are either at-
tracted or repelled by this field (depending on its sign), to produce a directional
flow of current through the cell. The free energy gradient at the semiconductor/
liquid interface is thus very similar to that in photovoltaics and in the machinery
of photosynthesis, because it is responsible for separating the charges that will
ultimately lead to energy conversion. Chemical control over the electric field at
a semiconductor/liquid interface is therefore one of the key concerns in the area
of semiconductor photoelectrochemistry.

In operation, a photoelectrochemical cell can produce electricity, chemical
fuels, or both. The overall process that occurs in such a cell depends not only
on the electrochemical reactions at the semiconductor electrode, but also on the
reactions that take place at the metallic counter electrode. If the reactions at the
metallic counter electrode are the reverse of those at the semiconductor elec-
trode, then no net chemical change will take place in the cell. In this mode of
operation, the light-induced current will only result in the production of elec-
trical power in the circuit. For instance, consider the case in which the semi-
conductor electrode effects the oxidation of water to produce O,(g) (Fig. 1). If
0,(g) is simultaneously reduced at the counter electrode, then the only mech-
anism by which energy can be extracted from this system is by collection of the
excess energy from the light-generated electrons. This extraction of energy can
be accomplished by forcing the charges through a resistive load in the external
circuit, leading to the net production of electrical energy from the incident light
energy. This type of photoelectrochemical cell thus acts similarly to a photo-
voltaic cell as an energy conversion device.

Alternatively, if sufficient energy is available from the electrons, it might be
possible to reduce water to H,(g) at the counter electrode instead of reducing
0,(g). In this system, water is electrolyzed to produce O,(g) and H,(g), and
fuels will be produced from the incident photon energy. As in the process of
photosynthesis, this type of photoelectrochemical cell will have converted the
incident solar energy into chemical fuels. If even more energy is available from
the electrons, then electrical work through a resistive load and H,(g) production
are possible, and both electricity and chemical fuels would be produced. This
latter ability is unique to photoelectrochemical cells.

In general, there are three quantities that characterize the performance of a
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Figure 2. (a) A photoelectrochemical cell consists of two electrodes, an illuminated semiconduc-
tor electrode (SC) and a metal counter electrode (M) in a solution containing an electroactive
species A/A™. In a cell that converts light into electricity, the counter electrode performs the
reverse reaction of the photoelectrode, and the incident photon energy is harvested as electrical
energy through an external resistor (R). (b) I-V curve is generated by varying the magnitude of R
in the external circuit. The electrical properties of a photoelectrochemical cell are quantified by the
open circuit voltage (V,.), the short circuit current (/,.), the maximum power point (P,,), and the
fill factor (f) of the cell. The definitions of thése parameters can be found in the text.

photoelectrochemical energy conversion device (Fig. 2). The current through
the external circuit represents one such parameter, since no energy can be ex-
tracted if no net current is present in the external circuit. The current is generally
measured when negligible work is demanded through the measuring device, for
example, when a simple low-resistance ammeter is connected between the two
electrodes in the cell. This current is called the short circuit current (I,.) because
if measured correctly, it is the current that would flow when a direct short circuit
is present between the two electrodes. The second parameter of interest is the
voltage developed by the photoelectrochemical cell. This voltage is measured
at open circuit with a voltmeter of extremely high resistance, so that negligible
“current can flow through the cell. The open circuit voltage (V) is a measure
of the maximum Gibbs free energy that can be obtained from the cell. The third
parameter characterizes the rate at which the current approaches its limiting
short circuit value, and is called the fill factor (f). This parameter allows the
calculation of the maximum power that can be produced by a given photoelec-
trochemical cell. The challenge in this area is to understand how to optimize
simultaneously the open circuit voltage, the short circuit current, and the fill
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factor of a given photoelectrochemical cell. Taken together, these three quan-
titics are the key variables that are measured in, and are the focus of, experi-
" mental investigations in photoelectrochemistry.

In almost all potential applications of photoelectrochemical cells, fundamen-
tal questions and practical problems still must be addressed before these systems
can compete favorably as a practical energy conversion technology. For ex-
ample, corrosion and passivation processes of the semiconductor electrode often
compete with the desired energy conversion reactions. These degradation re-
actions seriously limit the lifetime of most photoelectrochemical devices. In
other systems, unidentified chemical species on the semiconductor surface are
believed to trap photogenerated electrons before they can be separated by the
electric field. These traps are deleterious because they induce loss mechanisms
that lower the energy conversion efficiency of the entire photoelectrochemical
cell. In still other systems, the contact between the solid and the liquid does not
lead to large electric field strengths, so that the free energy gradient is not suf-
ficient to achieve an effective charge separation at the solid/liquid interface. All
of these features are, in principle, under chemical control. Thus, the under-
standing and manipulation of these phenomena form the basis for the concepts
in this chapter and for current research in the area of semiconductor photoelec-
trochemistry.

The primary focus of this chapter is the development of semiconductor elec-
trodes for solar energy conversion applications. The electrochemistry and pho-
toelectrochemistry of semiconductors are also important in several other tech-
nologies, and we will discuss these relationships whenever appropriate. For
example, electrochemical etching and corrosion reactions at semiconductor/lig-
uid interfaces are essential processes in integrated circuit technology (16, 17).
Similarly, the expanding field of chemically sensitive semiconductor-based sen-
sors depends on an understanding and control of the properties of the semicon-
ductor/liquid interface (18, 19). One recent application that we will discuss in
detail is the use of large band gap semiconductors as catalysts for useful chem-
ical reactions. Of particular note in this context is the use of suspensions of
TiO, particles for toxic waste treatment and for novel synthetic oxidations. These
technologies are among the numerous reasons to understand the behavior of
semiconductor/liquid junctions; thus, our focus on energy conversion should be
viewed from this perspective.

In order to understand in more detail how semiconductor/liquid junctions
operate, it will be necessary to review some basic concepts in the fields of solid
state physics, electrochemistry, and surface chemistry. Generally, some of these
topics are new material to most scientists that are interested in semiconductor
photoelectrochemistry. Although useful reference information on the behavior
of a variety of semiconductor electrodes is available in the recent book by Fink-
lea (10), and although accessible articles on various aspects of research in the
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area have been written by several authors, including Rajeshwar (20), Wrighton
(21), Bard (22), Memming (23, 24), Heller (11), Fox (25, 26), Parkinson (12),
Gerischer (27, 28), Lewis (29), and Koval and Howard (30), there is no one
place in which a general, accessible introduction to all of the required concepts
can be found. In this chapter, we have specifically written Sections II, III, and
IV as a primer that should be useful to those without a background in any of
these areas. These sections should also enable the reader to gain a historical
perspective, as well as to approach current research problems, in the area of
semiconductor photoelectrochemistry. In Sections V and VI, we will use this
essential background to discuss the progress that has been made in this area,
the problems that remain, and the current strategies that show particular promise
for future developments.

II. ELECTRONIC PROPERTIES OF SEMICONDUCTORS

One of the main differences between energy storage processes in molecular-
based systems, such as photosynthesis, and energy storage processes in pho-
toelectrochemical cells concerns the mobility of the charge carriers that are cre-
ated by light excitation. In the photosynthetic process, a localized electron is
created by the initial excitation event. This electron is then separated from the
electron vacancy through a molecular ‘‘hopping’’ mechanism, in which the mo-
bility of the photogenerated charge carrier is limited by the ability of the elec-
tron to jump from site to site in the photosynthetic reaction center. In contrast,
the carriers created by photoexcitation in semiconductors are highly delocalized
and are extremely mobile. Consequently, these photogenerated carriers can rap-
idly move through large distances with a minimum of energy loss, thus avoiding
recombination. In the semiconductor-based system, the ability of the semicon-
ductor to transport charges will depend critically on the electronic properties of
the semiconducting solid. To understand these effects from a chemical view-
point, we need to first explore the various types of physical structures that are
commonly adopted by semiconducting solids. Knowledge of these structures
will then be used to explain the key electronic properties of semiconductors in
energy conversion schemes.

A. Crystal Structures of Some Selected Semiconductors

Semiconductors constitute a diverse group of inorganic solids, and therefore,
as a class, they have a variety of different crystal structures. The most basic
semiconductor structure is based on the interpenetration of two face-centered
cubic (fcc) lattices. A familiar, nonsemiconducting solid that adopts this struc-
ture is NaCl, where the Na* cations constitute one fcc lattice and the C1™ anions
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constitute the other (Fig. 3a). Many specific crystal structures of semiconduc-
tors are based on variants of this basic fcc lattice. Covalent semiconductors,
such as the elemental semiconductors Si and Ge, have structures in which the
tetrahedral atoms attempt to achieve maximum bonding between nearest neigh-
bor atoms. In these solids, maximum bonding implies that the atoms are posi-
tioned as closely as possible within the fcc structure while still maintaining a
tetrahedral environment. These solids therefore adopt the cubic diamond lattice,
in which one-half of the tetrahedral holes in the fcc lattice are filled with atoms
(Fig. 3b). A related structure is adopted by covalent, binary semiconducting
solids having elements of similar electronegativities. For example, GaAs adopts
the zinc blende structure, which is simply the cubic diamond structure with
adjacent atoms throughout the structure being of opposite type (Fig. 3¢). The
compounds InAs, InP, and GaP are other examples of common covalent binary
semiconductors that adopt the zinc blende structure.

In certain cases, when the semiconductor is composed of elements with very
different radii and electronegativities, the lattice site in the tetrahedral position
of a fcc structure becomes too small to accommodate one of the ions in the
semiconductor. To maintain a lattice with a 1:1 cation—anion stoichiometry,
the solid adopts a structure in which the atoms are instead hexagonally close-
packed. As in the zinc blende structure, only one-half of the possible tetrahedral
sites in this hexagonal structure are filled with atoms. Such a structure is called
the wurtzite structure. The wurtzite structure is adopted by semiconductors such
as ZnO and CdSe (Fig. 3d), whereas the semiconductor ZnS can be found in
either the zinc blende or the wurtzite structure. Comparison between these lat-
tices shows that the wurtzite structure is more open, and the bonding is more
ionic, than in the zinc blende structure.

Taken together, these three structures (cubic diamond, zinc blende, and
wurtzite) encompass the majority of the common semiconductor materials in
use today. These three structures belong to a group of materials called the ada-
mantine solids and share the common feature of having an average of four val-
ence electrons per atom (31). This set of structures is by far the most important
class considered in the remainder of our discussion of semiconductor photo-
electrochemistry.

In several semiconducting solids, steric or electronic factors can result in the
adoption of nonadamantine structures. Semiconductors that adopt nonadaman- -
tine structures include the metal oxides Fe,0;, Ti0,, and SrTiO;, and transition
metal dichalcogenides such as MoS,, WS,, and WSe,. Titanium dioxide, an
important semiconductor in photoelectrochemical applications, occurs in three
modifications, only two of which are used in photoelectrochemical research:
rutile and anatase (32). Figure 3e and f shows the structures of both of these
forms of TiO,. The rutile lattice is derived from a body-centered cubic (bcc)
structure. To maintain a 1:2 cation-anion stoichiometry in the rutile structure,
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Figure 3. Structures of some common crystal lattices. (a) NaCl. (b) Si. (¢) GaAs. (d) ZnO. (¢)
TiO,, mtile. (f) TiO,, anatase. (g) MoS,. For the binary materials, the black circles represent the
more electronegative elements (i.e., Cl, As, O, and S) and the white circles represent the less
electronegative eleménts (i.e., Na, Ga, Zn, Ti, and Mo).
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one-half of the trigonal sites are occupied by anions. The anatase lattice is
derived from the NaCl structure, but only one-half of the sites in one fcc lattice
are occupied by Ti** cations. To date, large single crystals of TiO, have only
been prepared in the rutile structure, while TiO, powders commonly contain
both anatase and rutile components (32). The compound Fe,05 has been found
to occur in many lattice structures, the most important of which is the « form.
In this particular modification, the oxide anions adopt hexagonal close packing
and the metal cations occupy two-thirds of the octahedral sites within this anion
lattice.

Figure 3g illustrates an additional structure, which is commonly found for
transition metal dichalcogenide compounds such as MoS,, WS,, and WSe,.
These semiconductors adopt a layer structure in which the transition metal is
“‘sandwiched’” between two layers of chalcogenide atoms. In this layer-rype
structure, there is no covalent bonding between adjacent chalcogenide layers.
A useful feature of this structure is that the weak van der Waals interactions
between chalcogenide planes allow high quality surfaces to be prepared merely
by peeling layers of the crystalline sample apart, thereby revealing atomic planes
that are of interest to photoelectrochemists.

B. Band Structure and Optical Properties of Semiconductors

One of the key properties of semiconductors that makes them useful for en-
ergy conversion is the delocalization of electrons throughout the semiconduct-
ing solid. To understand the origin of these delocalized orbitals, we need to
examine the nature of the bonding within semiconductor crystals. The basic
model that has been successfully used to describe the electronic structure of
semiconductors is the band theory of solids. Our treatment of band theory will
be qualitative, and the interested reader is encouraged to read more about this
subject in the excellent reviews by Hoffmann (33-35) and in the classic texts
by Ashcroft and Mermin (36), Harrison (37), Kittel and Kroemer (38), Kittel
(39), Seitz (40), and Goodstein (41).

1. The Molecular Orbital Description of Semiconducting Solids

The process of obtaining molecular orbitals (MOs) for solids is similar to the
approach that chemists use to describe the bonding in simple diatomic mole-
cules. However, when the orbital theory is used to describe the electronic prop-
erties of a collection of atoms within a solid lattice, different terminology is
generally used. To demonstrate these differences, we will first illustrate the
process on a chemically familiar system, consisting of polyenes of varying chain
lengths. We will then generalize this methodology to include the bonding de-
scription of inorganic semiconducting solids.
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a. Band Structure in Linear Conjugated Polyenes. We begin with an
orbital description of the bonding in ethylene, which is the repeating unit in a
straight-chain polyene. In the Hiickel molecular orbital description of ethylene,
the carbon atoms are sp® hybridized into a o-orbital framework. The remaining
carbon p orbitals interact to yield two orbitals of = symmetry, one of which is
bonding and one of which is antibonding with respect to the C-C interaction.
This situation is qualitatively represented in Fig. 4. In the ground state of eth-
ylene, the bonding = orbital is occupied by two electrons, and this orbital is
lower in energy than the empty antibonding orbital. A discrete optical transition
exists between the highest occupied molecular orbital (HOMO) and lowest un-
occupied molecular orbital (LUMO) of ethylene, because these two orbitals are
separated by a well-defined energy gap.

As the basic ethylene units are coupled together to form a larger molecule,
the = bonding will become more delocalized, and more atomic orbitals must be
included in the overall MO description. In 1,3-butadiene, the four valence 2p
orbitals of C that are not incorporated into the ¢-bonding framework will pro-
duce four w-type MOs. Two of these orbitals are bonding in character and are
occupied by electron pairs, while the other two are antibonding and are empty
(Fig. 4). Reference to the energy scale shows that the HOMO-LUMO gap of
butadiene is slightly smaller than that of ethylene. This reduced energy gap is

+)

<4——— Energy (eV)

[ A= HOMO-LUMO gap |

Figure 4. The development of a polyene band structure from the MOs of ethylene. From left to
right, the MOs progressively develop into a band structure as the length of the conjugated chain is
increased. For shorter polyene chains, A represents the HOMO-LUMO gap. For the infinite
polyene chain, vb and cb denote the valence band and the conduction band, respectively, and E,
is the band gap energy.
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a consequence of the extended conjugation in this 7 system relative to that in
ethylene.

Addition of another ethylene unit to 1,3-butadienc creates 1,3,5-hexatriene,
a molecule with three fully occupied w-bonding orbitals and three empty
w-antibonding orbitals. Again, the highest bonding MO and the lowest anti-
bonding MO are separated by the HOMO-LUMO gap. As this process of add-
ing ethylene units is continued, longer conjugated systems will be created until
an infinite one-dimensional polyene chain has been formed. This chain will
contain an infinite number of bonding and antibonding MOs. In this infinite
chain, the bonding orbitals will tend to cluster together into a tightly packed
group, and the antibonding orbitals will cluster into another tightly packed
group. Although it is not obvious that the bonding and antibonding groups will
not overlap in energy, it can be shown that these two groups are well separated
even in the infinite polyene (33, 34). It can also be shown that this separation
produces a well-defined HOMO-LUMO energy gap, just as in the cases of
ethylene, 1,3-butadiene, 1,3,5-hexatriene, and other molecular oligomers that
are precursors to the infinite chain polyene (Fig. 4).

Because the fully developed polyene has an extremely large number of MQOs,
a description of the = bonding in this molecule can be simplified by considering
groups of orbitals together as sets. Even though each of the MO distributions
in the polyene consists of a large number of orbitals that are packed tightly
together into a finite energy interval, for most purposes we can ignore the en-
ergy spacing between the individual orbitals. We can therefore consider the
orbitals as forming ‘‘continuous’’ bands of energy levels. A shorthand notation
for this assumption is to draw the band as a single block in energy. In this
notation, there is an implicit understanding that there are actually a large num-
ber of states clustered together within this block (Fig. 4). The cluster of fully
occupied bonding orbitals is referred to as the valence band (vb), and the cluster
of vacant antibonding orbitals is called the conduction band (cb). Under this
scheme, the HOMO-LUMO gap is called the band gap.

b. Band Structure in Inorganic Semiconducting Crystals. Band struc-
tures for three-dimensional solids such as semiconductor crystals can be ob-
tained in a similar fashion to that for polyenes. Localized MOs are constructed
based on an appropriate set of valence atomic orbitals, and the effects of delo-
calization are then incorporated into the molecular structure as the number of
repeat units in the crystal lattice is increased to infinity. This process is widely
known to the chemical community as extended Hiickel theory. It is also called
the tight binding theory by physicists who apply these methods to calculate the
band structures of semiconducting and metallic solids.

We will not describe this process in detail for inorganic solids, because there
are complications that result from the different symmetry types of various unit
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cells, as well as from spin-orbit coupling considerations. These factors tend to
increase the complexity of the MO description of inorganic solids relative to
the simple MO treatment of organic polyenes. However, the principles of the
procedure are the same as those outlined for the organic polyene example, with
each individual atom in the lattice contributing a set of atomic orbitals toward
the formation of crystal orbitals. These crystal orbitals will extend throughout
the solid, and will yield discrete energy bands when represented on an energy
diagram (Fig. 5), just as in our polyene example.

To understand the electronic structure of these solids, the electron occupancy
of these bands must be considered. The number of valence electrons on the

conduction band

Ech —

hv Eq

E vp ——t
valence band %

Energy (eV)

(+)

non-valence bands

Figure 5. A schematic representation of the orbital band structure of a semiconductor. The shaded
area denotes a fully occupied band and the unshaded area denotes an empty band. Two nonvalence
bands are also drawn to stress the point that the valence band of a semiconductor is the highest
occupied band. The parameters E,, and E,,, represent the energies of the conduction band edge and
the valence band edge, respectively, and E, is the band gap energy. When photons with energy
greater than the band gap are absorbed by the semiconductor, electrons are excited from the semi-
conductor valence band into the conduction band.
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atomic constituents of the semiconductor will determine the electron occupancy
of each band in the resulting solid. By definition, the highest filled band is called
the valence band of the semiconductor. Similarly, the lowest vacant band is
called the conduction band. Associated with each band is a bandwidth, which
is simply the energy difference between the orbitals of highest and lowest en-
ergy in the band. Thus, we obtain an energy diagram for semiconductor crystals
that is similar to the one presented in Fig. 4 for the organic polyenes, with the
valence band containing the HOMO and the conduction band containing the
LUMO for the solid of concern (Fig. 5).

In semiconductor terminology, the top of the valence band and the bottom
of the conduction band are called the valence band edge and the conduction
band edge, respectively. The energy of the conduction band edge is denoted as
E.,; similarly, the energy of the valence band edge is denoted as E,;. The -
energy difference between these levels is called the semiconductor band gap.
The size of this band gap is perhaps the most important characteristic of a semi-
conducting solid, as it influences all of the important electronic properties of a
semiconductor. In this chapter, we will abbreviate the band gap energy as E,.
In general, semiconducting solids have band gaps that range from 0.3 to 3.5
eV; Table I lists the values of E, for a variety of common semiconductors.

It should be noted that the positions of the crystal orbitals on the energy scale
in Figs. 4 and 5 are located with respect to the vacoum level as reference. The
vacuum level is defined as the energy level of an electron in vacuum, and is
taken to be 0 eV on the energy scale. Note also that although the physics con-
vention assigns more negative energies to electrons that are more tightly bound
relative to vacuum (e.g., the energy of a 1s orbital in the H atom is —13.6 eV),
the energy scale used by most electrochemists is opposite in sign, with more
tightly bound electrons having more positive energies relative to the vacuum
level. This assignment on the electrochemical energy scale is based on a ‘‘work
function’’ convention, which refers to the energy required to remove an electron
from a particular electronic state in the solid. This convention will be useful
later in this chapter when we will relate the energies of bands to those of the
solution electrochemical potential scale.

¢. Chemical Properties of Inorganic Semiconductors. In general, semi-
conductors can have different types of valence band and conduction band struc-
tures. These differences can affect the chemical reactivity of the photogenerated
carriers in solids. For example, in a covalent solid, such as Si, the valence and
conduction bands can be thought of as crystal orbitals that are either bonding
or antibonding combinations of hybridized Si atomic orbitals. This situation is
closely related to our polyene example, where the valence band.consisted of
bonding 7 orbitals and the conduction band consisted of antibonding 7* orbit-
als. However, in an ionic crystal, such as TiO,, the valence band is composed
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TABLE 1
Properties of Some Common Semiconductors”
Crystal Band Gap
Semiconductor Structure evy Type of Band Gap

Si Diamond 1.12 Indirect
Ge Diamond 0.70 Indirect
Se Hexagonal 1.77 Direct
GaP Zinc blende 2.26 Indirect
GaAs Zinc blende 1.42 Direct
InP - Zinc blende 1.35 Direct
InAs Zinc blende 0.36 Direct
ZnS Zinc blende 3.58 Direct

Wurtzite 3.70 Direct
ZnSe Wurtzite 2.67 Direct
ZnTe Wurtzite 2.26 Direct
Cds Waurtzite 2.42 Direct
CdSe Wurtzite 1.70 Direct
CdTe Zinc blende 1.56 Direct
MoS, layer-type 1.17 Indirect
MoSe, layer-type 1.06 Indirect
MoTe, layer-type 1.00 Indirect
WS, layer-type 1.30 Indirect
WSe, layer-type 1.16 Indirect
ZnO Wurtzite 3.35 Direct
TiO, Rutile 3.02 Indirect

Anatase 32 Indirect
BaTiO, Perovskite 3.3 Indirect
SrTiO; Perovskite 3.2 Indirect
a-Fe,04 Corundum 2.2 Indirect
SnO, Rutile 3.5 Indirect
In,0, Cubic 2.62 Indirect
WO, Perovskite 2.7 Indirect

“Data compiled from (10, 42-45).
bAt 300 K.

of crystal orbitals that are derived from the filled 2p orbitals of O?~, while the
conduction band is composed of crystal orbitals that are derived from the empty
3d orbitals of Ti** (46-49). The band gap in this case is obviously not an energy
gap between bonding and antibonding bands of the same symmetry. Rather, it
is the energy gap between two very different types of bands. This band structure
has implications for the chemical behavior of the excited state of TiO, versus
that of Si, as will be discussed later in this chapter.

Many other chemical properties of semiconductor materials can be explained
by reference to their electronic band structure. For example, ionic semiconduc-
tors are generally found to be more stable towards corrosion and passivation
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than covalent semiconductors (cf. Section V). This observation can easily be
rationalized using the frontier molecular orbital argument, which states that
chemical reactivities are often controlled by the size of the HOMO-LUMO gap
(50, 51). For semiconductors, the HOMO-LUMO gap is the band gap and,
therefore, the chemical reactivity of semiconductors should be related to the
value of E,. In a covalent semiconductor, the crystal orbitals that comprise the
valence band and the conduction band are reasonably close in energy. This
result implies that the band gap is relatively small and the semiconductor is thus
expected to be chemically reactive. This prediction is in agreement with exper-
iment. In fact, one of the key problems in using small band gap semiconductors
in energy conversion applications is their tendency to undergo corrosion and
passivation reactions (cf. Section V). In contrast, the crystal orbitals that make
up the valence and conduction bands of ionic semiconductors (TiO,, SrTiO;, -
etc.) are generally very different in energy, so the band gaps of these materials
are usually very large. These solids should therefore be less prone to undergo
oxidation or corrosion reactions. This prediction is also consistent with exper-
imental results and accounts for the emphasis on the use of metal oxides in
water photoelectrolysis (cf. Section V).

The orbital character of the valence and conduction bands can also be used
to understand trends in the electronic properties of semiconductors. For exam-
ple, even though the value of E, varies a great deal in metal oxide semicon-
ductors (Table I), the energies of the valence band edges are quite similar
throughout this series of solids. This similarity can also be understood from our
MO-band structure treatment since calculations have shown that the valence
bands of these semiconductors are all constructed predominantly from the 2p
orbitals of O*~ (52). The MOs that arise from these atomic orbitals should
therefore be similar in bonding character and in energy. Within this framework,
changes in the lattice cation will primarily affect the energy of the conduction
band edge. This prediction is consistent with experxmental data for metal oxide
semiconductors (52-56).

This latter behavior has been generalized to extend beyond the metal oxide
semiconductor series. A general guideline has been proposed that the valence
band character of most semiconductors is dominated by orbitals that are derived
from atomic orbitals of the lattice anion (57). To the extent that this general-
ization is valid, it predicts that semiconductors with a given lattice anion will
have valence band edge energies similar to other materials with the same lattice
anion. This rule also predicts that changes in the lattice cation will be reflected
primarily in the energy of the conduction band edge (and, therefore, also in the
band gap.energy). This generalization is called the common anion rule (57).
Although the common anion rule has received some experimental and theoret-
ical support (56, 58-65), it is at best a rough generalization in chemical behav-
ior. This generalization is not expected to be rigorously valid for any wide series
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of materials, especially for solids with differing crystal structures and lattice
stoichiometries.

Another analogy to chemical systems can be made when considering the
reactivity of excited states of semiconductors. In molecular systems, it is well
known that the types of orbitals in the HOMO and LUMO can determine the
chemical reactivity of the excited electronic states of a molecule. A similar
argument can be applied to predict the reactivity of semiconductors. For ex-
ample, it has been suggested that layer-type semiconductors, such as MoS,,
should be more stable towards corrosion and passivation reactions than II-VI
semiconductors, such as CdS (66, 67). This prediction was based on calcula-
tions which revealed that the valence and conduction bands of MoS, are both
largely Mo 3d in character. In contrast, the valence band in CdS is $°~ in
character, and the conduction band is Cd** in character. For CdS, excitation
of an electron from the valence band to the conduction band is expected to
remove an electron from the S?~-derived orbitals, and should provide an initial
step towards the dissolution of the lattice anion as the neutral S° species. For
MoS,, excitation of an electron is expected to merely result in the transfer of
an electron from one metal derived orbital set (in the valence band) to another
metal derived orbital set (in the conduction band), so no photocorrosion pro-
cesses should be initiated. These predictions have been partially verified by
experiment, as metal dichalcogenide electrodes are often more stable in contact
with aqueous electrolytes than are II-VI compounds (cf. Section V).

2. Optical Characteristics of Semiconductor Materials

a. The Optical Absorption Threshold of Semiconductors. Now that we
have described the bonding in semiconductors, we are in a position to investi-
gate the electronic transitions that result from this orbital structure. In a semi-
conductor, the most important electronic transition for energy conversion ap-
plications is the optical excitation of an electron across the semiconductor band
gap. This excitation leads to promotion of an electron from an orbital in the
valence band into an orbital in the conduction band. This fundamental and ex-
tremely important process represents the first step in the photoelectrochemical
conversion of optical energy to electrical and/or chemical energy.

The light absorption process in semiconductors has a definite energy thresh-
old associated with it. The value of this threshold is the band gap energy (Ey).
Large band gap materials, such as TiO,, will therefore only absorb at short
wavelengths, and will not absorb as many photons from sunlight as small band
gap semiconductors, such as Si. This threshold behavior is extremely important
in photoelectrochemistry, because it is one of the main constraints that limits
the efficiency of solar energy conversion devices.

Figure 6 depicts the power distribution of the solar spectrum versus photon
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Figure 6. The spectral distribution of sunlight under Air Mass 1.5 conditions (68). Air Mass (AM)
1.5 refers to a standard measurement condition when the sun is 48° above the horizon. It should
be noted that the majority of the solar irradiation is concentrated in the region between 1 and 3 eV.

energy. This plot shows that the majority of the solar irradiance is centered in
the region between 1 and 3 eV. Thus, large band gap semiconductors (i.e.,
those with E, > 2.2 eV) will be ineffective at harvesting a substantial fraction
of the solar spectrum, and will not provide the most efficient solar energy con-
version devices.

From this analysis, it would appear that the use of a semiconductor with a
small band gap (E, < 1 eV) would be advantageous for solar energy conver-
sion, because such a semiconductor would be able to absorb most of the solar
spectrum. Unfortunately, materials with very small band gaps also are not op-
timal for use in solar energy conversion. In most semiconductors, the absorption
of photons with energy hv = E, leads to an optical transition that produces an
electron at the conduction band edge. This excitation energy is then available
as the potential energy to drive a chemical reaction. In contrast, absorption of
photons with hv > E, leads to excited states with electron energies greater than
the conduction band edge. Unfortunately, this extra energy is usually wasted,
because the highly excited electrons readily thermalize to the energy of the
conduction band edge. Thus, regardless of the actual energy of the incident
light, a semiconductor with band gap energy E, is usually only capable of pro-
ducing excited states with a potential energy of E,. In general, semiconductors
with band gap energies that are very small can absorb a large number of photons
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from the solar spectrum, but will waste a significant amount of that energy as
heat, greatly reducing their effectiveness in harvesting the incident solar energy.
The optimal trade-off between effective photon absorption and maximization
of the excited state potential energy per absorbed photon can be calculated
through a straightforward analysis of the solar spectrum displayed in Fig. 6.
This analysis leads to the conclusion that materials with band gaps between 1.1
and 1.7 eV are the best absorbers for solar energy conversion devices (11, 68-
70). Such materials not only can absorb a significant fraction of the solar spec-
trum, but also can deliver a significant amount of excited state energy from
these absorbed photons. It is often thought that in order to drive high-energy
chemical processes, visible light absorption is the most desirable property of a
molecular photocatalyst for solar energy storage. However, an absorption
threshold in the near-IR region is optimal for solar energy conversion applica-
tions. Common semiconductor materials with such absorption thresholds in-
clude Si, GaAs, InP, MoSe,, and CdTe. Other materials, such as TiO,, have
too large a band gap to be efficient absorbers. Still others, such as Ge, have
band gaps that are too small for an optimal match to the solar spectrum. This
restriction on the band gap of useful materials will be addressed in more detail
in Section V, but it is important to keep this critical constraint in mind through-
out the remainder of our discussion of semiconductor photoelectrochemistry.

b. Depth of Light Absorption in Semiconductors. In addition to calcu-
lating the maximum photon absorption that can be obtained with a specific ma-
terial, it is also important to consider how effectively the incident light will be
absorbed near the surface of a semiconductor sample. In general, from Beer’s
law, the absorbance and transmittance of a material can be expressed as

I
A= ln70 =gcf and T = — = exp(—ecl) 1)

S~

where I is the transmitted light intensity, I, is the incident light intensity, € is
the molar extinction coefficient, £ is the optical path length, and c is the con-
centration of absorbing material. For solids, the concentration of the absorber
is a constant, so Beer’s law can be rewritten as follows

I 1
A=In2=af and T=—=exp(—al) )
1 I

where o = ec is the absorption coefficient of the material. This latter equation
is the form that is usually used for expressing light absorption in solids. In this
expression, 4 and « are a function of the wavelength at which the light absorp-
tion is measured.
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For molecules, the extinction coefficient of an electronic transition can vary
over a wide range of values, depending on whether the transition is optically
and/or spin allowed. For semiconductors, the same restrictions apply. At the
wavelength of interest, the electronic transition from one band to another must
be optically allowed and spin allowed to have a high extinction coefficient, that
is, to have a large absorption coefficient. Semiconductors that display a fully
allowed transition between the valence band and the conduction band are re-
ferred to as direct band gap semiconductors. In these materials, such as GaAs
and CdTe, the absorption coefficients are large, and the light is strongly ab-
sorbed close to the surface of the solid. Typical values of « for these materials
are 10*-10° cm ™', indicating that light cannot penetrate deeper than 1 um be-
fore it is essentially completely absorbed by the solid. A plot of the absorption
coefficient versus wavelength for a typical direct band gap semiconductor, GaAs,
is depicted in Fig. 7.

For other semiconductor materials, such as Si, the lowest energy electronic
transition between the valence band and the conduction band is formally opti-
cally forbidden. These materials are said to have an indirect band gap. Indirect
band gap materials generally display small absorption coefficients for photons
near the band gap energy. This behavior is analogous to a d-d electronic ab-
sorption band in an octahedral transition metal complex, which is formally op-
tically forbidden due to the inversion symmetry of the d orbitals. In octahedral
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Figure 7. A plot of absorption coefficient versus photon wavelength for Si and GaAs (45). A
direct band gap semiconductor, such as GaAs (E, = 1.42 eV), has a sharp onset of absorption at
photon energy = E, and a large absorption coefficient for hv > E,. The indirect band gap semi-
conductor Si (E; = 1.12 eV) has a broad, weak onset of absorption, which begins at photon
energies < E, due to vibrational coupling with the crystal lattice. For Si, note the low value of
the absorption coefficient at photon energies substantially higher than the band gap energy.
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transition metal complexes, d-d transitions are generally observed experimen-
tally, albeit with weak extinction coefficients, because other mechanisms allow
the light absorption process to conserve momentum when the entire molecular
wavefunction is considered. Similarly, for indirect band gap semiconductors,

light absorption is allowed only when the momentum of the photon is coupled
both to lattice vibrations and electronic transitions. Because of the requirement
to have this additional coupling term, the photon absorption process is less
likely to occur. Indirect band gap semiconductors therefore have relatively small
absorption coefficients. For example, although the band gap energy for Si is
1.12 eV, the absorption coefficient at 1.3 eV is only 10> cm™' (Fig. 7). This
contrasts with the value of 10* cm ™! that is typically displayed by direct band
gap materials at photon energies 0.1-0.2 eV higher than E, (43). Examples of
other indirect band gap semiconductors include GaP and TiO,.

For direct band gap materials, the absorption coefficient generally increases
rapidly when hv = E,, and it then remains at large values when kv >> E,.
For indirect band gap materials, the absorption coefficient is generally a much
more slowly rising function of energy, with o o (E—Eg)2 (for E = E,) being
a typical dependence of the absorption coefficient on the energy of the incident
photon (43). In both cases, all of the incident light can be absorbed if the sample
is sufficiently thick, because as illustrated in Eq. 2, increases in £ will produce
increases in A. Note, however, that as the photon energy increases, the indirect
band gap material will eventually enter a regime where it absorbs light almost
as effectively as a material with a direct band gap.

A related, useful quantity to characterize the absorption of light by semicon-
ductors is the optical penetration depth (Fig. 7). This quantity is defined to be
equal to the inverse of the absorption coefficient; that is, penetration depth =
o . From Eq. 2, it can be seen that the penetration depth is the distance into
the semiconductor at which the transmitted light intensity reaches 1/e of the
incident light intensity at the surface of the solid. In general, when compared
to direct band gap materials, indirect band gap semiconductors have larger pen-
etration depths and, therefore, require thicker samples to fully absorb the inci-
dent light. This requirement is extremely important with respect to the design
of an actual photoelectrochemical energy conversion system.

To optimally create charge and effectively produce a photocurrent, the semi-
conductor needs to be thick enough to absorb essentially all the photons. For
example, the indirect gap of Si results in a = 10? cm ™! for photon energies
near E, (Fig. 7), which implies that more than 100 pm of Si must be used to
absorb the incident light effectively in this energy range. This value places se-
vere restrictions on the type of cells, and on the quality of crystals, that must
be used in any efficient silicon-based solar energy conversion device. This sit-
uation contrasts with that for the direct band gap semiconductor GaAs, in which

> 10* cm™! near E, (Fig. 7). The large absorption coeflicient of this direct
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band gap semiconductor implies that only 1-2 um of GaAs are needed to har-
vest the incident photons near the GaAs band gap energy.

3. Carrier Statistics for Semiconductors

In the previous sections, we described the mechanism by which a semicon-
ductor can absorb light. We also examined the properties a semiconductor must
possess in order to harvest optical energy efficiently from the solar spectrum.
These sections have further described how the structure and electronic proper-
ties of semiconductors enable them to create delocalized charge carriers for use
in solar energy conversion. However, we have not discussed an additional prop-
erty of semiconductors that is important in energy conversion devices, electrical
conductivity. Even if light is effectively absorbed by the semiconductor, and"
even if this light absorption successfully creates free, delocalized charges in the
semiconductor, the charge carriers must move through the solid in order to
produce a photocurrent. If the semiconductor is too resistive, then energy will
be lost as the carriers traverse the length of the semiconductor crystal to reach
the electrical contacts. In order to control this undesirable resistive loss, as well
as to control other important electronic properties of semiconductor junctions,
impurities are usually intentionally introduced into semiconductor crystals. This
process, which is called doping, serves to decrease the resistance of the crystal.
Doping also allows control over the Fermi level (i.e., the electrochemical po-
tential) of the semiconductor phase. The carrier concentrations that result from
these chemical steps, as well as other relevant electrical variables for semicon-
ductor systems, are discussed in Section I1.B.3.

a. Carrier Concentrations in an Intrinsic Semiconductor. To start this
discussion, we must first consider the properties of the undoped, intrinsic semi-
conductor (i.e., the pure semiconductor). Although we described a semicon-
ductor as having a filled HOMO (the valence band) and an empty LUMO (the
conduction band), this condition is only rigorously true at a temperature of
absolute zero. At any finite, nonzero temperature, thermal excitation within the
solid will result in promotion of carriers from one band to the other. This pro-
motion of carriers produces a nonzero conductivity within the semiconductor.
We wish to describe this situation quantitatively.

Before proceeding with this discussion, it is important to realize that there
are two different types of charge carriers in a semiconductor: electrons and
holes. The promotion of an electron from the valence band into the conduction
band, either by thermal or optical excitation, produces a free electron in the
conduction band and an electronic vacancy in the valence band. This electronic
vacancy is commonly referred to as a hole. Although the motion of holes is
actually specified by the motion of the remaining collection of valence band
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electrons, a hole can formally be treated as a discrete particle with a positive
electronic charge. Like an electron, a hole can act as a charge carrier. Thus, a
hole moving towards a contact is physically identical to an electron moving
away from that contact. Because both electrons and holes contribute to the cur-
rent in a semiconductor sample, we will use-the more general term charge car-
riers to refer to either electrons or holes in a semiconductor.

To describe the conductivity of a semiconductor sample quantitatively, we
need to calculate the concentration of both types of charge carriers in the solid.
The key quantity that controls the equilibrium concentration of electrons and
holes in an intrinsic semiconductor is the band gap. Because the thermal exci-
tation required to produce an electron and a hole is equal to E,, the equilibrium
carrier concentrations can be related to E, using the Boltzmann relationship
71).

E
np; = ‘‘constant’ exp<— k—;) 3)

In this equation, k is the Boltzmann constant, 7 is the absolute temperature, and
n; and p; are the electron and hole concentrations at equilibrium in the intrinsic
semiconductor. Both n; and p; are expressed as particles per cubic centimeter,
which is often abbreviated as ‘‘cm ™ >.”” The constant in Eq. 3 will be defined
below. However, it is clear that this type of Boltzmann relationship should
correctly describe the concentrations of electrons and holes that exist as a result
of thermal excitation across the band gap at any given temperature.

Realizing that the thermal excitation to promote an electron into the conduc-
tion band must also result in the formation of a hole in the valence band, we
can set p, = n;. This equivalence leads to the following relationship between #;
and E, '

n2 = ““constant” exp| — By @)
i p kT

This equation is essentially an equilibrium constant relationship between the
electron and hole concentrations in the semiconductor. It is much like the ion-
ization constant expression for the dissociation of water, which can be related
to the concentrations of H¥(aq) and OH (aq) through the relationship
[H*][OH] = K, = 1 x 107'* M?. The only difference between these two
expressions is that the temperature dependence of the equilibrium constant is
contained implicitly in the value of K, but is explicit in the relationship ex-
pressed by Egs. 3 and 4. The most important point to keep in-mind is that
increases in the sample temperature will produce exponential increases in the
electron and hole concentrations for an intrinsic semiconductor.
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The value of the constant in Eq. 4 can be obtained from experimental mea-
surements, just as K, can be obtained from pH measurements of neutral water.
In the case of semiconductors, however, the constant can also be calculated
a priori from a knowledge of the band structure of the solid. This calculated
constant is usually broken down into two quantities, one that describes the prop-
erties of the conduction band, and one that describes the properties of the val-
ence band. The former is called the effective density of states in the conduction
band (N_), while the latter is called the effective density of states in the valence
band (N,). (The effective density of states is the number of crystal orbitals per
cubic centimeter within 3 kT of the band edge.) We will not derive the rela-
tionship between the band structure and N, (or N,), but the interested reader can
find this derivation in numerous solid state physics textbooks (36, 38, 39, 43).
Generally, N, and N, have similar values, and are typically about 10'® ¢cm™3.
This value implies that the constant in Eq. 4 has a typical value of ‘‘constant™
= N.N, = 10*® cm ™8,

We can now estimate the equilibrium carrier concentrations for semiconduc-
tors that are of interest in solar energy conversion. Recalling that the optimal
value of E, is between 1.1 and 1.7 eV, we can simply use a representative value
for E, in Eq. 4 to calculate n? for this particular material. Because kT is so
much smaller than E, for these optimal light absorbers, few electrons and holes
are produced at room temperature in such semiconductors. For example, con-
sidering GaAs with E, = 1.42 €V and using the actual values of N, = 4 X
107 cm™3 and N, = 7 X 10" cm™2 for GaAs at T = 300 K in Eq. 4, we
calculate that the equilibrium concentrations of electrons and of holes at room
temperature are only 2 X 10° cm~>. In general, samples with higher band gap
energies will typically have much lower values of n;”>. Even for Si, with E, at
the lower end of the acceptable range [E,(Si) = 1.12 eV], n;is only 1.5 X 10'°
cm >—an equilibrium electron concentration of less than 1 part per trillion!
Such samples are far too resistive for the purposes of photoelectrochemistry.

b. Doping. Because the intrinsic carrier concentrations in semiconductors
are so low, even impurity concentrations at the level of 1 part per billion can
have a profound effect on the electrical properties of semiconductor samples.
To increase the sample conductivity and to control other electronic properties
of the semiconductor, low concentrations of specific impurity atoms are often
introduced into the crystal lattice. The strategy for introducing dopant atoms,
as well as some quantitative properties of doping statistics, are described in
Section II.B.3.b.

Chemistry of Dopants: Donors versus Acceptors. Dopant atoms can be either
donors or acceptors. Donors are readily ionized to produce an electron in the
conduction band and a positive charge on the dopant atom; acceptors become
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jonized to produce holes in the valence band and negative charges on the dopant
site. A material that has been doped with donors is called an n-type semicon-
ductor, while one that has been doped with acceptors is called a p-type semi-
conductor. These designations can be easily remembered by the sign of the
predominant charge carrier. Donors create free electrons, which have a negative
charge, so the sample is denoted n-type. Similarly, acceptors create holes, which
have a positive charge, so the sample is denoted p-type. The predominant charge
carrier is called the majority carrier, so electrons are the majority carriers in an
n-type sample and holes are the majority carriers in a p-type semiconductor.

Figure 8 displays the energy levels of common donors and acceptors with
reference to the band edges of two semiconductors. If the energy levels of these
donors and acceptors are close to the conduction or valence bands, respectively,
they are called shallow donors or acceptors. Levels that are further away from
either band are called deep levels. Although ionization of shallow dopants is
usually complete at room temperature, ionization of deep dopants generally
does not occur at room temperature. We will consider primarily shallow dopant
materials in the remainder of Section I1.B.3.b.

The properties of most common dopants can be surmised from simple atomic
ionization energies and from trends in the periodic properties of the elements.
For example, in Si, which is a Group 14 (IVA) element, Group 15 (VA) ele-
ments, such as P or As (which have lower ionization energies than Si), will act
as donors. Since only four of the five valence electrons in P are required for
tetrahedral bonding in the crystal, the fifth valence electron will be donated to
the conduction band at room temperature. This situation will produce an n-type
crystal, in which the majority carriers are electrons. To a good approximation,
the Group 15 (VA) atom in the Si lattice could be considered as being a posi-
tively charged P core with a loosely bound electron, as depicted in Fig. 9a.

Conversely, Group 13 (IIIA) elements such as B or Al are acceptors in Si,
since they require an additional electron from the valence band to satisfy the
tetrahedral bonding requirement. The Group 13 (IIIA) atom in the Si lattice can
be considered as a negatively charged B core with a loosely bound hole (Fig.
9b). Since the trapping of an electron by the Group 13 (IIIA) dopant atom
results in the ionization of an electron from a lattice Si site, the doping process
with the Group 13 (IIIA) element produces an excess number of holes in the
valence band. Doping Si with B thus leads to a p-type Si sample. In such a
p-type sample, the holes are the majority carriers, while the electrons are the
minority carriers (i.e., the less abundant carriers).

Other impurity atoms, such as transition metals, can have deeper levels or
multiple levels. In addition, interstitial atoms and crystal defects can also be-
have as dopants. All of these factors can significantly affect the electronic prop-
erties of the material, even if these atoms exist in the crystal in concentrations
of parts per billion. The manufacturing and processing of most semiconductor
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Figure 9. A schematic representation of
dopant atoms in a Si lattice: (a) a P-doped
Si lattice and (b) a B-doped Si lattice. The
dopant atoms are shown as replacing a Si |
atom in the crystal lattice. The circles rep- S
resent schematic Bohr radii of the carrier |
[i.e., an electron (—) or a hole (+)] around ——S‘i—
T

—I.
)
.|.
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the dopant atom. Note that these orbits are
not drawn to scale; in reality, the first Bohr
" radius of these carriers is about 12 A (72),
and a single carrier is spread over about 10°

Si atoms. (b)

materials and devices are therefore conducted under conditions of excruciating
cleanliness in order to minimize the incorporation of unwanted impurities. For
certain applications, impurities with deep levels are incorporated into the semi-
conductor to control properties that cannot be easily manipulated by shallow
dopants (42, 43, 73). For most samples of concern in photoelectrochemistry,
however, doping is performed using the straightforward concepts that have been
*"described above.
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Carrier Concentrations in a Doped Semiconductor. Because shallow dop-
ant atoms are readily ionized at room temperature, the electron concentration
(n) in an n-type semiconductor is closely approximated by the concentration of
donor atoms (IV,) in the lattice. Rigorously, the electron concentration is given
by the sum of the thermally generated electrons and those generated by the
ionization of dopants. However, because r; is so small for the semiconductors
of concern in photoelectrochemistry, n = n; + Ny = N, for any reasonable
dopant concentration (10'*~10'® dopant atoms per cubic centimeter). Similarly,
for a p-type semiconductor, the hole concentration is approximately equal to
the acceptor concentration N,. This approximation holds because shallow ac-
ceptors are essentially completely ionized at room temperature, and the intrinsic
hole concentration p; is generally negligible compared to the number of holes
that result from the doping process. Clearly, control over the dopant density of
a semiconductor allows the manipulation of the carrier concentrations.

It is also important to calculate the equilibrium concentration of holes in a
doped n-type semiconductor and of electrons in a doped p-type semiconductor.
These minority carrier concentrations are readily obtained using the concepts
described above, because Eqs. 3 and 4 are actually more general than has been
indicated. As pointed out above, the relationship between n; and p; in Eq. 3 is
actually an equilibrium constant relationship between the electron and hole con-
centrations in the solid. In the discussion above, this expression was derived
under the special constraint that n; = p;, that is, under thermal excitation con-
ditions. However, the equilibrium constant relationship on the right-hand side
of Eqs. 3 and 4 must hold regardless of the source of electrons and holes, so it
applies to both doped and intrinsic semiconductor samples. We thus obtain

E,

np = n = N,N, exp(— ﬁ’) 5)

as the general relationship between the electron and hole concentrations in any
given semiconductor. In Eq. 5, n and p equal the equilibrium majority and
minority carrier concentrations, respectively, for an n-type semiconductor.

This relationship is often called the law of mass action, when applied to
semiconductor doping statistics (43). The situation is conceptually. identical to
that for the equilibrium constant relationship for aqueous acid-base dissocia-
tion. The relationship K,, = [H*(aq)] [OH " (aq)] holds not only for the neutral
liquid (i.e., the “‘intrinsic,”” pH = 7 sample), but also for the proton and hy-
droxide concentrations in the presence of externally added sources of H* (aq)
or OH (ag) (i.e., the extrinsic or “‘doped’’ liquid). In the doped semiconduc-
tor, we are merely adding electrons or holes to control the carrier concentrations
in the same way that the pH of water can be manipulated through addition of
acid or base.
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Use of numerical quantities in Eq. 5 indicates that for typical doping levels
of 10"°-10"7 cm?, the minority carrier concentrations are extremely low. For
example, for n-Si, with E, = 1.12 eV, the hole concentration is 10°-10° em 3.
These extremely low levels will be insignificant compared to the minority car-
rier concentrations that will be created by the absorption of photons. The pho-
tocurrents will thus be essentially independent of the background minority car-
rier concentration in the semiconductor samples of interest. This point will be

further elaborated in Section IV.

Conductivity. The doping process is also used to control the electrical con-
ductivity of the sample. The conductivity (¢) of a semiconductor is related to
the free carrier concentrations by Eq. 6.

0= qgnu, + qpyp ©)

This equation states that the electrical conductivity due to a free carrier is the
product of the charge on the carrier (q), its concentration in the solid, and a
quantity called the mobility (u). Since semiconductors have two different types
of mobile charge carriers, electrons and holes, the total sample conductivity o
is simply the sum of the individual conductivities due to each carrier type. It
should be noted that the conductivity depends only on the absolute number of
carriers, and therefore is not affected by the signs of the carriers themselves.
Carrier mobilities for electrons and holes in a variety of semiconductors can be
measured experimentally. These values have been tabulated in various reference
books (39, 42-44) and are available for many semiconductors of interest. Dop-
ing of a semiconductor therefore allows precise control over the conductivity
of the sample to be used in photoelectrochemical experiments.

¢. Fermi Levels and the Energetics of Semiconductor Samples. The last
quantity that is needed to describe the important properties of an isolated semi-
conductor phase is the electrochemical potential, or Fermi level (Eg), of the
solid. The Fermi level determines the tendency of the semiconductor to transfer
charges to other phases. For solutions that contain electroactive acceptors (A)
and donors (A7), the familiar Nernst equation (which can be written in the form
of Eq. 7) quantitatively describes the electrochemical potential of the electrolyte
phase.

E(A/A7) = E>'(A/A7) + kT 1AL )
- n,  [A7] )
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In Eq. 7, E(A/A7) is the actual electrochemical potential of the solution,
E°’(A /A7) is the formal electrochemical potential of the redox couple (A /A7),
n. is the number of electrons (per molecule of redox couple) that are exchanged
during the reaction, and [A} and [A "] are the respective concentrations of the
acceptor and donor species.

This relation is familiar to chemists, because solutions with more positive
electrochemical potentials will tend to accept electrons from solutions with more
negative values of E(A /A 7). Now that we have an expression for the electro-
chemical potential of the solution phase (namely, the Nernst equation), we need
to evaluate the electrochemical potential of the doped semiconductor phase (i.e.,
the Fermi level) in order to describe the charge-transfer events at a semicon-
ductor/liquid interface. A qualitative explanation of this concept is the subject
of Section I1.B.3.c.

As formally defined in statistical mechanics, the Fermi level of any phase is
the energy level where the probability of finding an electron is one-half. In an
intrinsic semiconductor crystal at absolute zero, the Fermi level would be lo-
cated at the middle of the band gap. At absolute zero, the states in the valence
band would be totally occupied, and the states in the conduction band would
be completely empty. The probability of finding an electron therefore would go
from 1.0 in the valence band to O in the conduction band, and would reach a
value of % at mid-gap (even though there are no actual electronic states at this
energy).

For a doped semiconductor, the Fermi level position will be shifted from
mid-gap, because the doping process will vary the tendency of the solid to either
gain or lose electrons. For example, if donors are added to an intrinsic semi-
conductor, the solid phase will be more likely to lose electrons. The Fermi level
of an n-type semiconductor will thus move closer to the vacuum level (i.e., will
become more negative on the electrochemical potential scale). Similarly, if ac-
ceptors are added to an intrinsic material, the Fermi level will become more
positive, because this phase will now have an increased tendency to accept
electrons from another phase.

Using an analogy to the Nernst equation, the Fermi level of a semiconductor
phase can be written as

E. = Ei — kTin(n/ny) ' (8a)

or

Ei = Eg + kT In(p /p) (8b)

More rigorous equations can be obtained by using Fermi—Dirac statistics on the
electron occupancy of the filled and empty states of a semiconductor (43, 74).
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However, the final results of such a treatment are identical to Eqs. 8a and b for
most doping conditions. In these equations, the term Eg; represents the Fermi
level position in the intrinsic semiconductor (i.e., when n = n; in Eq. 8a or p
= p; in Eq. 8b). This value serves as a reference energy, much as pH = 7
serves as a reference value for changes in the pH of a neutral aqueous solution.
Physically, Eq. 8a states that doping a semiconductor with donors will produce
a more negative Fermi level because n > n;. Similarly, the doping of a semi-
conductor with acceptors yields a more positive Fermi level, as given by Eq.
8b with p > p;. Of course, since np = n;®, Egs. 8a and b can be used inter-
changeably to solve for Eg of a doped semiconductor if either n or p is known.
Both expressions will yield identical numerical values for E.

It is often convenient to refer the Fermi level to reference levels that are
close to the band edge energies. If we were to fill up the conduction band with
electrons to a value equal to the effective density of states in the conduction
band N_, then the Fermi level would shift until it was exactly equal to the energy
of the bottom of the conduction band E_,. Our new reference level would then
be the Fermi level at the bottom of the conduction band, that is, Ex = E,. In
other words,

EF = Ecb — kT ln(n/Nc) (9)

In essence, this is analogous to shifting the reference level of an aqueous so-
lution to pH = 0. Changes in pH could then be calculated relative to the amount
of acid in a 1.0 M H" solution, as opposed to calculating pH changes relative
toa 1077 M H™ solution for neutral water. The result for the Fermi level po-
sition versus electron concentration is, of course, identical no matter which
formula is used. It is only a matter of convenience as to which reference level
is used in the calculation of Eg. Similarly, we could choose to refer the Fermi
level position to the energy of the top of the valence band E,. In this case, the
expression for Ep. is

Er = E,, + kT In(p/N,) (10)

The forms used in Egs. 9 and 10 will not be employed extensively in this chap-
ter, but are presented here because they are often found in the photoelectro-
chemical literature.

Up to this point in our discussion, we have seen that doping is useful for
several purposes: it allows the electrical conductivity and the Fermi level po-
sition of a semiconductor sample to be controlled readily. The next step in our
understanding of semiconductor photoelectrochemistry is to consider the charge
flow that occurs when the doped semiconductor phase is brought into contact
with an electroactive solution phase. This process is the topic of Section III.
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III. EQUILIBRIUM STATE AT A SEMICONDUCTOR/LIQUID
JUNCTION

The key feature that enables semiconductor/liquid junctions to separate
charge effectively is the presence of an electric field at the interface between
the semiconductor and the liquid. The strength of this field can be on the order
of 10° V. ecm™! (43), and the field develops spontaneously, merely as a result
of the immersion of a semiconductor into a liquid. Because of the high mobility
of delocalized charge carriers in most semiconductors, these enormous field
strengths accelerate the charges to velocities of over 10’ cm s~' (75) and lead
to charge separation over distances of greater than 1 um in less than 10 ps!
These fields are present at equilibrium in most semiconductor/liquid systems.
These fields are also maintained to a large degree even while the interface is
collecting photogenerated carriers and producing electrical and/or stored chem-
ical energy. To understand this behavior, we need to consider the mechanism
by which this electric field is established when a semiconductor is placed into
contact with a liquid.

In its simplest terms, the charge transfer from a solid to a liquid is no dif-
ferent from the charge transfer between atoms to form an ionic bond. For ex-
ample, chemists realize that a neutral sodium atom will transfer charge when it
encounters a neutral chlorine atom, because Na has a low electronegativity and
Cl has a high electronegativity. The bond formation between these atoms results
in an equilibrium state in which the compound NaCl is best represented with
an ionic bond, that is, Na*Cl™. It is also obvious to chemists that the difference
in electronegativities of the atoms will determine the degree of charge transfer
in the molecule, with HC] having a much more covalent bond than NaCl.

The charge-transfer reaction between two phases is governed by identical
principles. However, the controlling factor is the electrochemical potential, not
the electronegativity. Whenever two phases of different electrochemical poten-
tials are brought into contact, the phase that has the more negative electrochem-
ical potential will tend to lose electrons to the phase with the more positive
electrochemical potential. Charge transfer between the two phases will occur
until an equilibrium situation is established. At equilibrium, one phase will have
an excess of positive charge, and the other phase will have an excess of negative
charge. In our specific examples of concemn, the semiconducting solid will be
one of the phases that is undergoing charge transfer, and the liquid contact,
with its redox couple present to accept or donate the charge, will be the other
phase. The difference in electrochemical potentials between the two phases will
determine the degree of charge transfer across the phase boundary, much as the
difference in electronegativity indicates the degree of bond ionicity in molecules
formed from neutral atoms. The only conceptual difference between the molec-
ular case and the interfacial case is that the physical junction between the solid
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and the liquid provides an obvious dividing line to separate the phase that will
lose electrons from the phase that will gain them.

A. Depletion
1. Qualitative Description of Interfacial Charge Equilibration

The simplest case to consider is the situation that describes the contact be-
tween an n-type semiconductor and a solution containing the redox pair A/A ™.
The electrochemical potential of the isolated semiconductor (Eg) is assumed to
be more negative than the electrochemical potential (E(A /A ™)) of the isolated
solution phase (Fig. 10a). A similar situation could be considered for a p-type
semiconductor in contact with a liquid, but the two systems are so-closely re-
lated conceptually that we will use the n-type semiconductor/liquid interface in
most of our examples in this chapter.

The electrochemical potential of the n-type semiconductor is given by the
value of its Fermi level (Eg). For the solution phase, the electrochemical po-
tential (E(A /A ™)) can be related to the solution redox potential (E(A/A7)) as
follows: E(A/A™) = qE(A/A™). The initial difference in the electrochemical
potentials of the two phases indicates that, after contact, charge must flow be-
tween the phases in order to reach equilibrium. Under our specific conditions,
charge will leave the solid phase, because it has the more negative initial elec-
trochemical potential [Ep < E(A/A7)]. This charge will be accepted by the
liquid phase, which has a more positive electrochemical potential.

As a result of this initial difference in electrochemical potential, the transfer
of electrons across the solid/liquid junction disrupts the original charge neu-
trality of the semiconductor and of the solution. This interfacial charge-transfer
process produces an excess of positive charges in the semiconductor and an
excess of negative charges in the solution (Fig. 10b). In essence, a capacitor is
charged during this process, and the components of the capacitor are the ions
in the liquid phase and the charges in the solid phase. This charging process
will continue until the initial difference in electrochemical potentials is neutral-
ized, that is, until the capacitor is sufficiently charged that no further net charge
transfer is possible thermodynamically. At this point, the junction will have
reached charge-transfer equilibrium. After equilibrium is reached, electric fields
and electric potential gradients are present in both the solid and liquid phases,
" because neither phase is electrically neutral. This charge-transfer process, and
the establishment of an electric field at a semiconductor/liquid interface, can
thus be understood qualitatively based on familiar, simple, chemical concepts.

The charge-transfer process stops only when the electrochemical potentials
of both phases are equal, that is, when equilibrium has been reached. In general,
the addition of excess negative charges to the liquid phase will tend to decrease
the value of its electrochemical potential. This phenomenon can be rationalized



SEMICONDUCTOR PHOTOELECTROCHEMISTRY 55

E cb E cb
g Fr ]
g --E(A/A) - E(A/K)
E vb
2
ISemiconductor | | Solution | [Semiconductor | ['solution |
(a) (b)

Ecb Ecb

3
.
o
E : --E(B/BY) ---E(B/B")
E vb Evb
2
ISemiconductorI @tion l Emiconductoﬂ ISqutiou
(©) (d)

Figure 10. Charge-transfer equilibration processes at semiconductor/liquid junctions. The elec-
trochemical potential of the solution A /A~ (E(A /A™)) is more negative than the electrochemical
potential of the solution B/B~ (E(B/B™)). For convenience, the reference energy has been shifted
from the vacuum level to an arbitrary value on the electrochemical potential scale. (@) Before
equilibrium is established, the entire semiconductor is neutral. (b) At equilibrium, a positively
charged region of width W, is present in the semiconductor. (¢) Similar to (a), except that the redox
couple (B/B™) in the solution has a more oxidizing electrochemical potential than A /AT (d)
Similar to (b), but the charged region extends deeper into the semiconductor (W, > W)), because
the number of charges that must cross the semiconductor/liquid interface is greater. In both (b) and
(d), the positions of the conduction and valence band edges are unchanged by the charge equili-
bration processes.

because it is easier to ionize a phase with excess negative charges than one
without such an excess. Similarly, the loss of negative charge from the semi-
conductor will tend to increase the value of its electrochemical potential. Thus,
net charge will continue to flow across the junction until these electrochemical
potentials equilibrate at the same level.

For two arbitrary phases, it is not always possible to predict a priori whether
the Fermi level of the semiconductor will move more or less than that of the
contacting phase. However, for semiconductor/liquid contacts, it is possible to
predict what will occur. Even in solutions that contain dilute (<10 pM) con-
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centrations of redox species, the number of available states per unit energy in
the solution far exceeds the number present in a semiconductor, since the solid
has essentially no available states in its band gap region. Thus, during the equi-
libration process, there is little negative movement of the electrochemical po-
tential of the solution. The Fermi level of the n-type semiconductor, however,
becomes more positive until it reaches the value of the solution electrochemical
potential. In chemical terms, the solution acts as an excellent ‘‘buffer’” of en-
ergy with respect to excess charge. This situation is analogous to aqueous buff-
ers that resist changes in pH when mixed with nonbuffered solutions that contain
small amounts of H™.

The equilibrium positions of the Fermi level for both the semiconductor and
liquid phases are therefore essentially equal to the initial value of the solution
electrochemical potential (E(A /A7)). When sufficient charge has transferred
across the interface to produce this change in Eg, equilibrium is reached, and
no further net flow across the solid/liquid boundary will occur for this particular

~combination of solid and liquid phases.

a. Depletion Width. An important quantity, the depletion width, can also

. be understood using these qualitative concepts. For a doped semiconductor,
charge-transfer equilibration removes carriers from the sites that are most easily
ionized. Thus, if possible, charge is removed from the dopant atoms, as op-
posed to being removed from atoms of the semiconductor material. For exam-
ple, for phosphorus-doped n-type Si, charge-transfer equilibration would be ac-
complished by the transfer of the fifth valence electron on the P dopant atoms,
as opposed to the transfer of electrons arising from the ionization of the Si lattice
atoms. In order to reach charge-transfer equilibrium, a certain number of charges
must be pulled out of the semiconductor phase. The number of charges that
need to be transferred is generally far larger than the number of dopant atoms
that are present in one atomic layer of the solid. Thus, as depicted in Fig. 10b
and d, greater degrees of charge transfer require that we ‘‘reach further into’
the bulk of the semiconductor to obtain the proper number of ionizable charges
from the solid.

The depth over which dopants are ionized can be readily calculated. For an
n-type semiconductor of majority carrier density (Ny), a good first approxima-
tion is that charge transfer produces a fixed concentration of charged dopant

" atoms for a depth W. Within this depth, essentially all of the electrons donated
by the available dopants have been removed from the solid. The ionized dopant
atoms are thus left in this region as positive charges. However, beyond this
depth, essentially no electrons have been removed, and the ionized dopants are
surrounded by electrons. This approximation is called the depletion approxi-
mation (76), and the quantity W is called the depletion width. In the semicon-
ductor, the charged region of width W is called the depletion region.

With this approximation, W is readily calculated if the amount of charge
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transferred per unit area (Q) is known. The parameter W is then simply Q /Ny.
When a higher dopant density is available for donating electrons to the solution,
one needs to ‘‘reach in’’ less deeply into the solid to achieve a given degree of
charge transfer. The value of W thus becomes smaller as the dopant density
increases. The depletion width will be an important quantity to understand when
considering the effects of various chemical modifications on the behavior of
semiconductor/liquid interfaces. As discussed above, its accurate calculation
using the depletion approximation depends only on a prediction of the amount
of charge per unit area (Q) that must be transferred to equilibrate the desired
semiconductor/liquid interface.

Without any additional quantitative information, some important chemical
trends in junction behavior can be clearly understood. In a molecule, a large
difference in electronegativity between bonded atoms should lead to a large
degree of ionicity in the bond. At the solid/liquid interface, a greater initial
difference in the electrochemical potentials of the isolated solid and liquid phases
should produce a greater propensity for interfacial charge transfer at the solid/
liquid junction. Using our example of an n-type semiconductor, solutions with
more positive redox potentials on the electrochemical scale will produce greater
initial contact potentials to a given semiconductor surface. These solutions
would thus be expected to produce larger degrees of interfacial charge transfer
than solutions with less positive redox potentials (Fig. 10). Similarly, semicon-
ductors with more negative Fermi levels, that is, either more highly doped sam-
ples of a given material, or materials with lower electron affinities at similar
doping levels, would be expected to produce a greater degree of charge transfer
when placed in contact with a solution of a given redox potential. This chemical
control over the strength of the interfacial electric field is one of the key exper-
imental features of semiconductor/liquid junctions.

2. Quantitative Description of Interfacial Charge Equilibration

a. Electric Field and Electric Potential. It is also important to understand
quantitatively the strength of the electric field, and the values of the electric
potential, that are produced as a result of this charge-transfer equilibration pro-
cess. Simple electrostatic considerations suggest that an electric field and an
electric potential will be present in the solid, because the interfacial charge
transfer has removed negative charges from an initially neutral phase to produce
a net charge density in the semiconductor portion of the junction (77). Our goal
now is to understand how to describe the electric field and electric potential that
result from this process.

The relationship between the charge density and the electric field strength is
simply obtained from electrostatics. Consider a negative test charge that we will
bring through the semiconductor and towards the solid/liquid interface. At points
within the bulk of the semiconductor, the negative charges on the liquid side of
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the interface are offset (i.e., screened) by an approximately equal number of
positive charges in the depletion region of the semiconductor. Thus, negligible
electric fields are experienced by this test charge. This region is called the
quasi-neutral region of the semiconductor, as a negative test charge at these
positions in the solid is not influenced by the presence or absence of charge
transfer at the solid/liquid interface.

As we proceed to move our negative test charge closer to the semiconductor/
liquid interface, it will start to penetrate into the depletion region. This negative
test charge will be repelled from the interface, because it will experience the
repulsion of all of the negative charges in the liquid phase, while being screened
by only a portion of the positive charges in the semiconductor phase. Another
way of thinking about this situation is that there is now a net dipole acting on
the test charge that pushes the charge away from the interface. This net dipole
arises from the excess of negative charges that is sensed by the test charge.

Under these conditions, work is required to push this negative test charge
towards the interface. We can quantitatively express this work either in terms
‘of the electric field strength at each position in the solid, or in terms of the
electric potential at each position of the system. According to electrostatics, the
electric field is simply the integral of any excess charge density along the path
of interest (77). Thus, using the depletion approximation, which states that the
charge density is simply the dopant density for all values of x up to the depletion
width, we calculate that

Ex) = <q€—Nd>x ©=<x=<W (11)

s

where &%(x) is the electric field strength at position x in the solid, € is the static
dielectric constant of the semiconductor, and Ny is the dopant density of the
semiconductor. In Eq. 11, the origin of the x-axis has been defined as the po-
sition that separates the depletion region from the quasi-neutral region; there-
fore, the semiconductor/liquid interface is at a distance W(W > 0) from the
origin (Fig. 11a and b).

As given in Eq. 11, since the depletion approximation ensures that the charge
density in the depletion region is independent of distance, the electric field
strength in this region increases linearly as the solid/liquid junction is ap-
* proached. The maximum electric field strength in the semiconductor (£7,,,) is
obtained at the position x = W.

Cmax = <%Vg> w 12)



SEMICONDUCTOR PHOTOELECTROCHEMISTRY 59

(a) \ Charge

A
()] Density (C/cm?)

aNg

A
X
0 w 7

b Electric Field
®) (+ \Strength (Vicm)

—
A

&max

N
Emax = (qss" )w

Electric

© Potential (V)

~—
A
>

(-

Vv

max

N
[Vnex|=Vii= (qT:-) w?

A

w WX

Figure 11. The spatial dependence of the charge density, the electric field, and the electric po-
tential in the semiconductor at equilibrium. The origin of the x-axis (the distance axis) is chosen
for convenience as the point where the net charge density in the semiconductor becomes zero. (a)
The distance dependence of the charge density under the depletion approximation. (b) The electric
field strength as a function of distance. Note that the maximum electric field strength occurs at the
semiconductor/liquid interface. (¢) The distance dependence of the electric potential in the semi-
conductor. The electric potential in the bulk of the semiconductor has been defined to be zero.
Because the sign of the electric field strength is positive, the electric potential at the interface is
more negative than it is in the bulk.
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Thus, the maximum electric field strength in a semiconductor/liquid junction is
located at the interface. This is an important feature for constructing efficient
energy conversion devices using semiconductor/liquid junctions, because the
maximum ability for charge separation by the electric field occurs at the solid/
liquid interface.

An alternative and convenient method of expressing the work required to
push our negative test charge towards the interface is given by the electric po-
tential at each point in the semiconductor. Electrostatics states that the electric
potential is equal to the negative integral of the electric field over the path of
interest (77). Thus, integrating the linear electric field (Eq. 11) from the bulk
of the semiconductor towards the semiconductor/liquid interface yields a qua-
dratic expression for the electric potential in the semiconductor phase.

Vix) = — <Z—1\i"> 2 0O<x<WwW (13)

The electric potential of an electron near the interface is thus more negative
than in the bulk. The negative sign in Eq. 13 merely indicates that the electric
potential at the interface is more negative than that in the bulk, that is, the
electric potential at the interface is closer to the vacuum level than in the bulk.
This makes sense, because work was required to push the negative test charge
towards the interface. The difference in electric potential between the quasi-
neutral region and any other position is a quantitative measure of the work
required to move this test charge in the solid.

Figure 11 contains plots of the charge density, electric field strength and
electric potential versus distance for a semiconductor/liquid junction. Because
these diagrams are all related to each other, only one type of diagram is often
depicted when a particular semiconductor/liquid interface is discussed. The most
convenient diagram is that of the electric potential energy versus distance, be-
cause the electric potential energy can be directly related to the potential energy
of an electron at any point in the system. The potential energy of an electron at
each position in the solid can be obtained by multiplying the electric potential
by the charge on an electron.

A schematic of the potential energy versus distance relationship for a semi-
conductor/liquid junction is depicted in Fig. 12. These potential energy versus
distance diagrams are often called band bending diagrams. The electric poten-
" tial gradient leads to a quadratic increase in the potential energy of an electron
in the solid as it approaches the surface of the semiconductor. Both the con-
duction and valence bands are shown bent because the electric field acts equally
well on test charges that are in either band. Note also that on these diagrams,
the distance between the bottom of the conduction band and the top of the
valence band always remains constant. This situation results because the pres-



SEMICONDUCTOR PHOTOELECTROCHEMISTRY 61

s
) -
< - - E(A/AT)
2
[
=1
]
= Evb 'Evb
x
[ semiconductor | [Solution | [semiconductor | [Solution |
X } } X
O ® O x20 xew ©®
(a) (b)

Figure 12. An energy diagram of an n-type semiconductor/liquid junction at equilibrium. (a)
Before charge equilibration occurs, the energy levels of the semiconductor conduction and valence
bands are uniform at all points along the x-axis. (b) After charge equilibration has occurred, a
depletion layer is formed in the semiconductor. As shown, the electric potential energy levels of
E,, and E,, are dependent on distance in the depletion region. However, at equilibrium, the elec-
trochemical potential is the same in the solution and at all points in the semiconductor [i.e.,
E(A/A™) = Eg]. The parameter gV, is defined as the difference between Er. and E., in the bulk
semiconductor, and ¥, is the built-in voltage of the junction. The parameter ¢,,, the barrier height,
is defined as ¢, = V, + V.

ence of an electric field has a negligible effect on the value of the band gap for
most semiconductors.

Another chemical analogy will be useful in elucidating the meaning of band
bending diagrams. Chemists are quite comfortable with reaction coordinate dia-
grams, in which the free energy of the system is plotted versus some (typically
unknown) reaction coordinate for a chemical reaction. A similar interpretation
is possible for band bending diagrams (Fig. 12b). These diagrams can be in-
terpreted as representing the activation energy required to move a negative
charge along a reaction coordinate towards the interface. This movement will
require energy, because of the repulsion due to the unscreened negative charges
on the liquid side of the semiconductor/liquid junction. The difference between
the common chemical reaction coordinate diagram and a band bending diagram
is that if the amount of charge is known, the electric potential (Eq. 13) and,
therefore, the electric potential energy of the system, can be calculated precisely
at each point along the reaction coordinate. In contrast, typical chemical reac-
tion coordinates are only schematic in both energy and in direction along the
bond coordinates. Thus, the same interpretation applies to band bending and
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reaction coordinate diagrams. However, more quantitative information is avail-
able from a band bending diagram, because the electrostatic equations allow
calculation of the potential energy along each position of the reaction coordi-
nate.

b. Built-in Voltage. A few quantitative values are worth deriving in order
to complete the diagrams of Figs. 11 and 12. According to Eq. 13, the absolute
value of the electric potential reaches its maximum at the interface (x = W).
The absolute value of this potential difference between the interface and the
semiconductor bulk is called the built-in voltage (V,;). The built-in voltage is a
direct result of the initial electrochemical potential difference between the semi-
conductor and the solution, with V; = |[Ex — E(A/A7)|/, (Fig. 12). The
parameter V; represents the amount of voltage drop that has occurred across
the semiconductor phase during the charge-transfer equilibration process. This
quantity is the total change in electric potential that would be experienced upon
moving a test charge from the back of the semiconductor solid (x = —o) all
the way to the interface between the solid and the liquid (x = W). The param-
eter Vy,; is called the built-in voltage because this voltage is ‘‘built-in’’ to the
semiconductor as a result of equilibration with the solution redox level. The
parameter V; can be related to the amount of charge transferred and, therefore,
to the depletion width W, using the equations developed above. From Eq. 13

qNy 2
Vei={—| W 14
bi <2 €S> ( a)
or
2 e Vi
W= |——- (14b)
Ny

Another quantity of interest on the band bending diagrams refers to the bulk
of the semiconductor. In the semiconductor bulk region where no electric fields
are present, the difference between the Fermi level and the energy of the bottom
of the conduction band remains the same as it was in the neutral semiconductor
before equilibration with the liquid. Thus, we can define V, = (Ez — Ey)/q
as the potential difference between the Fermi level and the conduction band
energy in the semiconductor bulk, as shown on the band bending diagram in
Fig. 12. :

The difference between the equilibrium Fermi level and the energy of the
bottom of the conduction band at the semiconductor/liquid interface is also an
important quantity often mentioned in the literature. This difference is called
the barrier height energy of the junction. This parameter is generally abbrevi-
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ated as g¢,,, where ¢y, is the barrier height in volts and g¢,, is the barrier height
energy in electron volts. From Fig. 12b and from the definitions of ¥, and V,,,
it can be seen that ¢, = V, + V. It is generally convenient to use ¢, to
characterize the barrier height of semiconductor/liquid contacts, because unlike
V. and V,;, ¢y is independent of the doping level of the semiconductor. In fact,
the magnitude of ¢, depends only on the initial position of the semiconductor
conduction band edge (E,) and on the initial electrochemical potential of the
solution (E(A /A7) with g¢, = Eg — E, (at the electrode surface).

The values of V,; and ¢, are key experimental quantities that are used to
characterize the physical properties of semiconductor/liquid interfaces. If Vj,; or
¢y, can be determined, then W, Q, &(x), and most of the other important ther-
modynamic quantities that are relevant to energy conversion can be readily cal-
culated using the simple equations that have been presented above. Methods to
determine these important parameters will be discussed in more detail later in
this chapter. However, it would be useful at this point in the discussion to
consider what values of ¢, and ¥V, are theoretically expected for a given semi-
conductor/liquid interface. By definition, ¢, = [E(A/A7) — E,l/q at the
electrode surface (Fig. 12b). Thus, in principle, the barrier height can be pre-
dicted if the energies of the semiconductor band edges and the electrochemical
potential of the solution can be determined with respect to a common reference
energy.

A problem with this approach involves the relationship between the electro-
chemical potential of the solution and the electrochemical potential of the solid.
Like most electronic energy levels for molecules, the Fermi level of the semi-
conductor is usually calculated relative to the vacuum level. Experimental mea-
surements to determine E for semiconductors (generally through determination
of the semiconductor work function and dopant density) also yield values that
can be related to the energy of an electron in vacuum. However, Nernst poten-
tials of liquid phases can only be measured as potential differences between the
test solution and a solution that is used as a reference (78). Since it is not
possible to measure directly the energy of an individual electrochemical solution
relative to the vacuum level, it is not possible to determine directly the desired
relationship between the energy levels on the solid side of the junction and those
on the liquid side. )

Typically, the reference level for solution redox potentials is chosen to be
the normal hydrogen electrode (NHE). Some tabulations use the saturated cal-
omel electrode (SCE) as the reference level, but the difference between these
two scales is well known to be NHE = —0.24 V versus SCE (79). The fun-
damental problem is the determination of the absolute energy of the NHE rel-
ative to vacuum. Although a method to determine directly the absolute electro-
chemical potential of a NHE has not yet been conceived, a recent indirect
measurements has indicated that it is approximately 4.43 eV below the vacuum
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level (80). This value is often used to relate the electrochemical potential scale
to the vacuum level scale. It provides the best approximation that is presently
available to calculate the values of ¢, and Vj;, based only on the values of E,
and E(A/A"). Figure 13 shows the approximate positions of some common
redox potentials relative to the energy band positions of various semiconduc-
tors.

c. Surface Concentration of Electrons. A final quantitative aspect of
these band bending diagrams concerns the equilibrium concentration of elec-
trons at different positions in the semiconductor. Before contact with the solu-
tion phase, the carrier concentration was equal at all points in the semiconduc-
tor. For a moderately doped solid with completely ionized dopants, this carrier
concentration is simply given by the value of N,. For a depleted n-type semi-
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Figure 13. The positions of the conduction and valence band'edges of various semiconductors
and the redox potentials of selected solutions. The semiconductor conduction band edge positions
are determined from electron affinity measurements, and are referenced against the vacuum level
(45, 56, 81). The solution redox potentials are measured against the NHE in V (78, 82) and can
be converted to energies (eV) by multiplying by . The electrochemical potential of the normal
hydrogen electrode (NHE) is taken to be 4.43 eV below the vacuum level (80). It should be noted
that the band edge positions of TiO, and SrTiO; depend on the pH of the contacting solution. The
positions illustrated here are for these semiconductors when in contact with solutions of pH = 13.3
(56, 82). The potentials for the reduction of H,O to H,(g), and for the oxidation of H,O to Oy(g),
are also given for pH = 13.3. From the figure, it is obvious that TiO; (rutile) cannot reduce water,
while TiO, (anatase) and SrTiO; can split water to H,(g) and O,(g) under standard conditions.
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conductor, however, the presence of unshielded negative charge on the liquid
side of the interface will make it energetically difficult to support negatively
charged electrons in the semiconductor depletion region. Because the screening
of interfacial charge is a function of distance away from the solid/liquid junc-
tion, the actual majority carrier concentration in a depleted semiconductor is
expected to be a function of distance from the solid/liquid interface.

To obtain an expression for this carrier concentration versus distance rela-
tionship, we need to consider the potential energy difference between various
points in the semiconducting solid. The relationship between the bulk carrier
concentration (r,) and the carrier concentration at any other position in the solid
can be obtained simply by using the Boltzmann equation

n(x) = n, exp[q—:%} (15)

where V(x) is the electric potential difference between the bulk semiconductor
and any other position of interest (Fig. 11¢). The concentration of electrons in
the bulk is the same as that in the neutral material, so n, = Ny. The parameter
V(x) is negative with respect to the potential of the conduction band in the
semiconductor’s quasi-neutral region (Fig. 11c and Eq. 13). Therefore, as the
solid/liquid interface is approached, n(x) decreases exponentially from the bulk
electron concentration.

From Eq. 15, it can be seen that n(x) reaches a minimum at the semicon-
ductor surface. The concentration of electrons at the surface (n,) is given by

V.
n, = n, exp<— %) (16)

where V,; is the absolute value of V(x) at x = W.

This expression clearly shows that V,; represents the total electric potential
barrier for electrons to move from the bulk of the semiconductor to the solution.
As will be discussed in Section IV, the surface concentration of electrons is an
important factor that controls the charge-transfer events between the semicon-
ductor and the solution. Thus, V}; directly affects the current-voltage properties
of a semiconductor/liquid junction.

B. Accumulation

We have described above the relevant physics and electrostatics for a de-
pleted semiconductor/liquid contact. It is also possible, however, that the initial
electrochemical potential of the solution will be more negative than the Fermi
level of the semiconductor. During the approach to equilibrium, charge will
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then tend to flow into the semiconductor from the solution phase. This flow of
electrons into the semiconductor leads to a qualitatively different energetic sit-
uation than the one that has been described for depletion. We briefly discuss
the properties of these types of contacts in Section III.B.

When electrons from the solution phase are transferred into the semiconduc-
tor, these electrons are not confined to dopant atom sites. Instead, the majority
carriers exist as delocalized charges in the conduction band. The spatial region
in the semiconductor where the negative charges accumulate is called the ac-
cumulation region (Fig. 14). The most important difference between the cases
of depletion and of accumulation is that the carriers are removed from the im-
mobile dopant atom sites under depletion conditions. In contrast, in accumu-
lation the charges enter orbitals that are a part of the conduction band. Because
these excess majority carriers need not reside on dopant atoms, but can also
reside on lattice atoms of the semiconductor, the charge density that can be
supported in accumulation is not limited by the dopant density. Instead, it is
more closely approximated by the atom density in the crystal lattice. The thick-
ness of an accumulation region is therefore far smaller than that of a depletion
region, at least for the same material and same amount of charge transferred
across the interface. The width of an accumulation layer is typically less than
100 A (83), while the width of the depletion region is usually on the order of
micrometers.

Experimentally, the thin width of an accumulation layer implies that charge
separation will not be effective for such semiconductor/liquid interfaces. Both
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Figure 14. An energy diagram of a semiconductor/liquid junction in accumulation. (a) Before
charge equilibration occurs, the Fermi level of the semiconductor (Ep) is more positive than the
solution electrochemical potential [E(A /A7)], and electrons will flow from the solution into the
_semiconductor. (b) After charge equilibration has occurred, an accumulation layer containing neg-
ative charges is formed in the semiconductor.
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electrons and holes can tunnel through the thin electric potential barrier in the
accumulation region, so the charge separating ability of the electric field is
greatly reduced relative to that in depletion. In addition, the spatial extent of
the electric field gradient in accumulation is reduced relative to the field width
in depletion. Only charge carriers created very near to the semiconductor/liquid
interface will sense the excess charges in the liquid phase and will be separated
by the field when accumulation conditions are established. Semiconductor/lig-
nid interfaces in accumulation are useful for investigating the electrostatics of
junction formation, but are not useful in the formation of efficient solar energy
conversion devices.

C. Fermi Level Pinning

In discussing the behavior of semiconductor/liquid junctions in depletion,
we have assumed that if the energy of the conduction band edge E, and the
electrochemical potential of the solution (E(A /A™)) were known, their differ-
ence would yield a quantitative prediction of the barrier height for a given in-
terface (Fig. 12). Furthermore, even if the absolute magnitude of ¢, is not
known, it should still be the case that a change in the redox potential of the
solution should yield a defined change in the barrier height, and also in the
built-in voltage, of the resulting semiconductor/liquid contact. The scenario in
which these conditions apply is often called the “‘ideal’’ behavior of a semi-
conductor/liquid contact. However, for many semiconductor/liquid contacts,
this ideal behavior is not observed experimentally. In fact, in some systems,
changes in the solution redox potential do not change the properties of the semi-
conductor/liquid junction. In the remainder of this section, we describe how
this important class of exceptions to ideal behavior can be understood, and we
describe the implications of this nonideal junction behavior with respect to en-
ergy conversion.

The key experimental observation is that the built-in voltage in the semicon-
ductor (V) often does not change despite large variations in the redox potential
of the solution (84, 85). Attaining equilibrium between two phases requires that
different degrees of interfacial charge transfer must occur when the initial elec-
trochemical potential difference between these phases is changed. The experi-
mental observation therefore indicates that another source or sink for charge
must exist in the real interfacial system. These sources and sinks for charge are
often referred to as surface states, and their ability to ‘‘buffer’” the semicon-
ductor from changes in the electrochemical potential of the contacting phase is
referred to as Fermi level pinning.

Surface states can arise simply because the atomic bonding at a semiconduc-
tor surface is necessarily different from that in the bulk. For example, in a Si
lattice, the bonds at the Si surface are not fully coordinatively saturated. To
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relieve this unsaturation, either a surface reconstruction will occur and/or bonds
to solvent, oxygen, or some other species will be formed. This distinct type of
surface bonding results in a localized electronic structure for the surface that is
different from that in the bulk. The energies of these localized surface orbitals
are not restricted to reside in the bands of the bulk material, and can often be
located at energies that are more negative than the top of the valence band or
more positive than the bottom of the conduction band, that is, inside the band
gap of the semiconductor. Orbitals that reside in this forbidden gap region are
particularly important, because they will require modifications of our ideal model
of charge equilibration at semiconductor/liquid interfaces.

To understand Fermi level pinning, we need to reconsider the charge equi-
libration process when the semiconductor/liquid junction has a high density of
surface states. As an example, we will consider a situation in which the surface
states are half-filled when in equilibrium with a given solution and a semicon-
ductor. The relevant question in this example concerns the change in Vy; when
the solution redox potential is made more positive. In the ideal model, the re-
quired charge had to be transferred by removing electrons from dopant atoms
further into the semiconductor (Fig. 10). As described above, this process re-
quires increases in both W and V.

However, due to the presence of occupied surface states, another source of
charge is available in our nonideal example. If the charge required to equilibrate
the junction is extracted from the surface states, and if the surface state density
is sufficiently high to supply the required charges, then the junction can come
to equilibrium without producing any change in Vy,;. This can occur because no
additional charges have been removed from the semiconductor. Instead, the
additional charge was provided by the surface state levels. This situation is
called Fermi level pinning. This terminology is used when the position of the
semiconductor Fermi level is controlled by the occupancy of the surface states,
as opposed to being controlled by the solution redox energy (43).

Quantitative calculations of the number of surface states that are needed to
achieve Fermi level pinning will not be described here (84). However, such
calculations show that even surface state densities as low as 1% of a monolayer
(10" states cm~?) can provide sufficient charge to induce complete Fermi level
pinning at semiconductor/liquid contacts (84). In other words, fora 1-2 V
change in the solution redox potential, this density of surface states is sufficient
that the value of W or V,; will not change.

Lower surface state densities will, of course, produce less of a Fermi level
pinning effect. This will result in an increased sensitivity of ¥, to changes in
E(A/A"™). In fact, a quantitative measure of the degree of ideality of a junction
can be obtained by plotting changes in V;,; (or ¢,) as a function of changes in
E(A/A™). When the slope of a plot of V,; versus E(A/A7) is 1.0, the ideal
" situation is attained. When the slope of such plots is approximately equal to
zero, complete Fermi level pinning is present. Intermediate situations, with



SEMICONDUCTOR PHOTOELECTROCHEMISTRY 69

0 < slope < 1.0, or nonlinear behavior of V,; versus E(A/A7), are often
referred to as partial Fermi level pinning. All of these different situations have
been observed experimentally (cf. Sections V.B.2 and V.B.4).

Fermi level pinning is generally an undesirable feature of semiconductor/
liquid contacts. Its presence implies that there is a lack of chemical control over
the electric field strength in the semiconductor. Only if the density of surface
states is sufficiently low can the maximum possible electric field strength, and
therefore the maximum possible charge separating ability, be attained for a given
semiconductor/liquid contact. Some reports have appeared in the literature de-
scribing the preparations of semiconductor surfaces with acceptably low levels
of deleterious surface states. In others, surface modification procedures have
been explored with the aim of forming bonds to the defect states. Some of these
examples are discussed in Section V. Such efforts are extremely important, as
the problems of Fermi level pinning remain a key challenge to the chemist
interested in manipulating the properties of photoelectrochemical cells.

IV. CHARGE TRANSFER AT A SEMICONDUCTOR/LIQUID
JUNCTION

Up to this point, we have considered the charge flow that occurs to produce
the equilibrium state between a semiconductor and a liquid. This type of charge
flow is a prerequisite for the use of semiconductor/liquid junctions as energy
conversion devices. This charge flow is not sufficient, however, to describe how
photoelectrochemical cells store energy. To convert solar energy to electrical
and/or chemical energy, a sustained, nonequilibrium current must flow across
the semiconductor/liquid junction. Our goal in Section IV is to establish a
framework for describing this current flow. We will then have all of the basic
information necessary to understand the process of photoelectrochemical energy
conversion.

A. Current-Voltage Behavior for a Semiconductor/Liquid Interface

A balanced chemical equation that represents the interfacial charge transfer
at a semiconductor electrode is

electron in | acceptor in . electron vacancy |, donor in an

solid solution in solid * solution

In Eq. 17, the forward reaction represents the reduction of the acceptors in the
solution, and the reverse reaction represents the oxidation reaction of the do-
nors. The goal of Section IV.A is to use this equation, in combination with a
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simple kinetic model, to obtain an expression for the current-voltage properties
of a semiconductor electrode. We will use an n-type semiconductor as our ex-
ample, although an analogous treatment can be readily performed for p-type
semiconductors.

In any chemical system, no net formation of products or net destruction of
reactants occurs at equilibrium. There is, however, always some rate of con-
version of an individual set of reactant molecules into a set of product mole-
cules, and vice versa. At equilibrium, these rates cancel each other exactly. An
analogous situation holds for charge transfer at a semiconductor/liquid inter-
face: at equilibi’ium, the rate of electrons flowing from the semiconductor into
the solution must exactly equal the rate at which electrons flow into the semi-
conductor from the solution (Fig. 15). Away from equilibrium, the rate con-
stants for these processes will remain fixed for the interface of interest. How-
ever, the concentrations of the reactants and products will differ from their
equilibrium values, and a net current can therefore be sustained through the
interface. Our strategy in describing current flow is to describe the currents at
equilibrium in accord with Eq. 17, and then to modify this treatment to include
nonequilibrium conditions.

1. Charge Transfer at Equilibrium

The simplest model of electron transfer across a semiconductor/liquid inter-
face assumes that bimolecular kinetics can be applied to the charge-transfer
reaction. In this model, the current depends linearly on the concentration of
electrons near the semiconductor surface (n,) and on the concentration of ac-
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Figure 15. An energy diagram of the equilibrium charge-transfer process at a semiconductor/
liquid interface. The surface concentration of electrons (n,) is determined by the concentration of
electrons in the bulk (,) and the built-in voltage at equilibrium (V,,). The forward reaction rep-
resents the reduction of the acceptors (A) in the solution through the transfer of electrons from the
semiconductor surface to the solution. The reverse reaction represents the oxidation of the donors
(A7) in solution by the injection of electrons into the semiconductor conduction band. At equilib-
rium, the forward rate equals the reverse rate and no net current flows across the interface.
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ceptor ions that are available to capture charges at the semiconductor surface
(Fig. 15). This assumption is reasonable, provided that the concentration of
either electrons or acceptors is not so high that the reaction order saturates and
the rate becomes independent of the concentration of either reactant.

In a solution containing a redox couple A /A™, the rate of direct electron
transfer from an n-type semiconductor to the acceptor species (A) can therefore
be expressed as

rate of electron injection into the solution = k. [Als (18)

where k., is the rate constant for the electron transfer and [A]; is the concentra-
tion of acceptors at the surface of the semiconductor. The units of k., are
em* s, because the rate of charge flow represents a flux of charges crossing
the interface, with units of em ™2 57!, and the concentrations ng and [A] are
expressed in units of cm™>. Referring to Eq. 17, this expression represents the
rate law for the forward chemical rate, that is, it represents the rate of formation
of products for the chemical reaction in Eq. 17.

There also must be a current in the opposite direction that opposes this for-
ward rate, that is, electrons must also be able to leave the redox donors (A7)
and enter the semiconductor conduction band. Because the electrons enter the
empty states of the solid, the concentration of these empty states can be taken
as a constant. This leads to the expression

rate of electron transfer from the solution = k TAT], (19)

In Eq. 19, k; ! is the reverse reaction rate constant, and [A ], is the concentra-
tion of the donors at the electrode surface. The concentration of states in the
semiconductor has been incorporated into the value of k.'. This rate will be
called the reverse rate, because it represents the formation of the species on the
left-hand side of the reaction represented in Eq. 17.

At equilibrium, these rates must be equal to each other. Denoting the equi-
librium electron concentration at the semiconductor surface by the quantity n,
we then obtain

kg, [Aly = ko' [AT] 20

This equality can now be used to describe the rate of charge transfer both at,
and away from, equilibrium. The net rate of electron transfer into solution
(—dn /dp) is always simply the forward rate minus the reverse rate. From Egs.
18-20, we then obtain the general relationship

_dn _ k. [Al, n, — ko' [A7] 21
dt - MNet sns et s )
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or

—@—k A - 22
dt - et[ ]s (ﬂs nso) ( )

Equations 21 and 22 were obtained merely by treating charge transfer across
a semiconductor/liquid interface as we would treat any other simple chemical
kinetics problem. It states that the net rate at which charge crosses the semi-
conductor/liquid interface is the rate of product formation minus the rate of
reactant formation. Although Eq. 22 is exactly equivalent to Eq. 21, the form
that we have adopted for Eq. 22 will be extremely useful in deriving concise
expressions for the current-voltage relationship of a semiconductor photoelec-
trode. This results because Eq. 22 expresses the net rate of charge transfer
relative to the situation at equilibrium, where no current flows across the inter-
face. According to Eq. 22, —dn/dt = 0 at equilibrium (as must be the case,
because n, = n,, by definition). Away from equilibrium, n, # n,, so charge
will cross the interface, and thus —dn /dr # 0.

2. The Dark Current-Voltage Characteristics of a Junction

It is now a simple task to describe the interfacial current using Eq. 22. Since
the current is merely the electron-transfer rate multiplied by the charge on an
electron and by the area of the electrode (4), the interfacial electron-transfer
current can be written

I= _qA <_ _/> = _C(ns - nso) (23)

where the constant C equals gAk,, [A];.

In this notation, the current I is defined to be negative when a reduction
occurs at the electrode surface. Therefore, when n, > n,, a negative (reduc-
tion) current will flow, because the electrode will tend to donate electrons to
the solution. Likewise, when n, < n,,, a positive (oxidation) current will flow,
because the solution will donate electrons to the semiconductor. A useful form
of this equation is ‘

ns
I = —Cng <— — 1> (24)

SO

Neither of these two last equations are sufficient to describe explicitly the
current-voltage properties of a semiconductor/liquid interface. For example, in
Eq. 24, the voltage dependence is implicit in the ratio n;/ng,. To obtain this
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voltage dependence explicitly, we need to remember that the electron concen-
tration at the surface of a semiconductor is related to the electron concentration
in the bulk. As given in Eq. 16, the surface electron concentration at equilib-
rium is given by

V..
Ry, = My exp<—%,b—'> 25)

Similarly, when a voltage V is applied to the semiconductor, the total voltage
drop in the semiconductor depletion region is V}; + V, so we obtain an analo-
gous Boltzmann relationship away from equilibrium

gV + V)} 26) '

ng = ny exp[ - T

These equations represent the physical situation that the electron concentration
at the semiconductor surface can be either increased or decreased through the
use of an additional voltage. This applied voltage controls the surface carrier
concentration in the same fashion as the built-in voltage, so the same Boltzmann
relationship applies.

These Boltzmann relationships (Eqs. 25 and 26) lead to a simple expression
for the variation in the surface electron concentration as a function of the applied

voltage (Eq. 27).
ng qv @n
=expl — =
n P kT

SO

This makes sense, because any change in the voltage dropped across the solid
should exponentially change the electron concentration at the semiconductor
surface relative to its value at equilibrium.

Substituting Eq. 27 into Eq. 24, we obtain the desired relationship between
the current and the voltage of a semiconductor/liquid junction.

= —Cny | exp YT -1 (28)

This equation is merely the simple rate equation, Eq. 24, which has been re-
written to emphasize the explicit dependence of the current on V.

We are now in a position to examine the properties of the current-voltage
(I-V) behavior of a semiconductor electrode in detail. Equation 28 predicts that
the current is exponentially dependent on the voltage for V' < 0, but is essen-
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tially independent of voltage, and of opposite sign, when V' > 0. This predic-
tion can be understood qualitatively by reference to the elementary rate pro-
cesses that are described by from Egs. 21 and 22. The net current across the
solid/liquid interface is always given by the difference of the forward and re-
verse interfacial charge-transfer rates, that is, by the rate of the reaction going
to the right minus the rate going to the left, as written in Eq. 21. For voltages
that reduce the surface electron concentration below its equilibrium value,
LeChatelier’s principle implies that the reaction should proceed to the left as
written in Eq..17. Physically, a value of V' > 0 will yield a larger electric
potential drop in the semiconductor, which will exponentially reduce the surface
concentration of electrons. This lower surface electron concentration will re-
duce the rate of electrons leaving the semiconductor (Fig. 16a). However, the
rate of electrons entering the semiconductor, that is, the rate of reactant for-
mation, will remain unchanged. Therefore, for this direction of voltage change,
the net current will be independent of voltage. This direction of the applied
voltage is called reverse bias. In reverse bias, the reaction proceeds to the left
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Figure 16. An energy diagram of the equilibrium charge-transfer process at an n-type semicon-
ductor/liquid interface when an external potential (V) is applied to the semiconductor electrode.
This potential will change the electric potential difference between the semiconductor surface and
the bulk region; therefore, the concentration of electrons at the surface of the semiconductor will
change. The equilibrium situation is perturbed and a net current will flow across the semiconductor/
liquid interface. The forward reaction represents the reduction of the acceptors (A) in the solution
through the transfer of electrons from the semiconductor surface to the solution. The reverse re-
action represents the oxidation of the donors (A ™) in solution by the injection of electrons into the
semiconductor conduction band. The reverse bias condition for an n-type semiconductor (i.e.,
where V > 0) can be seen in (a). The forward reaction rate is reduced relative to its equilibrium
value, while the reverse reaction rate remains constant. A net oxidation current exists at the elec-
trode surface. The forward bias condition (i.e., where V' < 0) can be seen in (b). The forward

. reaction rate has increased compared to its equilibrium value, while the reverse reaction rate re-
mains unaffected. A net reduction current exists at the electrode surface.
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as written in Eq. 17, and électrons are injected into the semiconductor from the
solution.

For voltages that increase the surface electron concentration above its equi-
librium value (V' < 0), the sign of the current will be opposite to that of the
current obtained at reverse bias. In this situation, more electrons will be leaving
the solid than entering it. LeChatelier’s principle now implies that the reaction
will go to the right as written in Eq. 17, so there will be a net transfer of
electrons to acceptors in the solution phase. Through the Boltzmann relation-
ship, in forward bias (V < 0 for our n-type semiconductor example) the surface
concentration of electrons increases exponentially with increased bias. This in-
creased concentration of reactants results in an exponential increase in the for-
ward rate of interfacial charge transfer, but has no effect on the reverse rate of
charge transfer (Fig. 16b). Because the rate of electrons leaving the solid at
high forward bias dominates the rate at which they enter it, the net current will
depend exponentially on the applied voltage (specifically, when exp(—qV /kT)
>> 1), as indicated by Eq. 28.

Equation 28 is often written with only one constant, as follows

I= -1 {exp<— z_l;> - 1} 29)

where I, = Cn,,. The parameter [, is called the exchange current, because it is
the value of the current that is present at equilibrium. The parameter I, is re-
sponsible for transforming reactants into products, and vice versa, at a semi-
conductor/liquid interface at equilibrium. For convenience, I, is defined as a
positive quantity. The parameter I, is clearly dependent on the value of the
equilibrium surface electron concentration, because a smaller exchange current
should flow at equilibrium if there are fewer electrons available to exchange
with a particular solution.

The current-voltage characteristic described by Eqs. 28 and 29, where the
current can flow predominately in only one direction under an applied potential,
is called rectification. The rectification characteristic is typical of electrical
diodes. Equations that have the form of Eqgs. 28 and 29 are therefore generally
called diode equations. We have shown that a semiconductor/liquid interface
is expected to obey the diode equation when interfacial electron transfer is the
rate determining step for charge movement. In this situation, the applied voltage
changes the electron concentration at the surface of the semiconductor, and this
is directly reflected in the current versus voltage relationship of a semiconduc-
tor/liquid interface (Fig. 17). This behavior is a direct result of the Boltzmann
relationships of Eqgs. 25 and 26. This diode I~V behavior would not have oc-
curred for metal electrodes or other surfaces where the surface electron concen-
tration is independent of the applied voltage.
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Figure 17. The current-voltage (/-V) be-
havior of an n-type semiconductor/liquid
junction in the dark. The shape of the I-V
curve is described by the diode equation (Eq.
29); thus, such a cjurve is referred to as a (Cathodic) [
diode curve. The difference between curves
1 and 2 is that the equilibrium exchange cur-
rent I, is greater for curve 2. VOItage
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Up to this point, there has been no explicit discussion of the role of the liquid
phase in the current-voltage behavior. Obviously, changing the concentrations
of acceptors and/or donors will affect the interfacial current, as expressed in the
Eqgs. 18-22. These variations in initial conditions should therefore change the
value of I,. Another important role of the liquid phase is in the determination
of the equilibrium value of the Fermi level. As described in Section 1L A,
after charge equilibration at a semiconductor/liquid interface, Eg will equal
E(A/A7). The position of Eg at equilibrium will affect V;; (Fig. 12), which
will, in turn, determine n,, through the Boltzmann relationship of Eq. 25.

Physically, a more positive solution redox potential will produce a larger
built-in voltage at an n-type semiconductor/liquid interface (Figs. 10 and 12).
This increased band bending will decrease the equilibrium electron concentra-
tion at the surface (n,), and will lead to a smaller exchange current for this
semiconductor/liquid junction. The dependence of the current on rg, is an im-
portant property of the current-voltage relationship of a semiconductor/liquid
interface.

In fact, this dependence of the charge-transfer rate on the solution redox
potential is perhaps the most important experimental property of semiconductor
electrodes. Regardless of the value of the redox potential of the solution
(E(A/A7)), the diode behavior of Eq. 29 will be obeyed. Changes in
E(A /A7), however, will produce different values of I, because I, depends on
ne,. These different exchange currents will produce a measurable change in the
I-V behavior of the semiconductor/liquid contacts.

For an n-type semiconductor, more positive redox potentials will yield
smaller values of I, and will produce highly rectifying diode behavior. In con-
trast, more negative redox potentials will yield larger values of I, and will
produce poorly rectifying diode behavior (Fig. 17). For p-type semiconductors,
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the opposite behavior is expected. Negative redox potentials should produce
highly rectifying contacts, while positive redox potentials should produce poorly
rectifying contacts. In Section IV.B, we will see that rectifying /- behavior is
required for efficient photoelectrochemical devices that use either n-type or
p-type semiconductors. Thus, one goal in constructing semiconductor/liquid
junctions is to insure that chemical control is maintained over the /-V properties
of semiconductor/liquid junctions. Changes in the solution redox potential are
therefore one of the most important methods of manipulating the I-V properties
of semiconductor/liquid interfaces.

The equilibrium exchange current (Jp) cannot only be broken down into a
constant multiplied by the value of n,, but can also be broken down further.
The parameter I, contains the intrinsic electron-transfer rate constant (k). The
electron-transfer rate constant is a very important parameter in the Kinetics of
electron transfer at a semiconductor/liquid junction, and k. appears in most of
the equations that utilize kinetic models for I,. Although we have not described
k., in detail, theoretical expressions for k., have been derived by Morrison (83)
and by Gerischer (86, 87). These treatments have been reviewed extensively in
the literature and are primarily based on the Marcus theory for electron transfer
at metal electrodes (88, 89).

The value of k., is one of the elusive experimental parameters of a semicon-
ductor/liquid interface, and little definitive work is available to allow compar-
ison between theory and experiment for this parameter (30, 90). Fortunately,
we will not need to calculate or determine k., precisely in order to evaluate the
energy conversion properties of most photoelectrochemical cells. Thus, for the
remainder of our discussion, we will treat k., as a known experimental param-
eter of a given semiconductor/liquid junction, much as rate constants for chem-
ical reactions can, at some level, be understood without comparison to theoret-
ical calculations of transition state energies. The value of I, will be of primary
interest to us, as will its dependence on the solution redox potential.

Although we have derived the diode behavior of a semiconductor/liquid
junction by assuming that electron transfer is the important charge flow process
across the interface, the diode equation is generally applicable to semiconduc-
tor/liquid devices even when other processes are rate limiting. A similar deri-
vation can be performed for other possible charge flow mechanisms, such as
recombination of carriers at the surface and/or in the bulk of the semiconductor.
It can be shown that the I-V relationships for these mechanisms almost all adopt
the form of Eq. 29 (45). The major difference between the various mechanisms
is the value of I, for each system. Mechanistic studies of semiconductor/liquid
junctions therefore reduce generally to investigations of the factors that control
I,. Such studies also involve quantitative comparisons of the magnitude of I,
with the value expected for a specific charge transport mechanism. These types
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of investigations have yielded a detailed level of understanding of many semi-
conductor/liquid interfaces. Recent reviews, describing more details of this
work, have been written by Koval and Howard (30) and by Lewis (90).

B. Current—Voltage Characteristics of a Semiconducior Electrode
Under Iliumination

1. Basic I-V Equations for llluminated Semiconductor/Liquid Junctions

We have now described the electron-transfer processes at a semiconductor/
liquid interface under equilibrium and nonequilibrium conditions. For energy
conversion applications, the last major effect to consider is the role of light-
generated charge carriers. Fortunately, the effects of illumination are relatively
simple to incorporate into our /-V treatment. This final step in understanding
the I-V behavior of semiconductor/liquid junctions is the topic of Section
IV.B.1.

To accomplish this task, it is convenient to partition the current into two
separate components: one that originates from majority carriers and one from
minority carriers. Absorption of photons creates both majority carriers and mi-
nority carriers; therefore, an increase in each of the two current components is
expected under illumination.

We will first address light-induced changes in the majority carrier current.
The key point is that the concentration. of majority carriers generated by ab-
sorption of sunlight is usually small compared to that present from the thermal
ionization of dopant atoms. This implies that illumination does not significantly
perturb the majority carrier behavior either in the semiconductor or at the semi-
conductor/liquid interface. Because the majority carrier concentrations are es-
sentially unchanged, the rate equations that govern majority carrier charge flow
also are unchanged. Majority carriers should thus exhibit an I-V characteristic
that is well described by the diode equation, regardless of whether the semi-
conductor is in the dark or is exposed to moderate levels of illumination.

The remaining goal is to obtain a description of the minority carrier com-
ponent of the photocurrent at a semiconductor electrode. As mentioned in Sec-
tion I1.B.3.b, unlike the situation for majority carriers, illumination generally
effects a substantial change in the concentration of minority carriers. Calcula-
tion of the minority carrier current is greatly simplified by the presence of the
electric field at the semiconductor/liquid junction. As pointed out in the intro-
duction, the electric field in a semiconductor separates the photogenerated mi-
nority carriers from the photogenerated majority carriers. This field also drives
the minority carriers towards the solid/liquid interface. For most semiconduc-
tor/liquid junctions in depletion, the electric field is so strong that essentially
all of the photogenerated minority carriers are separated and then collected.
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Using this approximation, the photogenerated minority carrier current I, is sim-
ply equal to the photon flux absorbed by the semiconductor multiplied by the
charge on an electron g.

The current-voltage characteristics of an illuminated semiconductor elec-
trode can now be obtained by adding together, with the appropriate sign, the
majority and minority carrier components of the current. The majority carrier
current obeys the diode equation, while the minority carrier photocurrent is
related to the absorbed light intensity.

=1, - I [exp(— %) - 1} (30)

The sign of the minority carrier current (photocurrent) is opposite to that of the
majority carrier current, because holes crossing the interface lead to an oxida-
tion current, while electrons crossing the interface lead to a reduction current.
Equation 30 is obviously just the diode curve of Eq. 29, offset by a constant
amount I, over the voltage range of interest (Fig. 18).

2. Energy Conversion Properties

This simple I-V relationship (Eq. 30) is our general description of the pho-
tocurrent-voltage properties of a semiconductor/liquid interface. It is useful in
understanding essentially all of the experimental behavior of a photoelectrode,
and is essential in quantifying the energy conversion properties of a photoelec-
trochemical cell. In the introduction, we mentioned that there were three prop-
erties of a photoelectrochemical cell that were relevant to energy conversion
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Figure 18. The current-voltage (/-V) behavior of a semiconductor/liquid junction, both in the
dark (1) and under illumination (2). The light curve is offset by a constant amount, namely, the
photocurrent (1), from the dark curve.
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applications: the open circuit voltage, the short circuit current, and the fill fac-
tor. Now that we have developed Eq. 30, these important quantities can be
understood in a simple, quantitative fashion.

We first examine the open circuit voltage, V,.. This voltage represents the
maximum free energy that can be extracted from an illuminated semiconductor/
liquid interface. Note that for I, > Iy, as is generally the case, the ““1"" in Eq.
30 can be neglected. We then obtain :

qV
I=1,—1 exp(— E‘) (€2))

By definition, at open circuit, the net current / is zero. We then define V. =
|V (at I = 0)|, and obtain

kT /]
v, =— 1n<lh> (32)
q

This equation brings out several important features of the open circuit volt-
age. First, V. increases logarithmically with the light intensity, because Iy, is
linearly proportional to the absorbed photon flux. Second, the open circuit volt-
age of a system increases (logarithmically) as I, decreases. Chemically, such
behavior is reasonable, because I, represents the tendency for the system to
return to charge-transfer equilibrium. Smaller values of imply a slower rate
of interfacial equilibration, so it is easier to obtain a large photovoltage with a
small value of I,. Third, Eq. 32 emphasizes that a mechanistic understanding
of I, is crucial to controlling V,.. Only through changes in , can systematic,
chemical control of V. be established for different types of semiconductor/
liquid junctions.

The second quantity of concern for energy conversion applications is the
short circuit current density (J,.). Short circuit conditions imply V' = 0. From
Eq. 30, the net current at short circuit (/) equals ;. The short circuit current
density (J,.) is simply I, /A, where A is the projected area of the electrode.
The short circuit current density provides a measure of the collection efficiency
of photogenerated carriers in a particular photoelectrochemical cell.

Several factors can influence the value of J,.. Incident light may be absorbed
by the solution, or it might be reflected at the various interfacts in the cell, or
it may be absorbed by the semiconductor and then converted into photocurrent.
Two quantities are often measured to describe the photocurrent collection effi-
ciency of a semiconductor/liquid junction: the internal quantum yield and the
external quantum yield. The internal quantum yield is the quantity familiar to
chemists. It measures the yield of collected charges based on the number of
photons that are actually absorbed by the photochemically active species, that
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is, the semiconductor. The internal quantum yield for a semiconductor/liquid
interface is simply J,. /¢ divided by the flux of photons that is absorbed by the
semiconductor. For many semiconductor/liquid junctions, recombination losses
of minority carriers are negligible at short circuit, so the internal quantum yield
approaches unity for photons of energy greater than E,.

The external quantum yield is J,. /q divided by the flux of photons that is
incident onto the photoelectrochemical cell. Due to reflective losses and optical
transmission losses in any real system, the number of photons absorbed by the
semiconductor is only a fraction of the total photons incident onto the cell.
Thus, the external quantum yield is always less than the internal quantum yield.
The external quantum yield obviously depends on the design of a specific pho-
toelectrochemical cell, while the internal quantum yield depends only on the
intrinsic photoelectrochemical properties of the semiconductor/liquid junction.
Both quantities are valuable in assessing the photochemical response of an ac-
tual energy conversion system.

Quantum yields are sometimes called quantum efficiencies in the literature.
Furthermore, to add to the confusion, quantum efficiencies are often quoted on
a percentage scale, with a 0.3 quantum yield being considered synonymous with
a 30% quantum efficiency. We strongly discourage the use of this latter ter-
minology. To avoid any possibility of confusion between quantum yields and
energy conversion efficiencies, quantum yields should be quoted on a scale of
zero to unity.

To relate a quantum yield to an energy conversion efficiency, the energy
stored in each collected charge carrier must be included into the calculation. No
power is produced by a photoelectrochemical cell at either open circuit (V =
0) or short circuit (I = 0), because the power (P) equals /V. In general, how-
ever, the I-V characteristic of Eq. 31 results in nonzero power outputs for volt-
ages between short circuit and open circuit. The point where the IV product is
maximized is called the maximum power point [(IV),,,,] of the photoelectro-
chemical cell (Fig. 2). For convenience, the maximum power is taken to be a
positive quantity regardless of the actual sign of the photovoltage or photocur-
rent in any given convention. The maximum energy conversion efficiency of a
semiconductor/liquid junction can then be expressed as

1i4 s
Efficiency % = % X 100 - (33)

113

where P, is the incident solar power on the semiconductor electrode.

The ratio of (IV),,,, divided by IV, is called the fill factor ( f) of the cell.
The fill factor quantifies how well the actual power curve fills the maximum
possible rectangle (defined by I and V) for a particular semiconductor/liquid
interface. The fill factor has a typical value of 0.7-0.8 for an I-V relationship
described by Eq. 30 (9). Often, however, resistive losses or recombination losses
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lower this value in actual operating systems. Another expression for the cell
efficiency is therefore

I .V
Efficiency % = (_sc?ﬁf X 100 (34)

From Eq. 34, we realize that the energy conversion efficiencies of semicon-
ductor/liquid junctions are functions of three factors: V., I, and f. The param-
eter I, can be maximized by reducing recombination losses of the carriers in
the system. For systems with an internal quantum yield of 1, I is limited by
the number of photons in the solar spectrum that have energies greater than the
semiconductor band gap. The parameter V,, can be maximized by reducing the
equilibrium exchange current (I;). From Egs. 23-26, I, can be reduced by in-
creasing Vi; or by reducing the value of k.. The fill factor can be maximized
through reduction of cell resistance losses and of other recombination losses for
the photogenerated carriers. Therefore, the choice of redox couples, solution
electrolytes, and of semiconductors will be based on maximizing these three
factors in order to obtain the maximum energy conversion efficiency from the
system.

C. Photoelectrosynthetic and Photocatalytic Cells

In operation, the simplest type of photoelectrochemical cell is one that results
in no net chemical change in the electrolyte, and only produces electrical power.
These types of photoelectrochemical cells are called regenerative cells. As
shown in Egs. 33 and 34, efficiency measurements are straightforward for a
regenerative cell: the overall energy conversion efficiency is simply the total
maximum output electrical power divided by the total input solar power. In
making such an efficiency measurement, the spectral distribution of the illu-
mination source should be as close to the solar spectrum as possible. Otherwise,
even if the laboratory source is adjusted to contain the same total integrated
power as the terrestrial solar spectrum, substantial overestimates of the energy
conversion efficiency can be introduced if the source provides more photons
with energies greater than E, than are contained in the solar spectrum.

Efficiency calculations are less straightforward for cells that produce chem-
ical fuels. The first distinction to be made is whether the chemical transforma-
tion from reactants to products stores free energy in the fuels or releases it.
When the molar Gibbs free energy for the chemical reaction in the cell is pos-
itive (AG > 0), the system is called a photoelectrosynthetic cell. In this situ-
ation, light energy has been partially stored in the chemical conversion process.
An example of a photoelectrosynthetic cell would be the n-SrTi04/H,0/Pt cell
(91), which can sustain the light-induced electrolysis of water to H,(g) and
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0,(g). When AG < 0 for the chemical reaction in the cell, the overall process
will proceed spontaneously without illumination, and the presence of light then
only acts to catalyze a thermodynamically favorable process. These types of
cells are called photocatalytic cells. Photocatalytic cells do not lead to useful
energy conversion devices, but can be of commercial interest when specific
chemicals are formed as a result of photoelectrochemical operation (25).

Efficiency calculations for photoelectrosynthetic cells are less straightfor-
ward than those for regenerative cells (12). The most rigorous thermodynamic
definition of the cell efficiency is obtained by dividing the sum of the output
electrical power and the stored chemical energy by the total incident photon
power (P;,).

dt
=4+
<AG ot R>

Efficiency % = — X 100 (35

In this equation, d£ /dt is the amount of products produced in moles per unit
time, Vg is the voltage drop at an external resistor (R), and 7 is the current
flowing through the circuit. This calculation can be related to the efficiency
calculation of a regenerative cell by realizing that AG = —n, FE,,,,, where ¥
is Faraday’s constant, and E_; is the Nernstian potential difference between the
oxidation and reduction half reactions in the system. For a regenerative cell
AG= 0, so Eq. 35 reduces to Eq. 33 for the proper choice of Vy.

The current (/) passing through the external circuit equals the number of
charges passed during the reaction per unit time [/ = n.F(d /dp)]. Therefore,
Eq. 35 can also be expressed as

—E.q + VI
Efficiency % = CEean ¥ VI 00 (36)

in

This form is extremely useful, because both the electrical power and stored free
energy are treated with respect to their electrochemical potentials. Essentially,
the production of chemical fuel can be considered as an added load to the re-
generative cell, and the fuels therefore contain some of the energy that would
otherwise be collected as electrical power in the external circuit.

In certain cells, the photogenerated electrons contribute some energy towards
fuel production, but are not sufficient to provide the total energy necessary to
drive the chemical reaction in the cell. An external electrical bias is then re-
quired to supply the remaining free energy in the system. Equation 36 can still
be used in this case as well, except that the term Vy will be negative when
electrical power must be supplied to the system.
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Other definitions of efficiency are sometimes used in the literature, but they
are not as fundamentally useful as the free energy expressions given in Eqs. 35
and 36. For instance, it is sometimes useful to consider the power available
from the chemical fuels that have been produced photoelectrochemically. This
fuel will eventually have to be converted back to the starting materials in order
to extract energy from the photochemical system. Of course, these subsequent
processes also have efficiency losses. Another definition of power conversion
efficiency, therefore, is the power recoverable in an operating system divided
by the total incident photon power on the semiconductor. This efficiency will
always be lower than the maximum thermodynamic efficiency calculated from
Eq. 35 or 36. One drawback of this definition is that different recovery systems
will have their own inherent efficiencies. Therefore, the calculated efficiency
will depend not only on the efficiency of the semiconductor/liquid junction, but
also on the efficiency of the particular recovery system used. Using this defi-
nition, a poor recovery system will result in a low solar efficiency even if the
semiconductor photoelectrode is highly efficient at storing energy. This recov-
ery-based definition of efficiency would be quite useful in making comparisons
between practical systems for design engineering and production purposes.
However, it is not the best method for assessing the relative energy storing
capabilities of semiconductor/liquid junctions.

We have now dealt with the fundamental principles of operating photoelec-
trochemical cells as energy conversion devices. With this background, it is now
possible to evaluate the relative merits of different combinations of semicon-
ductors and electrolytes, and to critically discuss trends in photoelectrochemical
cell behavior for various experimental systems. Specific examples that have
been chosen with a historical perspective are discussed in Section V.

V. STRATEGIES FOR THE DESIGN OF SEMICONDUCTOR/
LIQUID JUNCTIONS FOR ENERGY CONVERSION

In the remainder of this chapter, we will summarize the main experimental
observations in the field of photoelectrochemical energy conversion. In many
ways, the ideal photoelectrochemical cell would be one that utilizes a semicon-
ductor in contact with an innocuous aqueous solution, operates indefinitely with
high efficiency, and converts water into Hy(g) and Ox(g). Unfortunately, no
such system yet exists. There are presently many obstacles that impede the
development of such an energy conversion device, including the constraint
placed on any system by the energy distribution of sunlight.

At present, a double paradox exists in this field. Some large band gap semi-
conductors, such as SrTiO;, are stable in water and can sustain the unassisted
_photoelectrolysis of water to Hy(g) and O,(g). The band gaps of such semicon-



SEMICONDUCTOR PHOTOELECTROCHEMISTRY 85

ductors are so large, however, that these photoelectrochemical cells are not
capable of providing high solar energy conversion efficiencies. As discussed
earlier, semiconductors with band gaps of 1.1-1.7 eV are ideally suited for the
efficient conversion of solar energy. However, semiconductors with these band
gaps exhibit either facile corrosion or passivation processes in aqueous solu-
tions. Thus, semiconductor materials that are inherently efficient for harvesting
the energy from sunlight have, to date, been unable to provide stable photo-
electrolytic devices, whereas large band gap semiconductors, which are stable
under solar illumination, are inherently inefficient at harvesting the energy in
the terrestrial solar spectrum. This key problem is not a thermodynamic limi-
tation of the semiconductor. Rather, it is a kinetic stability issue which can, in
principle, be overcome with proper choice of the material. This problem has
not yet been solved despite over 15 years of work in this field, and remains as
arguably the most important single challenge in the discipline.

To deal with this drawback several alternate strategies are being pursued to
both understand and develop stable, efficient photoelectrochemical cells. One
method is to search for redox reagents that can kinetically compete with pho-
tocorrosion and photopassivation processes. Such reagents, when present in an
aqueous electrolyte in sufficient concentration, can minimize electrode corro-
sion. This method might enable the construction of stable, efficient photoelec-
trochemical energy conversion devices from small band gap semiconductors.
Because the reaction products of the stabilizing reagents are not usually in them-
selves useful fuels, the solution reagents must be recycled in the cell. These
types of cells are therefore constrained to provide only electrical power.

Another approach is to remove the corrosive liquid entirely and to use non-
aqueous solutions as the electrolytes. This strategy also results in cells that can
only provide electrical power. It does have experimental advantages, because
a wide variety of semiconductors, liquids, and redox couples provide stable cell
operation. Recent work has shown that these systems can display relatively high
energy conversion efficiencies. These types of cells also allow detailed com-
parison to theoretical expectations for the current-voltage behavior of semicon-
ductor/liquid interfaces. Nonaqueous-based semiconductor/liquid junctions are
thus very useful in exploring the fundamental principles of semiconductor/liq-
uid interfaces as energy storage systems.

A third approach is to modify the surfaces of semiconductors. The primary
goal of this approach is to improve photoelectrode stability in aqueous electro-
lytes. The surface modification can either be designed to increase the rate of
charge transfer to the redox species, or to decrease the rate of surface passiva-
tion. Both outer- and inner-sphere coordination to the surface have been shown
to be effective in achieving improved electrode stability. The surface coordi-
nation chemistry of these inorganic materials often has direct analogies to the
coordination chemistry of transition metal complexes, and the chemistry of mo-
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lecular species often serves as a guide to new developments in this area. This
approach also has the advantage that molecular-based catalysts for fuel-forming
reactions can, in principle, be attached to the appropriate semiconductor sur-
face. This type of attachment could simultaneously induce electrode stability,
efficient solar energy conversion, and effective fuel formation from aqueous-
based semiconductor/liquid junctions.

The fourth general line of attack is to coat the surface of large band gap
semiconductors with dyes. The purpose of the dye is to extend the wavelength
response of the semiconductor into the visible region of the solar spectrum. In
this scheme, the dye acts as the initial light absorber, and it creates the initial
excited state of the system. The interfacial electric field at the semiconductor/
liquid interface then acts to separate the charge. Unfortunately, most dye pho-
tosensitization schemes exhibit low energy conversion efficiencies. Monolayers
of dyes often have high internal quantum yields for photocurrent production,
but a monolayer of dye does not generally absorb a significant fraction of the
incident light. Thus, the external quantum yields of these systems, based on the
photon flux input into the device, are generally relatively low. Increased thick-
nesses of dye can lead to increased light absorption, but charge separation is
usually not effective in dye molecules that are removed spatially from the semi-
conductor/dye interface. A significant finding in this area is a recent report of
solar energy conversion efficiencies of 7% using very rough, high-surface-area,
dye-coated TiO, electrodes (92). This finding has produced new excitement
concerning the potential usefulness of dye sensitization as a practical energy
conversion method. It has also induced a reinvestigation of the properties of
metal oxides as useful materials in semiconductor/liquid junctions.

In Section V, we will deal with each strategy separately. We will attempt to
maintain some historical perspective on the developments in the field, and will

- deal with the topics roughly in order of their emphasis in the literature. First,
we will examine efforts to use large band gap semiconductors to perform the
unassisted photoelectrolysis of water. Then we will describe attempts to stabi-
lize small band gap semiconductors in aqueous solutions. This topic will be
followed by a discussion of the use of nonaqueous solvents for photoelectro-
chemical energy conversion, which will provide a natural link to a discussion
of chemical modification of semiconductor surfaces. Finally, we will review
current efforts to exploit dye sensitization in photoelectrochemical energy con-
version.

A. Photoelectrochemical Cells Employing Large Band Gap
Semiconductors

Although the properties of semiconductor electrodes have been carefully
studied since 1955, with notable contributions by Gerischer (93), Memming
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(94), Morrison (83), and others (95-98), perhaps the single most important
contribution to the area was the report by Fujishima and Honda in 1971 (99).
In this paper, these researchers described the successful electrolysis of water
upon illumination of a rutile TiO, electrode (99, 100). The use of a rutile TiO,
electrode in the electrolysis of water had previously been reported by Boddy
(101); however, Fujishima and Honda were the first to report the possible ap-
plication of light-assisted water electrolysis to solar energy conversion (98).
Given the energy crisis of the early 1970s, and the advances in solid state phys-
ics, semiconductor technology, and photovoltaic technology during the 1960s
and 1970s, Fujishima and Honda’s recognition of this potential use of semi-
conductor/liquid junctions created a huge surge of interest in the use of semi-
conductor/liquid interfaces for energy conversion.

In their experiment, Fujishima and Honda used a single-crystal TiO, anode
in contact with a buffered, pH 4.7 aqueous solution (99, 100). They observed
that the anode evolved dioxygen upon illumination with light of energy hv >
E, for TiO,. They also reported that current flowed through an external resistive
load that was connected between the TiO, anode and a Pt counter electrode.
Thus, Fujishima and Honda concluded that they had converted energy from the
light into stored energy, specifically into chemical fuels in the form of H,(g)
and O,(g) (cf. Fig. 1). The Hy(g) could, in principle, be burned or used in a
fuel cell at a later date to supply energy on demand. The complete process might
then provide a path to an abundant, clean, transportable energy source. These
results spurred immediate interest in examining the properties of TiO,/liquid
junctions, and in extending this behavior to other semiconductor materials.

Further work confirmed that TiO, was stable in aqueous solution and oxi-
dized water to O,(g), as claimed by Fujishima and Honda. However, the current
flowing through the circuit probably did not effect the reduction of H,O to Hy(g).
1t is now believed that this current simply resulted in the reduction of impurities
in solution (102) or in the reduction of O,(g) at the Pt clectrode (103, 104).
Attempts to induce TiO, electrodes to produce significant amounts of H,(g)
under standard (1 atm) conditions (with no added electrical bias) have genecrally
failed, and such behavior is now understood to result from the unfavorable
positions of the band edges of rutile TiO, (81).

Of course, the use of conventional metal electrodes to electrolyze water ac-
cording to Eq. 37 requires at least 1.23 V under standard conditions. '

H,0(0) —> Hy(g) + 50,(8) (37)

Although the band gap of rutile TiO, (3.0 eV) provides a greater amount of
energy than the 1.23 eV required to split water under standard conditions, the
positions of the band edges at TiO,/H,O interfaces are not optimally situated
for the H,0 photoelectrolytic process. The position of the valence band edge is
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more positive than the 0,/H,0 electrochemical potential, so there is a large
driving force for the oxidation of H,O to O, using photogenerated holes. The
ejected electrons do not, however, have a sufficiently negative electrochemical
potential to reduce H,O to H,(g). Despite the fact that TiO, anodes do not
actually lead to the unassisted ‘‘water splitting,”’ or photoelectrolysis, reaction,
these early experiments of Fujishima and Honda were extremely important,
because they demonstrated that TiO, was a stable material that could be used
to produce O,(g). Furthermore, it has been confirmed that TiO, anodes do store
energy, in that they can promote the assisted photoelectrolysis of H,O. In other
words, even though 1.23 V is the minimum voltage that is required in a con-
ventional electrolytic apparatus to sustain the electrolysis of H,O [under 1 atm
of Hy(g) and O,(g)], when TiO, anodes are used, some of this voltage can be
obtained from the incident light. Therefore, applied voltages of less than 1.23
V are sufficient to effect the same chemical transformation in a TiO,/Pt photo-
electrolytic cell (99, 100) (cf. Section IV.C).

An obvious approach.to producing a better match between the H,O/H, elec-
trochemical potential and the energy of electrons in the TiO, conduction band
is to change the pH of the solution. The Nernst equation indicates that the H,O/
H, potential will shift negative by 59 mV per increased pH unit, so the use of
basic solutions should produce a larger driving force for reduction of H,O by
electrons in the conduction band of TiO,. Unfortunately, changes in pH do not
significantly affect the energetics of H,O photoelectrolysis for TiO,/H,0O junc-
tions. Instead, the pH affects the composition of Ti—O™ and Ti—OH groups
that exist on the surface of TiO,. These surface groups undergo an acid-base
equilibrium, with basic solutions leading to deprotonation of surface hydroxyl
groups. It can be shown that the electric potential energy due to this change in
the surface charge exactly offsets any pH-induced change in the electrochemical
potential of the H,/H,O system; thus, the energetics for production of H, by
photogenerated electrons in TiO, remain unfavorable at all pH values (54).

The failure of rutile TiO, to reproducibly sustain the unassisted photoelec-
trolysis of H,O prompted the investigation of other metal oxide semiconductors
for this purpose. Both SrTiO; (91) and BaTiO; (105, 106), among others (98),
provided examples of materials that effected the stable, unassisted photoelec-
trolysis of H,O. The band gap of StTiO; (3.2 eV) is not significantly larger
than that of rutile TiO, (3.0 eV), but the band edge positions for SrTiO; are
more favorably located for the photoelectrolysis of H,O. As shown in Fig. 13,
E,, for SrTiO; is more negative than E(H,O/H,), while E,;, is much more pos-
itive than E(O,/H,0).

As noted in the introduction to Section V, the main drawback of the SrTiO;
system is its inefficient use of the solar spectrum. The SrTiO;/H,0 junction is
relatively efficient at converting absorbed photon energy into stored chemical
energy; in fact, the calculated efficiency of the SrTiO3/H,O/Pt cell for 3.76 eV
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(330 nm) photons is approximately 20% (91). The overall solar energy con-
version efficiency, however, can be calculated to be less than 1% for SrTiOs/
H,0-KOH junctions, because of the low percentage of photons in the solar
spectrum that are absorbed by the SrTiO; electrode.

The solar energy conversion limitations of SrTiO; underscore the need to use
smaller band gap materials in the photoelectrolysis of H,O. Unfortunately, no
small band gap metal oxide electrode investigated to date has been reported to
effect the unassisted photoelectrolysis of H,O. Studies of a number of metal
oxide photoanodes have shown that the valence band edge energies are roughly
constant in these materials (52). This general trend has been rationalized be-
cause the valence band in metal oxides is generally oxygen 2p in character (52)
(cf. Section II.B.1). Thus, changes in the band gap primarily reflect changes in
the position of the conduction band edge (52), as predicted by the common
anion rule (cf. Section IL.B.1). This situation is unfortunate, because it implies
that smaller band gap metal oxides, which provide enhanced wavelength re-
sponse to the solar spectrum, will not be thermodynamically capable of sus-
taining the reduction of H,O to H,(g) under standard conditions. For example,
Fe,0, has a band gap energy of 2.2 eV, which is one of the smallest band gap
energies for any metal oxide that has been used as a photoanode. Although
Fe,0, is stable in aqueous solutions under some conditions, its conduction band
edge is greater than 0.5 V more positive than the potential required for H,(g)
evolution at 1 atm and 298 K (107). Unless a new class of metal oxides with
different band edge positions is developed, this drawback will remain a major
hurdle for the exploitation of metal oxides in the photoelectrolysis of water.

A related problem with the metal oxides is that their valence band energies
are too positive relative to the O,/H,0 electrochemical potential. A large change
in potential energy occurs when holes are transferred from the top of the semi-
conductor valence band to produce O,(g); therefore, this process results in a
waste of free energy for the system as a whole. The most efficient semiconduc-
tor for the electrolysis of H,O would be one in which the band gap straddled
both electrochemical potentials necessary to electrolyze water, E(O,/H,0) and
E(H,O/H,). This constraint places a minimum of 1.23 €V on the band gap
energy for a semiconductor to be used in H,O photoelectrolysis. Although only
1.23 eV is necessary to drive the electrolysis of H,O under standard conditions,
any real system must provide a higher amount of free energy in order to store
fuels under such conditions. This excess energy is required to maintain some
band bending in the semiconductor, which will maintain favorable charge sep-
aration at the semiconductor/liquid interface (54, 91). In addition, cell resis-
tances and kinetic requirements must be overcome in any operating electrolytic
cell (54, 91). It has been calculated that a band gap of 2.0-2.6 eV is necessary
to overcome these kinetic requirements in a practical system (108). The effi-
ciency of an ideal photoelectrochemical cell with a band gap of 2.0 eV would
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only be about 17% [calculated from (68)], due to poor overlap with the solar
spectrum and wasted energy relative to the fuel content of the H,(g) and O,(g)
that are produced. These restrictions, combined with the general lack of control
over the valence band edge energies in the metal oxides, have led researchers
to pursue alternative strategies to exploit metal oxide electrodes in photoelec-
trolytic reactions.

Several investigators have attempted to create a false valence band by using
high concentrations of dopant ions in TiO, and SrTiO; (32). The goal of this
approach is to extend the wavelength response of large band gap semiconduc-
tors, while also maintaining some of the favorable stability properties of these
materials. If one can introduce a sufficient concentration of dopants into the
crystal lattice, then a new set of delocalized MOs will be produced. This new
set of orbitals can result in a new valence band, which might be at a more
negative energy (i.e., closer to the vacuum level) than the one arising from the
original lattice constituents of the solid (Fig. 19). Control over the dopant could,
in principle, offer some control over the energy of the valence band (32). The
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Figure 19. The generation of a ‘‘faise valence band.”’ A false valence band is created through
the introduction of transition metal cations into the crystal lattice of a metal oxide semiconductor.
The transition metal d orbitals overlap to form a new filled band that is closer to the water oxidation
potential. A new smaller band gap also results for the material, being the separation between the
new false valence band and the original metal oxide-derived conduction band.
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electronic absorption energy from this new valence band to the original, lattice-
derived conduction band could therefore shift the band gap of this modified
semiconductor into the visible region of the spectrum.

Because the substitution of anions into the lattice of metal oxides was ob-
served to reduce the stability of photoelectrodes in aqueous solutions, the pre-
ferred method for controlling the band gap was thought to involve doping the
semiconductor with metal cations (108). The ‘‘false’’ valence band would then
be created through overlap of the d orbitals of these dopant atoms. To this end,
many different metal cations have been incorporated into both TiO, and SrTiOs
lattices [for a more complete listing, see (32, 54, 109)].

Although some contradictions exist between various reports, doping metal
oxides with transition metal cations, such as Co, Cu, Ru, and Pt, has been
claimed to increase the response of these semiconductors to visible light (32).
In all cases, the doping process resulted in a significant reduction in the internal
quantum yield in the high-energy region of the spectrum (32). The cationic
dopants generally introduced energy levels in the middle of the semiconductor
band gap, but these levels increased the rate of carrier recombination in the
semiconductor. To explain this result, Goodenough et al. (110) have postulated
that the holes introduced into these localized mid-gap states should have an
extremely low mobility. According to these authors, this decreased mobility
should contribute to increased recombination and should produce low quantum
yields for charge collection (110). Thus, although the strategy of introducing a
false valence band was once popular, such experiments have been largely aban-
doned as of this time.

Other experiments have utilized nontransition metal cations, such as A
(111, 112) or Y3* (112) [or see (32) for a more complete listing], in metal
oxide lattices. For example, Al’"-doped single-crystal TiO, electrodes yielded
solar conversion efficiencies of 1.3% in the electrically-assisted photoelectro-
lysis of H,O (111). _ This value represented a significant improvement from the
approximate 0.4% efficiency that was observed for an undoped TiO, electrode
(111). Although these metal ions have been found to increase the internal quan-
tum yield of the semiconductor/liquid interface in the UV region, the doping
process did not produce any significant shifts in the threshold energy for light
absorption (111, 112). While the mechanism of this increased yield is not
known, two possibilities have been suggested (32). One hypothesis is that the
doping of TiO, with APP" jons may act to passivate recombination traps (111).
In addition to decreasing recombination, it has been proposed that this doping
may also provide surface states that enable more efficient oxidation of OH™ to
occur (111).

In general, efficient photoelectrolysis of H,O using metal oxide electrodes
remains an intriguing, but unrealized, approach to solar energy conversion. Fur-
ther advances in this arca must either await a new class of materials with more

13+
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optimal electronic properties, or will depend on modification of existing semi-
conductor surfaces. Efforts in both areas are continuing at present, although
they are generally of reduced emphasis when compared to other approaches
under consideration.

B. Advances in Semiconductor/Liquid Junctions Employing Small Band
Gap Semiconductors

1. Strategies for the Generation of Stable Aqueous Photoelectrochemical
Cells

As described above, metal oxide semiconductors generally have band gaps
that are too large for optimal light absorption from the terrestrial solar spectrum.
Semiconductors with smaller band gaps are better suited for this purpose. How-
ever, most contacts between aqueous electrolytes and small band gap semicon-
ductors result in photocorrosion or photopassivation of the semiconductor sur-
face. One strategy to mitigate this problem is to add a redox reagent that can
compete kinetically with the undesired decomposition reaction. The electroac-
tive species in the solution might scavenge the photogenerated carriers before
they could induce decomposition of the semiconductor surface, thereby extend-
ing the operating lifetime of the electrode.

This approach has proven to be extremely useful in stabilizing various semi-
conductors and has led to numerous efficient photoelectrochemical energy con-
version devices. The drawback associated with this method is that generally
only electrical energy can be usefully obtained from these types of systems. In
such electrolytes, the chemical products produced by the photoanode usually
are not, in themselves, of substantial fuel value [unlike H,(g) and O,(g) from
the photoelectrolysis of H,O}. The products must therefore be recycled in the
electrochemical cell to avoid a requirement for a continuous supply of chemical
feedstocks into the system. Examples of semiconductor/liquid junctions that
have been stabilized by kinetic methods are discussed in Section V.B.1.

Early attempts to stabilize small band gap semiconductors in contact with
aqueous solutions employed n-CdS or n-CdSe electrodes. Typical redox species
included the highly corrosive Ce**/3*(aq) and Fe’*/?*(aq) systems, as well
as more benign redox species, such as [Fe(CN)6]3_/ *~(aq) and I; /1 (aq) (113,
114). In these studies, limited photoelectrode stability over the time scale of a
‘few hours was observed for-some systems; however, photocorrosion processes
were not entirely eliminated in any of these electrolytes (115, 116). This ob-
servation is not surprising, given the extraordinary kinetic requirements that
must be met to compete effectively with photocorrosion reactions. For example,
prévention of dissolution of a 1-um thick layer of CdSe over a 24-h time period
at a current density of 20 mA /cm? would require that more than 99.97% of the
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photogenerated holes be involved in the desired redox stabilizing reaction. Sim-
ilarly, the passivation of Si electrodes only requires formation of 10-20 A of
SiO,, so even 1 h of stable operation at a current density of 20 mA /cm? requires
that more than 99.99% of the holes are directed into the desired charge-transfer
process. Due to these severe kinetic constraints, as of 1975, no photoelectro-
chemical cell that was based on a small band gap semiconductor had been re-
ported to be stable for extended periods.

a. Cadmium Chalcogenides and Chalcogenide Redox Couples. A key
development in this area occurred in 1976, when three research groups inde-
pendently reported that the chalcogenide redox couples (X3~ /X*7; X =S, Se,
and Te) in basic aqueous electrolytes prevented the photocorrosion of n-CdS
and n-CdSe (117-119). These semiconductor/liquid junctions used small band
gap materials, yet effected the sustained conversion of solar energy into elec-
trical power. The reasoning that led to this discovery was straightforward: the
photocorrosion reactions of CdS and CdSe involve oxidation of lattice §*~ or
Se?~, respectively, so addition of sufficient S*~ or Se’~ to the solution might
possibly suppress lattice oxidation and lead to oxidation of the solution species
(Eq. 38; X = S or Se).

CdX + 2ht —> Cd**(aq) + X(s) (38a)
2X>(ag) + 2ht —> Xj (aq) (38b)

This strategy worked remarkably well, even when high concentrations of
[Fe(CN)¢]*~ and I~ had been shown not to be effective in yielding electrode
stability (113). )

In these systems, the band gaps for CdS (2.4 eV) and CdSe (1.7 ¢V) are
above the optimal value desired for solar energy conversion, and the solar ef-
ficiencies of the initial CdX/X3™-X>"(aq) cells were extremely low. However,
the important result clearly was that small band gap semiconductors could be
stabilized in aqueous solutions through proper choice of the redox couple. This
finding rapidly diverted attention from the metal oxide materials. It also chan-
neled effort into understanding the factors that were responsible for stable,
efficient photoelectrochemical energy conversion using small band-gap semi-
conductor/liquid junctions. ’

Subsequent work on these interfaces emphasized controlling the surface de-
fect density, optimizing the electroactive components of the solution, control-
ling the surface etching process, controlling the bulk properties of the semicon-
ductors, and controlling other system variables. These studies resulted in
substantial improvements in the energy conversion efficiency of these systems
and also produced substantial advances in our understanding of semiconductor/
liquid junction behavior. At present, typical values of 6-13% have been ob-



94 TAN, LAIBINIS, NGUYEN, KESSELMAN, STANTON, LEWIS

tained for the solar energy conversion efficiencies of n-CdSe/and n-CdSe, Te, _,/
liquid junctions (120-124), illustrating the progress that can be made with sus-
tained effort towards optimizing a particular semiconductor/liquid interface.

To obtain semiconductor/liquid junctions with a better match to the solar
spectrum, this kinetic approach to photoelectrode stabilization was then ex-
tended to other semiconductors with smaller band gaps. In an important study,
Wrighton and co-workers (125) examined the stability of n-CdTe photoelec-
trodes (E, = 1.56 eV) in contact with aqueous X%'/Xz‘(aq) solutions. They
found that n-CdTe was unstable when the S37/S>~ redox couple was used, but
that the electrode was stable in the presence of Te%f/Tez_(aq) (125). In general,
it has been found that CdX semiconductors are stabilized by aqueous chalco-
genide solutions, provided that the solution chalcogenide is either identical to
the lattice species or is in a lower row of the periodic table than the lattice
chalcogenide (126).

This trend can be explained by the observation that lattice chalcogenide at-
oms near the semiconductor surface have been found to undergo facile exchange
with dissolved chalcogenide atoms in the solution (127, 128). For example,
exposure of CdTe or CdSe anodes to aqueous solutions of the S37/8°~ redox
couple resulted in the formation of a thin film of CdS on the electrode surface.
Because CdS has a larger band gap than CdSe or CdTe, growth of CdS on these
electrode surfaces presents a barrier to interfacial charge transfer. As this CdS
layer grows in thickness, it becomes more difficult for holes to reach the solu-
tion; thus, the photocurrent decays with time. In contrast, operation of n-CdS
or n-CdSe electrodes in contact with Te2™/Te? ~(aq) results in the formation of
a layer of CdTe on the semiconductor surface. The band gap of CdTe is lower
than that of CdS or CdSe, so photogenerated holes can move freely from the
CdS or CdSe into the solution. Thus, the formation of a layer of CdTe is not
deleterious to the operation of these photoelectrochemical cells, and electrode
stability is observed.

b. Cadmium Chalcogenides and Other Redox Couples. Other redox
couples have also been used to stabilize CdX semiconductors in aqueous solu-
tion. A motivation for using other redox systems is to avoid the air-sensitivity
and high toxicity of aqueous S?~, Se?”, and Te?~ solutions. Licht and Pera-
munage (4) recently reported the stable operation of an n-CdSe/
[KFe(CN)¢]*~ / 3‘—KCN(aq) photoelectrochemical cell that has a conversion ef-
ficiency of 16.4%. The operation of n—CdX/[Fe(CN)6]3_/ 4~(aq) junctions re-
sults in the formation of an overlayer of [CdFe(CN)G]‘/ 2~ on the CdX surface
(116, 129, 130). This layer has been postulated to stabilize the CdSe photo-
electrode by attenuating its photoanodic dissolution (116, 129, 130). However,
the presence of this overlayer, and the high energy conversion efficiency of this
cell, have both been debated in the recent literature (131-135).

Wrighton and co-workers (136-138) recently reported that n-CdS and n-CdSe
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photoelectrodes are stable in aqueous solutions containing organic thiolates or
dithiocarbamates. These anionic sulfur donors appear to adsorb onto the Cd
sites of the CdX surface, and thereby act to capture photogenerated holes faster
than photocorrosion can occur (136, 138). An advantage of these reagents is
that they did not undergo facile exchange with the lattice chalcogenide atoms
(136) and, therefore, these reagents did not affect the optical or electronic prop-
erties of the semiconductor crystal. Although these junctions are interesting
from a fundamental standpoint, they should not be considered as useful energy
conversion devices. In this system, the oxidation process of the stabilizing re-
agent is chemically irreversible, and the products of this oxidation, disulfides,
are not useful fuels because they are lower in free energy than the parent sta-
bilizing reagents.

¢. Other Semiconductors and Chalcogenide Redox Couples. The ap-
proach of using high concentrations of chalcogenides to compete with electrode
decomposition has been successful even with semiconductors that do not con-
tain chalcogenide atoms in their crystal lattice. Although this might seem sur-
prising, several studies have shown that aqueous basic chalcogenide solutions
produce adlayers of chalcogenides on the surfaces of most semiconductor elec-
trodes (139-141). As in the case of the dithiocarbamates on II-VI surfaces
(137), the presence of this layer of adsorbed donors serves to scavenge the photo-
generated holes rapidly, and thereby competes with photocorrosion.

For example, the use of the chalcogenide redox couples Se%‘/SeZ*(aq) and
Te2™/Te? " (aq) has proven effective in stabilizing three other small band gap
semiconductors, n-GaAs (142, 143), n-GaP (142), and n-InP (144). In the latter
case, only Te; /Te? (aq) was observed to stabilize the semiconductor (144).
This approach is also useful for enhancing the stability of the related ternary
semiconductor systems n-GaAs, P, _, (145-148) and n-Al Ga, _ As (149).

The experiments with GaAs are especially noteworthy, because they initiated
a series of important electrochemical investigations into the surface properties
of GaAs and other III-V semiconductors. These investigations underscored the
advantages of using liquid contacts as a novel method of obtaining information
and control over the surface chemistry of important semiconductor materials.
Although the initial energy conversion efficiencies of these GaAs/liquid junc-
tions were a respectable 8-9% (143), subsequent surface treatments and opti-
mization of other cell parameters resulted in solar conversion efficiencies in
excess of 16% for the n-GaAs/KOH-Se3™-Se’~ system (3). As a result of these
detailed studies, the n—GaAs/KOH—SeZ_—Sez_ interface is one of the most
understood and efficient semiconductor/liquid junctions known to date.

d. High Salt Concentrations. When typical concentrations of redox re-
agents do not produce effective stabilization of a specific semiconductor, an-
other approach is to use extremely high concentrations of supporting electrolyte.
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The high salt concentration will diminish the activity of the water in the cell,
and will thereby lower the rate of the corrosion reaction. This strategy should
be even more effective if the supporting electrolyte is also an active redox do-
nor, because the high donor concentration will also increase the rate of inter-
facial hole capture.

Examples of this approach are the n-MoX, (X = Sor Se)/Y,—Y (Y =l
or Br) junctions, which are unstable at typical electrolyte concentrations of less
than or equal to 1 M but are stable in 12 M LiCl(aq) and in 15 M LiBr(aq),
respectively (150). Concentrated aqueous iodide solutions have also been shown
to stabilize n-CdS (151), n-InP (151), and n-GaAs surfaces (152). In these so-
lutions, the halide ion serves both to accept holes from the semiconductor and
to diminish the activity of water. These studies are significant because all of
these semiconductors have been found to corrode rapidly in solutions that con-
tain lower concentrations of the aqueous halide ions.

Stable photoelectrochemical cells have also been constructed using high con-
centrations of salt solely to lessen the activity of water. In this approach, a
separate redox-active reagent is required in order to collect holes from the il-
luminated semiconductor. For example, while the n-InP/Cu?*/ *(aq) junction
loses photoactivity within a few minutes of operation when the cell contains
0.5 M CaCl,, significantly higher concentrations of CaCl, (~ 5.6 M) resulted
in stable cell operation for more than 20 h (153). In both electrolytes, the C1~
ions are spectators for interfacial charge transfer and are not oxidized by holes.
A similar approach has been used to stabilize n-Si surfaces that are coated with
polypyrrole (154). Such electrodes showed some photocurrent stability when in
contact with Fe**/2* (aq) solutions, but exhibited increased stability in the pres-
ence of 11 M LiCl(aqg).

e. Layer-type Semiconductors. Another strategy to obtain stable aqueous
photoelectrochemical celis is to use layer-type semiconductors. In 1977, Tri-
butsch (66, 67) proposed that the unique electronic properties of such materials,
which exhibit d-d transitions from the valence band to the conduction band,
should afford a general approach to more stable photoelectrode surfaces. These
compounds are especially promising because a number of transition metal chal-
cogenides—MX,: M = Mo (155), W (155, 156), Pt (155), Zr (155), Hf (155),
Re (157), Ru (158); X = S, Se, Te—have band gap energies in the range of
1.1-1.7eV. ‘

These photoelectrode materials have indeed proven to be remarkably stable
in contact with a variety of aqueous electrolytes (159). For example, greater
than 6 x 10° C cm ™2 of photogenerated charge have been passed through n-FeS,
(B, =0.9eV)/I;-1" (E°’" = 0.53 V vs. NHE) interfaces without any evidence
of corrosion (160). While other redox couples, such as Br,/Br™ (E°' = 1.08 V
vs. NHE) and Cl,/C1~ (E°’ = 1.36 V vs. NHE) resulted in only partial photo-
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electrode stability (161), the ability of the n-FeS, to evolve Br, or Cl, over 4
days of operation, with less than a 50% loss in current density, further dem-
onstrated the unusual stability of this class of semiconductors.

The native stability of this class of semiconductors has also been demon-
strated for a variety of other layer-type photoanodes, including n-MoX,; (150,
162, 163) and n-WX, (156, 163-168) (X = S or Se). In fact, the most impres-
sive combination of efficiency and stability in any photoelectrochemical cell has
been obtained in the n-WSe,/I; -17(aq) system. Stable operation of the elec-
trode was observed for over 400,000 C cm ™2 of charge passed through the
semiconductor/liquid interface. This amount of charge is equivalent to over 3
years of operation in sunlight (166, 167). During this remarkable stability dem-
onstration, the cell displayed a solar energy conversion efficiency of 10% for
the duration of the experiment.

f. p-Type Semiconductors. Stable semiconductor/liquid contacts using
aqueous electrolytes have also been constructed from p-type semiconductors.
The strategic elements for the design of efficient, stable photoelectrochemical
cells that employ p-type semiconductors are related to those for n-type semi-
conductors. The semiconductor should have a band gap of about 1.4 + 0.3 eV,
and the redox couple should rapidly collect minority carriers, while rejecting
majority carriers. Stable semiconductor/liquid junctions using p-type materials
should be easier to construct, in theory, than those employing n-type materials.
For n-type materials, holes are driven to the surface by the electric field, and
this increased hole concentration accelerates oxidative corrosion at the electrode
surface. In contrast, the presence of excess electrons at the surface of a p-type
photocathode should afford protection from oxidative corrosion processes.
Therefore, a wide variety of redox couples should allow stable cell operation
when p-type semiconductors are used as photoelectrodes.

This advantage was only fully realized in 1978, almost 20 years after the
development of the first modern photoelectrochemical cell. However, it was
rapidly exploited to construct a variety of stable p-type semiconductor/liquid
interfaces. By 1978, stable semiconductor/liquid junctions had been constructed
from p-MoS,, p-CdTe, p-GaAs, and p-GaP with aqueous solutions of Fe*t/2+,
I; /17, or 837/8?” (67, 169-172). In general, stability is not a major problem
for p-type electrodes in contact with aqueous solutions.

However, as described in Section V.B.2, the problem with these systems
was not electrode stability, but rather low solar energy conversion efficiency.
Although p-type semiconductors did not corrode in aqueous solution, the neg-
ative potentials at the semiconductor surface led to plating of impurities, changes
in the surface stoichiometry, and other undesirable changes in the properties of
the semiconductor/liquid interface. Unless these changes could be avoided or
controlled, aqueous p-type semiconductor/liquid interfaces would not be useful
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for solar energy conversion. The lack of initial success in this area discouraged
many researchers, and other strategies for stable, efficient photoelectrochemical
energy conversion devices were pursued instead.

2. Energetics of Aqueous Photoelectrochemical Cells: Fermi Level Pinning

Experiments with p-type photoelectrodes played an important role in the de-
velopment of a somewhat controversial aspect of the theory of semiconductor/
liquid junctions. In 1980, Bard et al. (84) postulated that semiconductor/liquid
junctions using Si or GaAs electrodes exhibited complete Fermi level pinning.
Experiments with p-type semiconductors formed the basis for this hypothesis,
because nonideal behavior was observed initially for aqueous p-Si and p-GaAs
junctions (85, 173).

For these systems, the open circuit voltage (V,.) of the semiconductor/liquid
junction was observed to be essentially independent of the redox potential of
the contacting phase. For example, p-GaAs cathodes exhibited V. values of
0.40 4+ 0.10 V when contacted with a series of aqueous solutions, even though
the redox potential of the solution had been varied by about 1.0 V (from 0.53
V vs. NHE in the I; /I system to —0.43 V vs. NHE in the Eu®>*/2* system)
(85). According to the formalism presented in Section III.A and Figs. 10 and
12, changes in the redox potential of the contacting phase should induce differ-
ent amounts of band bending in the semiconductor. In an ideal system, such
changes should result in a different value of V. for each semiconductor/liquid
interface. The fact that V. was independent of the redox potential of the liquid
phase implied that some of the potential difference between the two phases was
not being dropped across the semiconductor. This nonideal behavior was as-
cribed to the presence of surface states in the semiconductor band gap (cf. Sec-
tion II1.C).

The suggestion that Fermi level pinning occurred at semiconductor/liquid
junctions was not encouraging. One of the major attractions of semiconductor/
liquid contacts, as opposed to semiconductor/metal or semiconductor/semicon-
ductor contacts, was the potential for exerting direct chemical control over the
electrical properties of the junction. For semiconductor/liquid contacts, this
control can be exerted merely by changing the constituents of the liquid phase.
If complete Fermi level pinning were present for common semiconductors, this
“advantage would not be realizable. In fact, there would be no means to exert
chemical control over the potential drop in the semiconductor phase through
changes in the properties of the liquid contact. A second implication of Fermi
level pinning is relevant to device construction, because semiconductor/metal
contacts had been well documented to exhibit Fermi level pinning with a variety
of common semiconductors (174, 175). If this behavior were also observed for
semiconductor/liquid contacts, there would be no practical advantage in using
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semiconductor/liquid contacts for energy conversion. Instead, semiconductor/
metal junctions could be used to provide the same solar energy conversion ca-
pabilities, with no concern about photocorrosion of the semiconductor.

So another dilemma seemed to be present: the problems involving photoan-
ode stability in aqueous solutions had been largely overcome through the use
of photocathodes, yet these photocathodes apparently could not be used to con-
struct efficient energy conversion devices. As of 1980, Fermi level pinning ap-
peared to exist on the surfaces of most small band gap semiconductors. Fortu-
nately, several photocathode systems were subsequently discovered that did not
display Fermi level pinning over a wide range of voltages. Chemical control
over electrical properties of the junction was thus recovered, and these systems
were eventually developed into efficient devices for solar energy conversion.

The first experiments to exhibit ideal junction behavior involved p-Si and
p-InP photocathodes. Aqueous HCI solutions that contained vanadium ions were
advantageous for such studies, because the redox potential could be varied over
a wide range through use of the stable V¥, VIV, VI and V! oxidation states.
For p-Si/HCI-V**/4*/3+/2* (176) and p-InP/HCI-V>*/**/3*/2* interfaces
(177), variations in the redox potential of the solution were found to produce
the expected ideal changes in the open circuit voltages of these semiconductor/
liquid junctions. This variation clearly demonstrated that the redox potential of
the solution affected the performance of these semiconductor/liquid junctions.
It also demonstrated that Fermi level pinning could be avoided through proper
choice of the contacting phase, even for common semiconductors such as Si
and InP.

By choosing a redox potential in the HCI- system that maxi-
mized V,;, it was possible to optimize the open circuit voltage and efficiency of
p-InP photocathodes. This strategy led to the development of the p-type InP/
HCI-V3*/2* photoelectrochemical cell, which has a solar energy conversion
efficiency of 11.5% (177). This system is currently the most efficient aqueous
p-type semiconductor/liquid junction (177, 178). Similar stability and high open
circuit voltages have been observed for p-Si surfaces in contact with the HCl-
V3+/2% (aq) electrolyte, although the energy conversion efficiency was only
about 3% (176). }

Surprisingly, only a few other p-type semiconductors have been extensively
studied in contact with aqueous electrolytes: p-GaAs (85), p-RuS, (158), p-WX,
(165, 168), and p-ReX, (157) (X = S or Se). Baglio et al. (168) observed that
p-WS, exhibited ideal junction behavior for a range of aqueous redox couples,
whereas related studies using p-GaAs concluded that Fermi level pinning limits
the efficiency of p-GaAs/aqueous junctions (85). Thus, more work is required
before concluding that highly efficient cells can be routinely obtained by the
use of photocathodes in contact with aqueous solutions. A related problem is
that the potential for reduction of water to H,(g) establishes a negative limit on

V5+/4+/3+/2+
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the accessible value of any redox potential in aqueous solution. For some semi-
conductors, the position of the conduction band edge is more negative than this
value, so the maximum electric field cannot be obtained from any available,
stable redox reagent in aqueous solution. For these reasons, nonaqueous sol-
vents provide very attractive media for the study of semiconductor/liquid inter-
faces (cf. Section V.B.4).

3. Photoelectrochemical Generation of Fuels Using Small Band Gap
Semiconductors

Given that various strategies have been developed for obtaining stable, effi-
cient semiconductor/liquid interfaces, it should be possible to use these methods
to construct photoelectrochemical cells that produce chemical fuels. One of the
most attractive features of semiconductor/liquid junctions is the ability to gen-
erate fuel directly from sunlight. As discussed previously, small band gap semi-
conductors generally cannot provide enough photovoltage to sustain H,O elec-
trolysis under standard conditions. However, small band gap photoelectrodes
can decrease the amount of electrical power that is required to generate fuels in
an electrolytic cell. These semiconductors can also be used to form fuels that
do not require as much free energy as the decomposition of H,O into H,(g) and
0,(g). Studies that have been directed towards these goals are the topic of Sec-
tion V.B.3.

a. Photoassisted Generation of H,(g). Photocathodes have been used to
construct the most efficient photoelectrochemical cells that can electrolyze H,O.
The high efficiency of regenerative cells based on p-InP made it the obvious
material to exploit in the photoelectrochemical production of Hy(g). However,
the native InP surface was found to be a poor catalyst for the 2 e~ reduction of
H,0 to H,(g) (179). The slow interfacial electron transfer rate yielded a slow
rate of H,(g) evolution, and led to low solar energy conversion efficiencies for
p-InP/H,O junctions.

A catalyst was clearly required to accelerate the rate of H,(g) formation at
the photocathode surface. The deposition of continuous thin metal films did not
produce the desired result, because Fermi level pinning at the semiconductor/
metal interface limited the open circuit voltage of p-InP/metal photovoltaics (9).

“The key to reducing the overvoltage in the semiconductor/liquid system, while
still maintaining a high-energy conversion efficiency, was the clever deposition
of optically transparent islands of noble metals (179). These islands acted as
electron-transfer catalysts but did not lead to deleterious semiconductor/metal
junctions on the photocathode surface. The metal islands also did not absorb or
reflect a substantial fraction of the incident light. The photons could then reach
the InP surface and be absorbed by the semiconductor, so the external quantum
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yields in such cells were very high. Using this approach, deposition of Pt, Rh,
Re, or Ru onto p-InP surfaces has resulted in solar energy conversion efficien-
cies of 12-16% for the light-assisted generation of H,(g) (1, 180, 181).

This system differs from the unassisted photoelectrolytic cells that were dis-
cussed above in the context of metal oxide photoelectrochemistry. The band
gap of InP is sufficiently small (1.35 eV) that the open circuit voltage of p-InP/
HCl(aq) junctions is only about 0.65 V, and the voltage at maximum power in
the photoelectrolytic cells is only about 0.45 V (1, 181). These types of cells
therefore provide very efficient energy storage with respect to the reduction in
Gibbs free energy for the electrolysis of H,O. However, an additional applied
voltage is required in order to obtain any net electrolytic current under standard
conditions. Nevertheless, the solar energy conversion efficiencies of these de-
vices are extremely impressive, and exceed those of any other known chemical
systems for the generation of stored fuels from water.

b. Light-Assisted Reduction of CO,. The reduction of CO, to other car-
bon-containing molecules is a reaction of practical importance. The possible C,
products (formic acid, formaldehyde, methanol, and methane) are commodity
chemicals, and these species are potential feedstocks for fuel cells. Photocath-
odes offer the possibility of producing these feedstocks using sunlight as the
energy source. The reduction of CO, has been examined primarily with p-type
semiconductors [GaP (182, 183), Si (184, 185), CdTe (186), GaAs (187, 188),
and InP (188)] that have band gaps near those required for optimal energy con-
version.

Unfortunately, due to the high overpotential for the 1 e reduction of CO,,
the conduction band electrons from these materials are not sufficiently reducing
to obtain high rates of CO, reduction. Instead, a bias of ~1to —2 V must be
applied to assist the reduction of CO,. In these reactions, the photoassisted
reduction of CO, produced mixtures of formic acid, formaldehyde, and meth-
anol. Energy conversion efficiencies were rather low (~0.5-4%), because these
semiconductor surfaces were not able to catalyze the multielectron-transfer re-
actions that are required for energy-efficient CO, reduction. This scientific prob-
lem is the key obstacle that needs to be overcome in order to achieve efficient
photoelectrochemical reduction of CO, (189). Recently, coating p-GaP (183)
or p-Si (185) with thin layers of Pb has been reported to stabilize these elec-
trodes during the photoassisted reduction of CO, and to yield increased current
densities over those of the bare electrodes. This latter improvement is postulated
to result from a catalysis of the reduction of CO, on these electrodes by the Pb
film (185).

In an intriguing use of a semiconductor/liquid junction, Parkinson and
Weaver (190) reduced CO, to formic acid enzymatically using an illuminated
p-InP electrode as the electron source. In their photoelectrochemical cell (Fig.
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Figure 20. A schematic illustration of the photoelectrochemical enzymatic reduction of CO, (190).
Photogenerated electrons from p-InP are supplied to formate dehydrogenase (FDH) in solution,
which performs the 2 ¢~ reduction of CO, to formic acid. The electron transfer between p-InP and
the enzyme is mediated by methyl viologen (MV?**/* "} in solution.

20), methyl viologen (MV2"/*") was employed as a mediator between the elec-
trode and solution-phase formate dehydrogenase (FDH). The mediator provided
two 1 e~ transfers to the enzyme and FDH then catalyzed the reaction given in
Eq. 39.

CO, + 2H" + 2 ¢ ™2, HCO,H (39)

The catalytic nature of the conversion was confirmed by noting that the enzyme
underwent about 21,000 turnovers during the length of the experiment. Inter-
estingly, the limitation on this system for reducing CO, is not the stability of
the semiconductor/liquid junction, but rather the denaturation of the FDH.

The key to the success of this system is the FDH enzyme, because the FDH
catalyzes the multielectron reduction of CO, in an energy efficient fashion. Thus,
the MV " —FDH combination can produce formate from CO, without a sig-
nificant loss of free energy. For CO, to be a useful feedstock in photoelectro-
chemical energy conversion, similar catalytic properties must be developed from
a simple, stable, molecular catalyst or metallic thin film that can be attached to
a photoelectrode sutface. At present, unfortunately, no such systems are avail-
able.

4. Semiconductor/Liquid Junctions in Nonaqueous Solvents

As mentioned previously, for some small band gap photoanodes, notably Si,
no aqueous redox species has yet been identified that can compete effectively
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with pathways for corrosion or passivation of the semiconductor. A logical al-
ternative is to use nonaqueous solvents to form the semiconductor/liquid junc-
tion (191-193). Because water is intimately involved in most corrosion and
passivation reactions of semiconductor electrodes, these undesirable processes
can generally be minimized merely by eliminating one of the reactants in the
corrosion reaction.

a. Photoelectrode Stability. Among the first stable nonaqueous semicon-
ductor/liquid junctions was the n-Si/CZHSOH—ferrocene+/ % interface (194). In
this photoelectrochemical cell, the ferrocenium/ferrocene (Fc*/Fc) system
proved to be extremely effective in preventing oxidation of the n-Si surface.
Photooxidation of the Si was suppressed because the ferrocene reacted with
holes faster than they could be used in photocorrosive processes. The relatively
low concentration-of H,O in the C,HsOH also served to minimize the rate of
oxidation of the semiconductor surface.

The CZHSOH—FC+/ 0 system was used soon thereafter to construct the first
stable n-Ge/liquid interface (195). These early photoelectrochemical cells had
solar conversion efficiencies that were low (~1%) (194, 195), but the obser-
vation of long-term anode stability with n-Si or n-Ge was the most important
finding of these reports. During this period, Tsubomura and co-workers (196)
reported the stable operation of an n-CdS/liquid junction formed with 0.2 M
solutions of Nal in CH;CN.

Given these promising results, the use of nonaqueous solutions was rapidly
adopted by a number of research groups as a strategy for generating new, stable
photoelectrochemical cells. This strategy has been extended to a variety of pho-
toanodes, including n-InP (197), n-GaAs (198, 199), n-GaP (200), n-GaAs, _,P,
(0 < x < 1) (147, 148, 201), n-AL,Ga, _,As (0 < x < 1) (149), n-CdTe (202),
n-MoS, (203, 204), n-WSe, (204, 205), and others (162, 204, 206). The wide
range of materials that have been stabilized in nonaqueous electrolytes clearly
illustrates the generality of this important method of corrosion suppression.

As of 1981, despite improved stability in contact with nonaqueous solvents,
no efficient semiconductor/liquid junctions had been developed using this ap-
proach. For example, the Si/CzHSOH—[n-Bu4N][C104]—Fc+/ % interface only
exhibited quantum yields at short circuit of 0.4 and solar energy conversion
efficiencies of about 1% (194). Given that the band gaps of these materials were
in the optimal range for solar energy conversion, the low efficiencies that had
been obtained in all of these cells were troubling. In a number of papers, Fermi
level pinning and surface state recombination were suggested to be responsible
for the low efficiencies. So another dilemma had appeared: now a general
method for enhancing the stability of photoanodes had been developed, yet
fundamental limitations on efficiency due to surface state recombination would
again prevent the formation of efficient solar energy conversion devices.
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Again researchers rebounded and devised a solution to the problem. The low
efficiencies were shown to be due primarily to losses from the high resistance
of the electrolyte used in these cells, and not to inherent limitations in the elec-
trical quality of the semiconductor/liquid contacts (207). By increasing the elec-
trolyte concentration in the organic phase (thereby lessening the solution resis-
tance), using more soluble redox couples and a more conductive solvent, and
by simultaneously optimizing the bulk and surface properties of the semicon-
ductor, n—Si/CH3OH—(CH3)2Fc+/ Y photoelectrochemical cells operated with
solar energy conversion efficiencies as high as 14% under AM 1.5 conditions
(2, 208). In this cell, charge transfer across the Si/liquid interface was so effi-
cient that the limiting recombination step was not even associated with the semi-
conductor/liquid contact, but was instead a property of the semiconductor ma-
terial itself (208, 209). In fact, the electrical properties of the Si/ (CH3)2FC+/ o
liquid junction are superior to those of all known Si/metal contacts and are
better than those of p—n junctions manufactured in the photovoltaic processing
industry (9).

Nonaqueous solvents have subsequently been used in the development of
efficient photoelectrochemical cells using a variety of n-type semiconductors.
For example, in the III-V family, n-GaAs (210), n-GaAs, _ P, (0 <= x < 1)
(149, 201), n-ALGa, _ As (0 < x =< 1) (149), and n-InP (211) all have been
shown to be efficient photoanodes in contact with ferrocene-based electrolytes.
In fact, it now appears that the use of nonaqueous solvents will allow the con-
struction of efficient photoelectrochemical cells from most semiconductor sur-
faces, even in cases where efficient photovoltaic devices cannot be obtained
using semiconductor/metal contacts (211, 212).

b. Fermi Level Pinning. Nonaqueous solvents have also been important
in the evaluation of Fermi level pinning restrictions on semiconductor surfaces.
The enhanced stability of semiconductors in nonaqueous solvents allows use of
a variety of outer-sphere, 1 ¢~ redox couples to establish the electrochemical
potential of the solution phase. In addition, the potentials for oxidation and
reduction of the solvent are further apart in CH;CN and tetrahydrofuran (THF)
than in H,O. This increased potential window allows access to a wider range
of redox potentials than is possible in H,O. In early work, p-GaAs (84), p-Si
(84, 173), and p-InP (213) were thought to exhibit complete Fermi level pinning
in contact with CH;CN solutions, because the open circuit voltages of these
semiconductor/liquid junctions did not depend on the value of the redox poten-
tial of the solution phase. More recent studies have shown that, under certain
conditions, n-Si (214), p-Si (214), n-InP (211), p-InP (215, 216), n-WSe, (217),
p-WeSe, (217), and to some extent n-GaAs (212), all show a response to the
solution redox potential, and do not display severe Fermi level pinning restric-
tions in nonaqueous solvents.
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A recent example nicely illustrates the differences between semiconductor/
metal interfaces, which generally exhibit Fermi level pinning, and certain semi-
conductor/liquid junctions. Metal contacts to n-InP only yield very low barrier
height, nonrectifying diodes. This I-V behavior is obtained because the built-
in voltage is limited to 0.3-0.4 V, due to Fermi level pinning of n-InP/metal
contacts (218, 219). In contrast, n-InP/CH;CN junctions have been found to
exhibit a variety of different /-V behaviors depending on the redox couple of
the solution phase (211). Contacts between n-InP and solutions with negative
redox potentials yielded large exchange current densities and behaved as weakly
rectifying diodes. In contrast, solutions with positive redox potentials produced
small exchange current densities and yielded excellent diode I~} behavior. This
behavior is in accord with the ideal model, in which changes in E(A/A ™) affect
the value of V,; and, therefore, I, for the semiconductor/liquid interface. After -
evaluating a series of redox couples, the Fc*/° redox system was chosen for
energy conversion applications because it produced the maximum electric field
at the semiconductor/liquid junction (211). Cells employing n-InP/CH;CN-
Fc*/° interfaces exhibited solar energy conversion efficiencies of about 7%,
despite the lack of any photovoltage from n-InP/metal contacts. The energy
conversion efficiency for n-InP/ Fc*/° contacts could even be improved further
if so desired, because neither the surface properties, nor the electrolyte com-
position, had been optimized in this cell (211).

Subsequent work has shown that Fermi level pinning restrictions can be
avoided even for materials such as Si. Lieber et al. (220) obtained a V,,. of 0.50
+ 0.02 V and a solar energy conversion efficiency of more than 10% for the
p-Si/CH;CN-CoCp; /0 junction. This value of V. was within 80 mV of the
theoretical value and was about 100 mV greater than the maximum possible
value predicted by the Fermi level pinning model (84, 173). Furthermore, the
open circuit voltages of p-Si/CH;0H interfaces were found to vary in an ideal
fashion as the redox potential of the solution was varied. In related experiments,
values of ¥, for p-GaAs/CH;CN-CoCp; /% interfaces were more than 100 mV
higher than the maximum value suggested by the Fermi level pinning model
(214). In addition, recent experiments with p-InP/CH,;CN interfaces have also
verified a lack of Fermi level pinning under certain conditions (215, 216). These
results are consistent with those in aqueous solution, in which p-InP contacts
to V3*/2*(aq) (177, 178) or to H,O/H,(g) (1, 180, 181) have shown large V.
values and excellent energy conversion efficiencies.

5. Hot Electrons in Photoelectrochemical Cells
Nonaqueous solvents have also played an important role in the search for

“‘hot electrons’’ at semiconductor/liquid contacts. In our discussion of the op-
timal band gap for utilizing the solar spectrum, it was assumed, as is generally
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the case, that any excess excitation energy of photogenerated carriers is rapidly
released into the solid (Section I1.B.2.a). Thus, only the band gap energy was
assumed to be available as potential energy for use in the photoelectrochemical
cell. In principle, however, charge transfer across the semiconductor/liquid in-
terface might compete with thermalization of some of the carriers. Minority
carriers that are transferred with energies greater than the band gap energy are
called hot carriers (Fig. 21). If one could extract the excess potential energy
present in these hot electrons, it has been postulated that higher photovoltages
could be obtained from a particular semiconductor/liquid interface (221, 222).
The hot electrons might thereby allow a greater output of power to be harnessed
from the cell, and thus might provide an increased solar conversion efficiency
for a given band gap material.

Experimentally, the yield of hot electrons in photoelectrochemical cells has
been determined by monitoring the rate of reduction of molecules with various
redox potentials. Using this strategy, Nozik and co-workers (223) suggested
that hot electrons from p-InP and p-GaP could be used to generate significant
photocurrents at energies that are more negative than the bottom of the conduc-
tion band.

In related experiments, Koval and Segar (224, 225) demonstrated that a
chemical product can be produced by hot electrons from a semiconductor/liquid
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Figure 21. Types of electrons potentially available at a p-type semiconductor/liquid junction. The
semiconductor is in depletion, and has been illuminated with light of energy greater than the band
gap of the semiconductor (iv > E,). The phrase ‘‘hot electrons’’ refers to electrons having poten-
tial energies greater than the edge of the conduction band (E_,) at the semiconductor/liquid inter-
face. The “‘degree’” to which a hot electron thermalizes before it transfers to the contacting solution
determines its type.



' SEMICONDUCTOR PHOTOELECTROCHEMISTRY 107

interface. In these experiments, the reduction of a Cu(I) complex in CH;CN
was effected by photogenerated electrons in a p-InP sample. The particular Cu(l)
complex was chosen because it could only have been reduced to Cu(0) at po-
tentials that were significantly negative of the conduction band edge at the InP/
liquid junction. From these experiments, Koval et al. concluded that the poten-
tial energy of these hot electrons was approximately the value of the bottom of
the conduction band in the bulk of the semiconductor. In other words, these
electrons behaved as “‘type I'” hot carriers (Fig. 21), because they apparently
did not thermalize completely in the depletion region of the p-InP/CH;CN con-
tact prior to their transfer to solution.

Presently, the utility of hot electrons to increase the photovoltage from, and
the efficiency of, a semiconductor/liquid junction remains unclear. For exam-
ple, in the experiment discussed above, the internal quantum yield for the re-
duction of the Cu(I) complex was only about 0.0025. The possibility of using
hot electrons remains a current topic of investigation, but significant advances
in the utilization of hot electrons will require methods that maximize the lifetime
of the hot carriers within the semiconductor (226, 227). An essential require-
ment will be the development of suitable redox species that can rapidly remove
the hot carriers from the semiconductor. In addition, if such redox species are
to harness the excess energy contained in the hot electrons, they must also be
slow to equilibrate with other reagents that are simultaneously capturing the
thermalized carriers from the semiconductor/liquid junction. Although no sys-
tem has yet been identified that could meet these requirements, the photoelec-
trochemistry of hot carriers remains an interesting and current scientific ques-
tion.

6. Surface Modification of Small Band Gap Semiconductors

Another strategy towards obtaining the elusive combination of stability, ef-
ficiency, and fuel production from semiconductor/liquid interfaces is to modify
the surface of small band gap semiconductors with molecular reagents. Because
the surface of the semiconductor plays a crucial role in the energy conversion
behavior of a semiconductor/liquid interface, efforts to modify chemically the
surface properties can, in principle, lead to dramatic improvements in the per-
formance of most photoelectrochemical cells.

Two basic strategies have been developed for surface modification of semi-
conductor photoelectrodes. The first strategy involves the coordination of mo-
lecular reagents directly to the semiconductor surface. The goal of surface mod-
ification in this situation is to make new surface bonds, and to thereby change
the electrical recombination properties of the semiconductor. Generally, the na-
ture of both the surface species and the molecular reagent will be changed after
this bonding process. If successful, the chemistry that is developed and moni-
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tored using semiconductor/liquid interfaces could then be applied to semicon-
ductor surfaces in a variety of applications, including solid state systems, chem-
ical sensors, detectors, and other surface-sensitive devices.

The second strategy involves the attachment of electrochemically active
groups to the semiconductor surface. In this approach, a reduction in the rate
constant for surface recombination is not specifically the goal. Instead, manip-
ulation of the charge flow across the solid/liquid interface is of prime impor-
tance. Generally, reagents used in this approach are designed to retain their
electrochemical properties after attachment to the surface. Both strategies draw
heavily on the concepts of inorganic chemistry. In Sections V.B.6.a—c, we first
describe the coordination chemistry of complexes with electron donors and elec-
tron acceptors. This description is followed by a discussion of the modification
of semiconductor surfaces using electroactive reagents.

a. Reactions of Electron Donors with Semiconductor Surfaces. It is
convenient to divide the discussion of the semiconductor surface chemistry ac-
cording to the bonding characteristics of the molecular reagent. Generally, the
Lewis bases that have been used to modify semiconductor surfaces are organic
donors, such as amines, phosphines, or sulfides. These types of reagents gen-
erally are expected to bond to electron-deficient sites on the semiconductor sur-
face. A second class of molecular reagents consists of Lewis acids, which are
expected to bond to electron-rich sites on the surface of the semiconductor.
These reagents usually are complexes of transition metals. The chemistry of
Lewis bases is discussed in this section, and Section V.B.6.b emphasizes the
surface coordination reactions of Lewis acids.

Layer-Type Semiconductors. The use of Lewis bases to modify the surfaces
of semiconductors was employed as early as 1980 in a study of the n-WSe,/
I; /1" (aq) junction (228). The semiconductor WSe, has a layered structure, with
atomically flat planes of Se atoms exposed at the surface. In a macroscopic
sample, these atomically flat planes are connected by ‘‘steps,”” and the edges
of these steps are believed to contain a high concentration of defect sites. Upon
treatment with a variety of substituted pyridines, Parkinson et al. (228) ob-
served improvements in the I-V characteristics of the WSe,/I; -I” (aq) interface.
These authors logically ascribed the 7-V changes to the coordination of defect
sites by the pyridine ligand. This study was extremely important, because it
demonstrated that simple acid-base concepts could be applied to manipulate the
electrical properties of semiconductor surfaces. Unfortunately, the I-V im-
provéments for this particular semiconductor/liquid interface persisted for only
a few hours, until the adsorbate desorbed or degraded on the semiconductor
surface.

In related work, Razzini et al. (229) used multidentate adsorbates, such as
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ethylenediaminetetraacetic acid (EDTA), on another layer-type semiconductor,
n-MoSe,. After exposure of an n-MoSe, electrode to EDTA, the power output
of the electrode more than doubled, with significant improvements in V., J,
and the fill factor of this semiconductor/liquid interface. The long-term
stability of the n-MoSe, electrode was superior to that of pyridine-treated
WSe,/I; -1 (aq) interfaces; however, approximately 50% of the improvement
in the n-MoS,/1; -1” (aq) junction disappeared after 3 days of operation.

In more recent work, Tributsch and co-workers (230) examined the stability
of n-FeS, in contact with the Br,/Br~, [Fe(phen);]**/?>*(phen = 1,10-phen-
anthroline), and [Fe(bpy)s]>*/>* (bpy = 2,2'-bipyridine) (E°'[Fe(bpy),I**/>*
= 1.01 V vs. NHE) redox systems. These three redox couples have similar
redox potentials, but differ in the sign of the charge on the redox reagents. In
this system, only the negatively charged Br™ ions yielded stable photoelectro-
chemical behavior. This observation suggested that the coordination of an an-
ionic species to the positively charged Fe atoms on the n-FeS, surface was
required for effective interfacial electron transfer. As further evidence of this
requirement, the addition of C1~ ion to unstable n-FeS,/ [Fe(phen)3]3+/ 2+ cells
was found to yield stable photoelectrode behavior (230). The authors suggested
that the Cl~ ions coordinated to the n-FeS, surface and acted as a bridge for
electron transfer between the semiconductor and the [Fe(phen)3]3+/ 2+ Al
though these stability results required some detailed understanding and modi-
fication of the semiconductor surface structure, they are quite impressive when
compared to the typical behavior for II-VI and III-V materials in contact with
typical aqueous electrolytes.

GuaAs. The studies described above represent possibly the only documented
cases of surface modification acting to passivate defect sites in semiconductor/
liquid junctions. For some other semiconductors, beneficial surface chemistry
has been documented in contact with gaseous ambients, but the passivation
chemistry has not yet been extended to the behavior of photoelectrochemical
cells. In this section, the principles of this surface chemistry are briefly de-
scribed for GaAs, and the next section summarizes results for II-VI semicon-
ductors. ,

Gallium arsenide is a technologically important semiconductor, and there is
great interest in developing chemical methods to control the electrical properties
of GaAs surfaces. Yablonovitch and co-workers (231) recently reported that
coating GaAs surfaces with thick layers of Na,S-9H,0 produced a significant
reduction in the surface recombination rate at GaAs/air interfaces (139, 231).
These studies were motivated by the favorable current-voltage properties of
n-GaAs/KOH-Se? " -Se?~ junctions, as discussed in Section V.B.1. The initial
proposal was that an epixatial, lattice-matched layer of As,S; formed on the
GaAs surface, and that this layer terminated the surface bonding in a fashion
similar to the bonding in the bulk of the semiconductor.
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After extensive spectroscopic studies of this system (140, 232, 233), there
is little agreement to date on the mechanism or products of this surface passi-
vation reaction. It has been shown, however, that other sulfur-containing bases,
including short-chain thiols, can produce similar changes in surface recombi-
nation (233, 234). In nonaqueous solvents, the thiols did not yield detectable
amounts of As,S;, yet the exposure to these reagents did result in improved
surface recombination rates. The details of the chemistry used to modify the
semiconductor surface appear to be extremely important in determining the
electrical properties of the GaAs interface. For example, the exposure of GaAs
to various n-alkanethiols at higher temperatures (100 vs. ~25°C) yielded ori-
ented monolayers that consisted of densely packed thiolates (235). Although
this procedure generated a highly ordered thiolate layer on the semiconductor
surface, it did not result in a significant improvement in the electrical recom-
bination properties of GaAs surfaces (236). Clearly, detailed studies of the sur-
face chemistry are required to understand and control this behavior. Recently,
a solution containing both S~ and Se®~ has been claimed to yield superior
surface recombination properties at GaAs electrodes (141, 237), but the chem-
istry in this system is even less clear at present.

CdS and CdSe. Another application of surface modification is to introduce
a controlled amount of charge onto the semiconductor surface. If negative charge
is introduced on the surface of an n-type material, increased positive charges
will be created within the semiconductor in order to offset this negative charge.
These positive charges will increase the depletion width and the built-in voltage
of the semiconductor, and will usually lead to a reduction in the value of the
exchange current /. Controlled adsorption of charges or dipoles onto the semi-
conductor can therefore allow deliberate, molecular-based variation in the I-V
properties of a semiconductor/liquid interface. It can also induce changes in V;
for semiconductor surfaces in contact with gaseous ambients. This type of sur-
face modification has been used extensively to control the chemistry of 1I-VI
semiconductor/liquid interfaces.

To introduce negative charge -onto a semiconductor surface, Wrighton and
co-workers (136-138) and Uosaki et al. (238) exposed CdS/and CdSe surfaces
to various anionic sulfur donors. These reagents included HS™ (238), [MoS,*~
(138), thiolates (136), and dithiocarbamates (137, 138). These species were
found to adsorb strongly onto the Cd-rich face of the semiconductors. As pre-
dicted, substantial changes in-the I-V properties of CdS/and CdSe/liquid inter-
faces were observed as a result of adsorption. The value of V,; increased sig-
nificantly after surface modification, with changes in V,; as large as 1 V being
observed in the most favorable cases.

This approach has also been used to manipulate the properties of II-VI semi-
conductors in contact with gaseous ambients. In a series of studies by Ellis and
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co-workers, a variety of Lewis acids (239, 240) and Lewis bases (241-245)
have been shown to affect the surface recombination rate of CdS and CdSe
crystals. A strong correlation was observed between the surface recombination
rate and the electron-donating ability of the adsorbate. These studies suggested
that the chemical passivation of defect sites was much less important than the
donation or withdrawal of electron density into the depletion region of the CdSe
crystals. This series of papers represents an impressive example of the delib-
erate, chemically based manipulation of the electrical properties of semicon-
ductor surfaces.

Colloidal particles of II-VI materials also have been exposed to Lewis bases.
Small semiconductor particles are expected to have a high density of defects at
their surfaces, so large changes in the rate of surface recombination are expected
after chemical modification of the particles (246-248). In a recent example, the
treatment of very small semiconductor particles (diameter =~ 100-300 A) of
CdS and of Cd;As, with (C,Hs);N dramatically decreased the surface recom-
bination rate of the particles (249). Similar changes have also been observed
upon treatment of these particles with (CH;);N, 1,4-diazabicyclo[2.2.2}octane,
and alkanethiols (249). The surfaces of the II-VI particles thus appear to be
affected differently than the surfaces of II-VI single crystals, because coordi-
nation of Lewis bases to the particles is thought to affect the surface state bond-
ing while coordination to the single crystals is thought to induce changes in the
total charge in the depletion layer.

b. Coordination of Lewis Acids to the Surfaces of Semiconduc-
tors. The treatment of semiconductor surfaces with Lewis acids, specifically
with transition metal ions, has historically been avoided ever since the late
1950s. In early work on solid state junctions, adsorption of trace metal ion
impurities, such as Cu ions that had leached from Cu pipes into rinse water,
was found to produce high surface recombination rates at Si and Ge. As a result,
the elimination of trace metal ion contaminants is one of the goals of the fas-
tidious cleanliness procedures that have been developed for modern semicon-
ductor processing facilities. In 1978, the discovery that adsorption of metal ions
could improve the current-voltage properties of the n-GaAs/Se3 -Se”~ inter-
face (250) provided a stunning counterexample to this long-held notion.

n-GaAs + Metal Ions. While working with n-GaAs/KOH-Se> -Se” “(aq)
interfaces, Parkinson, Heller, and Miller (11, 250, 251) observed solar energy
conversion efficiencies that varied from 7-10%. They ascribed the differences
in the properties of these cells to the presence of trace impurities, and were
prompted to examine the effects of various cations on the performance of
n-GaAs/KOH-Se3 -Se?~ junctions. While many cations, including Ca®*,
Sr2*, and Ba*", did not adsorb to the GaAs or had little effect on the perfor-
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mance of the cell, treatments with other ions, such as Bi** and Ru®", were
found to yield reproducible changes in the current-voltage properties (251). The
Bi®* ion reduced the cell’s performance, and this behavior was not surprising
given the previous history of impurity adsorption effects. However, exposure
of GaAs surfaces to solutions of 0.01 M RuCl; in 0.10 M HCl(aq) improved
the photoanode performance to a solar energy conversion efficiency of 12%
(250). This value was the highest solar conversion efficiency reported to date
for any photoelectrochemical cell. The improved efficiency persisted during
more than 20 days of operation, suggesting that Ru’" ions were adsorbed
strongly to the GaAs surface (251).

Subsequently, adsorption of other metal ions has been shown to result in
even higher energy conversion efficiencies in this system. Group 8 and 9 (VIIIB)
metal complexes, including Co(III) and Os(III) species, produced substantial
improvements in the energy conversion efficiency of n-GaAs/Se3 " -Se’~(aq)
junctions (252). For example, chemisorption of Os(IlI) complexes onto n-GaAs
anodes produced cells with solar energy conversion efficiencies as high as 15.0
+ 1.0% (3).

A number of studies investigated the mechanisms by which metal ions im-
prove the /-V characteristics of the n-GaAs/Se3 -Se’ ~(aq) interface. The ex-
perimental observation is that chemisorption of Ru®* leads to higher photocur-
rents (at a given applied voltage) than those displayed by untreated GaAs anodes
(250). This chemisorption process also produces higher open circuit voltages
and a higher fill factor in the cell (Fig. 22). One explanation for this behavior
was that the adsorption of metal ions removed surface states that were present
on etched n-GaAs anodes. Time-resolved luminescence studies of GaAs/air in-
terfaces supported this interpretation, because such experiments revealed a 30-
fold reduction in the rate constant for surface recombination after chemisorption
of Ru*" ions (253). However, because no electrolyte solution was present dur-
ing the luminescence experiments, whether this reduction was the sole, or even
the dominant, effect of the metal ion treatment could not be determined unam-
biguously.

An alternative explanation for the increased I~V performance is that the metal
ions catalyze the hole transfer between Ru®*-treated n-GaAs and KOH-Sej ™ -
Se?~(aq) solutions. Even if the surface recombination rate does not change after
chemisorption of metal ions, a larger rate of interfacial hole transfer would
result in a higher quantum yield for photocurrent flow. From electrochemical
impedance studies of n-GaAs electrodes, Allongue and Cachet (254) concluded
that the I-V improvements had liitle to do with recombination losses. Instead,
they postulated that the improvements were due primarily to increases in the
minority carrier current between the semiconductor and the redox couple. Ex-
periments by Lewis and co-workers (252, 255, 256) subsequently confirmed
this conclusion.
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Figure 22. Improvement in the current-voltage characteristics of an n-GaAs electrode after treat-
ment with RuCl;-3H,0. After immersion of the GaAs electrode into 0.10 M HCI-0.010 M
RuCl;(aq), improvements are observed for the open circuit voltage and the fill factor of the cell.
Data are for n-GaAs photoanodes in contact with 1.0 M KOH-0.8 M K,Se-0.1 M K,Se;(aq) (252).

Despite the ability of these metal complexes to produce efficient photoelec-
trochemical energy conversion devices, surprisingly little is known about the
chemical structure of the adsorbed metal ions. For example, in the case of the
treatment of n-GaAs with Os®>* ions, neither the coverage nor the oxidation
state of the adsorbed Os’ " ions has been reported. The most characterized sys-
tem to date is the adsorption of Co(III) complexes onto GaAs surfaces. After
exposure to a Co(Ill) complex, Tufts et al. (257) demonstrated that the species
on the GaAs surface is a film of Co(OH),. Upon exposure of this Co(OH), film
to the Se5~/Se’(aq) electrolyte, the Co(OH), reacted to form a new species
that was predominantly CoSe, (257). This latter surface was actually the one
that was electrocatalytically active in the n-GaAs/KOH-Se3 —Se” " (aq) photo-
electrochemical cell. Such observations imply that further work is needed in
order to provide a firm basis for controlling and understanding the interfacial
chemistry of Lewis acids at III-V surfaces.

p-InP + Ag. The beneficial effects of metal ion chemisorption are not lim-
ited to n-GaAs surfaces. For example, the efficiency of p-InP/HCI-VCl;-
VCl,(aq) interfaces has also been improved by adsorption of metal ions onto
the InP surface. Heller and co-workers (258) observed that a brief (~ 1 s) ex-
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posure of p-InP to 0.1 M KAg(CN),-0.1 M KCN(aq) resulted in an increased
fill factor and increased V. for the p-InP/HC1-VCl;-VCly(aq) junction. These
improved I-V characteristics resulted from the adsorption of submonolayer
amounts of silver onto the InP surface. In a subsequent study, using polycrys-
talline p-InP films as electrodes, Heller and co-workers (25R) obtained solar
energy conversion efficiencies of 7% using this Ag" treatment. This reaction
provides another impressive example of the benefits of surface modification of
semiconductor/liquid interfaces. Unfortunately, no information is yet available
on the mode of binding or on the coordination environment of the Ag atoms
that are important in producing this improved photoelectrochemical cell behav-
ior.

¢. Attachment of *‘Outer-Sphere’’ Systems to the Semiconductor Sur-
face. Another distinct strategy for surface modification involves the attachment
of electroactive reagents to the semiconductor surface. In contrast to the “‘inner-
sphere’” modifications discussed above, this approach does not attempt to mod-
ify the electrical properties of the semiconductor nor to change the electron-
transfer properties of the molecule. Instead, the surface-attached molecule is
designed to serve as a specific electroactive site through which carriers must
flow as they cross the semiconductor/liquid interface. In principle, this ap-
proach can lead to chemical control over the electrochemical reactivity of a
semiconductor/liquid interface. Experiments that have utilized this approach are
the subject of Section V.B.6.c.

This elegant strategy is based on the concept of ‘‘mediated”’ charge transfer
(Fig. 23). In this approach, the photogenerated minority carrier is efficiently
captured by a molecular reagent that has been attached to the surface of the
photoelectrode. The minority carrier then resides on the molecule, and the sub-
sequent fate of this charge depends on the chemical reactivity of this electroac-

% —Fc ¥ X % L Fc" x X %-——Fc xt X
——Fc X  Lightor —Fc X Heterogeneous —Fc
BCHTe X pomm BCTF X tranger _ SCITe X'
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Figure 23. A schematic illustration of the process of heterogeneous clectron transfer at a deriva-
tized n-type semiconductor/liquid junction. In the figure, the transfer of holes between the semi-
conductor (SC) and the solution-phase redox species (X) is mediated by the surface-attached, elec-
troactive species Fc (= ferrocene). The central illustration is drawn to empbhasize that the electron-
transfer process is mediated, and should not be misconstrued to represent a distinct step whereby
the products of hole transfer are solely localized on the semiconductor surface.
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tive, surface-bound molecular reagent. The interfacial charge-transfer process
is thus ‘‘mediated”” by the molecular reagent.

This process closely resembles the molecular arrangement in the photosyn-
thetic reaction center. In the reaction center, a series of electron acceptors acts
to direct the charge flow through the membrane and into the catalytically active
sites. In the semiconductor/liquid junction, the electron acceptor mediates and,
therefore, directs the charge flow into the liquid phase. The only conceptual
difference is that, in the semiconductor/liquid junction system, the light ab-
sorption and initial charge separation take place in the semiconductor, as op-
posed to taking place in a molecular assembly.

The surface-attached electroactive reagent is desirable in order to control the
chemical reactivity of the photogenerated charges. In this fashion, corrosion
reactions can be suppressed, or electrocatalytic reagents can be introduced di-
rectly onto the surface of the electrode. This result could allow enhanced sta-
bility of photoelectrodes in contact with aqueous solution, as well as more ef-
ficient means of producing fuels, such as H,(g).
~ Pioneering work in this area was performed by Wrighton and co-workers
(194, 195, 259). The electroactive reagent was chosen to be a ferrocene group,
because ferrocene had been shown to be effective in stabilizing Si, Ge, GaAs,
and other small band gap photoanodes in contact with nonaqueous solvents.
The goal was to use a surface-attached ferrocene to effectively capture photo-
generated holes from these semiconductor surfaces. The ferrocenium formed
from this hole capture process would then be used to effect other oxidations in
a subsequent, controlled reaction step. If the holes could be completely captured
by the surface-attached ferrocene, then in principle, corrosion could be sup-
pressed even in contact with an aqueous solution. Furthermore, mediated elec-
tron transfer could be used to direct the photogenerated charges only to the
desired chemical reaction pathway at the expense of other possible reaction
paths.

To attach ferrocene units to the surfaces of Si, Ge, and GaAs, Wrighton and
co-workers (260, 261) reacted (1,1'-ferrocenediyl)dichlorosilane, I, with hy-
droxyl groups that were present on the oxidized surfaces of these semiconduc-

Fe SiCl,

©/

tors. Exposure of the hydroxylated surface to I led to the covalent attachment
of the ferrocene group.

Surface—OH + RSiCl —> Surface—O—SiR 40)
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Using this approach, ferrocene moieties were attached to the surfaces of var-
jous semiconductors, including Si (260-263), Ge (195), and GaAs (259). Cyclic
voltammetry was then used to prove that the electron transfer was mediated by
the surface-bound ferrocene groups. In contact with nonaqueous solvents, these
surface-bound ferrocenes reacted extremely rapidly with a variety of electroac-
tive reagents in the solution phase. Even with rotating disk electrodes supplying
material rapidly to the electrode, transport of the solution reagent to the surface
limited the reaction rate between the surface-bound ferrocenium ions and mo-
lecular reagents in the solution (263).

In the most impressive application of this methodology, n-Si electrodes were
actually stabilized in contact with aqueous solution (261). The ferrocene groups
captured photogenerated holes extremely efficiently from the Si surface, and
directed the oxidation of molecular reagents in the solution in competition with
oxidation of the Si surface. Silicon photoanodes without a surface-attached layer
of ferrocenes exhibited no photocurrent after 5 min in 4 mM [Fe(CN)¢]* ™ (aq),
but modified Si surfaces showed photocurrent stability for 30 min in these same
solutions (261, 262). This stability is even more impressive when considering
that formation of a 20-A layer of oxide would be sufficient to produce pas-
sivation, and that such a process would only require about 0.06% of the pho-
togenerated carriers over a 10-min time period ‘at a photocurrent density of 20
mA /cm?. Even this approach is not sufficient to produce extended stability at
high photocurrent densities, however. Thus, further surface modification is re-
quired if n-Si/H,O junctions are to be considered seriously for energy conver-
sion applications.

This surface modification approach has been extended to a variety of other
electroactive reagents. Silicon has been functionalized with (CHs),oFc deriva-
tives, as well as with viologen reagents. The (CHs),oFc derivatives have been
used in electron-transfer studies (264), while the viologen reagents have been
used in mediated H,(g) production at p-Si photocathodes (265) and in the re-
duction of cytochrome ¢ at metal and semiconductor surfaces (266). The cy-
tochrome ¢ reaction provides a nice example of electrocatalysis that is induced
by deliberate surface modification, because cytochrome c is not electroactive at
unmodified Si surfaces. However, the reduction proceeds extremely efficiently
at Pt and p-Si surfaces when the electron transfer is mediated through the sur-
face-attached viologen groups (266).

" Gallium arsenide electrodes derivatized with I have also been suggested re-
" cently for use as chemical sensors (267). As mentioned in Section V.B.6.a,
electron-donating and electron-withdrawing groups have been shown to influ-
ence the rate of catrier recombination at semiconductor surfaces (239-245).
Exposure of ferrocene-modified GaAs surfaces to oxidants led to the production
of a surface-attached ferrocenium species, even in the gas phase. The negative
charge on the counterion increased the depletion width in the semiconductor
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sample in the same fashion as had been observed for electron-withdrawing
groups on CdS and CdSe surfaces. This increased depletion width produced an
increase in the rate of carrier recombination at the GaAs surface, and led to a
decrease in the luminescénce from the bulk of the GaAs sample (267). The
effect was reversible when the GaAs surface was exposed to reagents that re-
duced the surface-attached ferrocenium back to the neutral ferrocene state. The
use of derivatized semiconductors as sensors is an intriguing one, and represents
an additional application of semiconductor surface modification.

As a result of this body of work, it is now possible to envision functional-
ization of semiconductor surfaces with almost any desired molecular reagent.
The ideal surface modification would involve a reagent that reduced the density
of electrical traps on the surface of the semiconductor, while also introducing
an electroactive reagent to direct the interfacial charge flow in a predetermined
reaction path. The reagent would be even more desirable if it catalyzed the
multiclectron-transfer reactions that are important in fuel formation. Given the

~recent demonstrations of direct coordination to the surfaces of CdS, CdSe, and
GaAs (136-138, 235, 239-245), it should now be. possible to realize the ben-
efits of this approach. This method would provide an elegant, molecular-level
strategy for the modification of semiconductor surfaces, and would have appli-
cations in energy conversion as well as in other aspects of semiconductor tech-
nology.

C. Dye Sensitization of Semiconductor Electrodes

The last strategy that has been widely used to construct energy conversion
devices from semiconductor/liquid interfaces is dye sensitization. Whereas the
studies described above have attempted to obtain improved solar energy con-
version efficiencies by altering the bulk or surface properties of the semicon-
ductor, this same goal can, in principle, be achieved through the use of molec-
ular-based light absorbers. This general process is called dye sensitization and
studies in this area are the topic of Section V.C.

The goal of dye sensitization is to combine the light absorption and catalytic
properties of molecular reagents with the charge separating properties of semi-
conductor/liquid junctions. Generally, a dye with an excitation wavelength in
the visible range is adsorbed onto the surface of a large band gap semiconductor
(Fig. 24). The excited state of the dye must have a sufficiently negative redox
potential that it can transfer an electron into the conduction band of the semi-
conductor. The injected electron will experience the force of the electric field
in the semiconductor and will then be driven toward the back contact by the
field in the semiconductor depletion region. The electron vacancy resides on
the oxidized dye, and to complete the process, the dye must be reduced to its
original, photoactive form by a donor species in solution. This donor molecule
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Figure 24. A schematic illustration of a photoelectrochemical cell containing a dye-sensitized
semiconductor. Upon illumination, the dye is raised to an excited state (Dye*) and an electron is
imjected from the excited dye into the conduction band of the semiconductor electrode. To prevent
back-reaction of the electron with the dye, a supersensitizer (S) is used in the solution to react with
the now-oxidized dye (Dye™). In this process, the original, photoactive dye is regenerated, and the
driving force for recombination is removed. The electron injected into the semiconductor by Dye*
is driven through the circuit by the electric field at the semiconductor/dye interface. Work is then
performed as the electron travels through an external resistor (R). The cell is then returned to its
initial state as the oxidized supersensitizer (S*) is reduced at the Pt electrode.

is often added to the solution for the sole purpose of providing kinetic compe-
tition with reCombination between the injected electron and the oxidized dye.
In such cases, the donor is referred to as a supersensitizer. Because the dye
injects only an electron (i.e., a majority carrier) into the semiconductor, this
carrier generation mechanism leads to minimal recombination losses in the
semiconductor as compared to direct illumination of the semiconductor.

There are many requirements that must be met for an efficient dye sensiti-
zation process (268). Useful dyes must have excited state electrochemical po-
tentials (E(Dye */Dye*)) that are more negative than the bottom of the conduc-
tion band. In addition, the electrochemical potential of the ground state of the
dye (E(Dye*/Dye)) should be in the middle of the semiconductor band gap.
The rate of electron transfer from the excited dye (Dye*) to the conduction band
of the semiconductor must be rapid relative to the intrinsic decay rate of the
excited dye. In addition, the oxidized and reduced forms of the dye must both
be stable in solution under prolonged illumination. Finally, back electron trans-
fer from the semiconductor conduction band into the oxidized dye should be
sufficiently slow that effective charge separation can take place. Due to these
various kinetic constraints, only dye molecules adsorbed on the surface of the
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semiconductor are generally useful for the injection of electrons. Coverages of
greater than a monolayer fail to enhance the solar energy conversion efficiency
of these electrodes, because these extra layers of dye tend to filter the incoming
light, actually decreasing conversion efficiencies (269). Because dye coverages
are limited to a monolayer, or even less, only dyes with high extinction coef-
ficients are useful.

Dye sensitization techniques have long been of significant importance in
photography, where adsorbed dyes are used to extend the spectral range of the
semiconducting silver halide grains in photographic images (270). Light is used
to reduce a tiny fraction of the silver halide grains to Ag metal, forming the
latent image that will later be developed to yield a photograph (271). The dyes
increase the sensitivity of the film, allowing smaller lens apertures, so that fo-
cusing is not as important (271). This increased sensitivity also allows faster
shutter times, so that blurring is reduced (271). Maximizing the efficiency of
dye sensitization is therefore of great practical interest in photography.

Among dyes, there is a great variance in the efficiency of sensitization. The
absolute quantum yield for spectral sensitization of the semiconducting silver
halide grains can be measured by monitoring the electrical charge that accu-
mulates during illumination of the dye-modified grains (272). Using such meth-
ods, internal quantum yields approaching unity have been observed for the dye-
sensitized emulsions (272). Such methods do not offer information about the
mechanism of sensitization, however, as it is difficult to control the surface
properties of photographic emulsions, and it is essentially impossible to observe
the primary process of charge-carrier generation directly (273).

Historically, dye sensitization of semiconductor electrodes was initially ex-
plored to elucidate the mechanism of silver halide sensitization (273, 274).
Semiconductor electrodes were used to study the mechanism of charge transfer,
because they provided a situation in which the flow of charge could be easily
detected in the form of current. In general, low internal quantum yields for
charge flow were observed for most dye-sensitized semiconductor surfaces.
These low quantum yields were thought to result from surface states at the
semiconductor/dye interface (275). Surface states are difficult to avoid with
semiconductor materials, because the lattice must terminate at each low-index
interface (276). In addition, surface states on oxide electrodes, such as ZnO or
SnO,, were in some cases attributed to hydrolyzed surfaces (275). The low
quantum yields of such experiments made mechanistic comparisons to the highly
efficient dye-sensitized photographic emulsions questionable, at best (270).

Later, as interest increased in the use of large band gap semiconductors in
photoelectrochemical cells, dye sensitization experiments were performed with
the hope of obtaining improved solar energy conversion efficiencies. Again,
initial experiments in this area were not promising, due to low quantum yields.
Matsumura et al. (277) and Alonso et al. (278) used rose bengal and rhodamine
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B, as well as other dyes, to sensitize sintered ZnO electrodes to visible light.
Although the spectral response of the ZnO was extended using this approach,
the energy conversion efficiencies remained low (277, 278). A significant prob-
lem in these studies was incomplete light absorption, because a monolayer of
dye attached to a smooth surface absorbed less than 1% of the incident mono-
chromatic light (92, 279). :

More recently, Spitler and Parkinson (275, 276, 280) focused on the use of
the layer-type surfaces of layered MX, semiconductors (X = S, Se, or Te).
These semiconductors were chosen with the hope of minimizing surface state
densities at the semiconductor/dye interface. Hydrolyzed surface layers are not
present on these materials and the semiconductors do not oxidize or react
strongly with solvents (275). It was therefore believed that these systems would
provide an abrupt interface between the energy bands of the semiconductor and
the electronic states of the absorbed dye (275). Using this approach, Spitler and
Parkinson demonstrated internal quantum yields as high as 0.6-0.8 with a va-
riety of materials, including WS, (275, 280) (E,= 1.30 V), MoSe, (280) (E,
= 1.06 eV), WSe, (275) (E, = 1.16 V), and SnS, (276) (E, = 2.2 ¢V). The
most complete study was performed using SnS,, where a series of dyes, with
absorbance maxima varying from 520 to 835 nm, was used to sensitize the
semiconductor (276). The high quantum yields were primarily attributed to the
lack of bond termination defects, which allowed minimization of the surface
state density (276). In some cases yields were believed to be increased through
intercalation of the dyes, leading to many semiconductor/dye interfaces (270,
276).

Although the high internal quantum yields of the dichalcogenide electrodes
are encouraging, a great deal of research remains before such electrodes can be
of practical use. One remaining problem is the need to limit the amount of dye
coverage. For example, Eichberger and Willig (281) found that the electron
injection efficiency began to decrease when the dye coverage on a SnS, elec-
trode reached about 0.1 monolayer. Thus, only limited dye coverages can be
used, leading to a typical external quantum yield of only about 0.002 (270). In
addition, supersensitizers must be present in solution to maintain high photo-
currents (276).

Other researchers have taken a different approach to solving the problem of
low solar energy conversion efficiencies from dye-sensitized semiconductors.
Gritzel and co-workers (92) recently reported that polycrystalline anatase TiO,,
prepared to maximize its surface area, can yield solar energy conversion effi-
ciencies of greater than 7%. By maximizing the surface area of the semicon-
ductor, the area available for useful dye coverage was increased. The sensitizer
with the highest quantum yield was RuL,[p-(CN)Ru(CN)bpy,], (II), where L
is bpy-4,4'-dicarboxylic acid (92). Using this dye, the absorbance onset of the
semiconductor was shifted from about 450 to 750 nm, with the internal quantum
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yields of the doped semiconductor being about 1.0 for wavelengths less than
550 nm (92).

In this anatase TiO, system, a series of dyes has been studied, many of which
contain carboxylate groups that are thought to bind directly to the surface tita-
nium atoms (282). The more efficient systems also require the presence of a
reducing agent in solution, in order to quench the back-reaction of the oxidized
dye with the injected electron. Thus, these regenerative systems can not yet be
used for the production of chemical fuels. Experiments to date have generally
used supersensitizers with complicated multiple electron redox chemistry, such
as iodine (92, 269, 283, 284), bromine (285), hydroquinone (268, 269, 282,
286), and durohydroquinone (268). Parkinson and Spitler (270) showed, how-
ever, that the quoted efficiencies of electrodes sensitized with hydroquinone,
for example, may be inaccurate due to the complicated redox chemistry of these
molecules. Thus, these workers suggested the use of outer-sphere, single-elec-
tron reducing agents in future experiments, so that more precise quantum yields
might be determined (270).

Once again, the definitions of quoted efficiencies should be carefully noted,
as it has become popular in the area of dye sensitization to quote monochromatic
light “‘efficiencies’” (92). These numbers are actually monochromatic external
quantum yields and should not be confused with energy conversion efficiencies.
Although the ability to use dyes to sensitize large band gap semiconductors has
vastly increased in recent years, the highest solar efficiency demonstrated thus
far is about 7% (92). The corresponding monochromatic “‘light efficiency,”’
actually an external quantum yield, reported in this same system is over 0.80
(92). The monochromatic quantum yield only gives information regarding the
amount of current collected as a function of the number of absorbed photons,
whereas the solar conversion efficiency incorporates all of the imporiant quan-
tities that are involved in creating stored power from incident sunlight. What-
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ever these yields are named, they clearly represent an encouraging develop-
- ment, and indicate the need for continued efforts in this field.

A major difference between the two dye sensitization approaches outlined
above is that, unlike the layer-type dichalcogenide electrodes, which have min-
imal surface roughness (270), the TiO, electrodes used by Gritzel and co-work-
ers (269, 284) have been carefully prepared to maximize roughness. This rough-
ness leads to such high coverages of dye that almost all incident light within
the spectral range of the dye can be absorbed (270). The ability to use rough
surfaces is also important in the context of surface states, because the quantum
yields for dye sensitization on MX, semiconductors may be highly dependent
on the presence of edges, steps, or other surface defects, which will affect both
dye monomer aggregation and surface state formation (276). The anatase TiO,
system does not suffer from this drawback, and thus appears to be a much more
practically useful, but less well-defined, substrate for dye sensitization. In both
approaches, substantial progress has been made within the past few years, and
dye sensitization is again attracting widespread attention as a viable method of
solar energy conversion.

VI. RECENT ADVANCES IN APPLICATIONS OF LARGE BAND
GAP SEMICONDUCTOR/LIQUID JUNCTIONS

Throughout most of this chapter, we have concentrated on the use of semi-
conductor/liquid junction devices for conversion of solar energy to electricity
or chemical fuels. While these efforts are extremely important and constitute a
large fraction of research in this field, there have also been new developments
in other areas of semiconductor photoelectrochemistry. Two particularly timely
and important applications of semiconductor/liquid interfaces are toxic waste
degradation and novel organic syntheses.

As previously described, the holes formed upon illumination of metal oxide
semiconductors are powerful oxidizing agents. For example, in TiO,, the redox
potential of the valence band is about +3 V vs. Hydrogen Electrode Same
Solution (HESS), so photogenerated holes in this material can readily oxidize
Cl™ to Cl,, can form OH radicals from water, or can directly oxidize aromatic
organic compounds. Wide band gap semiconductors, especially TiO,, have
therefore been exploited to photocatalytically oxidize organic and inorganic
compounds._for synthetic and waste treatment applications. For these applica-
tions, aqueous suspensions of particles, rather than single-crystal electrodes,
aré often used due to their low cost and high surface area/volume ratio. These
systems harness light energy not for generating electricity or chemical fuels,
but for catalyzing useful chemical reactions. Solar energy conversion efficien-
cies, which have been the bane of solar cell researchers, are therefore not an
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overriding performance criterion in these applications. Instead, stability of the
semiconductor, efficacy of toxic waste amelioration, and ability to catalyze new
organic reactions are more critical attributes of a successful system. So although
semiconductor/liquid junctions are not yet being used in energy conversion ap-
plications, testing of toxic waste degradation systems in practical applications
has already begun (287, 288). In Section VI, we discuss recent advances in the
use of TiO, and other large band gap semiconductors for waste water detoxifi-
cation and organic synthesis.

A. Photodegradation of Organic Waste Waters with Large Band Gap
Semiconductors

Many studies have reported the use of aqueous suspensions of TiO, particles
to photodegrade organic compounds often found in waste waters. Organic ma-
terials that have been shown to undergo degradation include halocarbons (289-
292), pesticides (293, 294), and surfactants (295, 296), all of which pose en-
vironmental dangers. For many of these systems, the organic compounds are
oxidized to CO,, which can then be more safely released into the environment
than the original material. For example, Pruden and Ollis (292) demonstrated
the complete degradation of chloroform, an environmental pollutant, in aqueous
suspensions of TiO,.

CHCL, + H,0 + ; 0, 22+ CO, + 3 HCI 41)

Despite continuing research, the mechanisms for degradation of the organic
compounds remain unclear. It appears, however, that both hole and electron-
transfer processes are important in the degradation process. One of the major
questions yet to be answered is the mechanism by which the organic species is
oxidized. In general, two types of mechanisms have been proposed. The first
is direct hole transfer to an organic substrate, which would lead to an unstable
organic radical cation that could undergo subsequent decomposition reactions
to ultimately yield CO,. In this process, the initial organic substrate might either
be adsorbed on the TiO, particles or near the particle surface (Fig. 25a). The
second mechanism involves generation of -OH by the oxidation of hydroxyl
groups on the TiO, surface (Fig. 25b). These radicals could then either remain
on the surface or be released into solution prior to their participation in subse-
quent chemical reactions with the organic substrate. There is evidence from
electron spin resonance spectroscopy to support the latter mechanism, because
-OH have been detected in aqueous solutions of illuminated TiO, particles (296,
297). Hydroxylated intermediates have also been detected when illuminated
TiO, particles were used to catalyze the oxidation of fluorinated aromatics (289).

It has also been argued, however, that a trapped hole on the TiO, surface
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Figure 25. A schematic representation of the two proposed mechanisms of photooxidation of
organic compounds on TiO, particles. The surface of TiO, in aqueous solutions is terminated by
either O~, OH, or OH; groups, with the relative proportions of each depending on the pH of the
solution. The photogenerated electrons can be scavenged by molecular oxygen to form a superoxide
anion (O;). The resulting superoxide anion may then react with an organic species in solution, or
pick up another electron to form H,0,, as shown. The H,0, could then react with species in
solution, or scavenge another electron to generate - OH and anions. (a) A direct hole transfer
mechanism. The hole reacts directly with an organic substrate, creating a radical intermediate that
undergoes further reaction to CO,. (b) Oxidation by - OH. The photogenerated hole oxidizes an
OH group on the surface and forms + OH, which then reacts with the organic substrate (RH).

and a -OH adsorbed on the TiO, surface are chemically indistinguishable, and
therefore the relevant question involves whether or not the subsequent oxidation
of the organic molecule occurs at the surface or in the solution (298). One study
designed to probe this question found that -OH that had been generated in
solution using pulse radiolysis methods reacted at a diffusion controlled rate
with TiO, surfaces (298). This reaction yielded species on the TiO, particles
that were analogous to trapped holes (298). This result also implied that the
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photocatalyzed oxidation of organics by -OH in solution was a minor process,
because there must have been a large driving force for -OH to remain on the
TiO, surface (298).

Evidence for the oxidation proceeding by adsorbed *OH was obtained in a
recent study of the oxidation of chlorinated ethanes (290). Mao et al. (290)
found that the rate of oxidation of a variety of organic substrates correlated with
the C—H bond strengths of the organics. This result indicated that H atom
abstraction by +OH, rather than direct hole transfer, was an important factor in
the rate-determining step for degradation. In this work, C(NO,), was also
added to suppress the formation of -OH in solution, because the C(NO,),
should prevent formation of -OH from reactions between H,O and either the
photogenerated electron or O5 . This reagent did not, however, change the yield
of oxidation products, suggesting that adsorbed -OH was the active oxidant.
When no hydrogen atoms were available for abstraction by -OH, however, the
authors argued that a direct hole transfer mechanism (photo-Kolbe reaction) was
probably operative (290).

In contrast with the evidence presented thus far, one study failed to detect
the -OH adducts that would be expected if -OH attack was the mechanism of
oxidation. Draper and Fox (299) used diffuse reflectance flash photolysis to
study reaction intermediates of 2,4,5-trichlorophenol, N,N,N ' N'-tetramethyl-
ene-p-phenylenediamine, and other organic and inorganic compounds. They
observed products of oxidation that were expected to arise from a direct hole
transfer mechanism (299). So although there is strong evidence for an -OH
mechanism in several cases of importance, the issue remains somewhat contro-
versial, and further work is needed to resolve this issue.

Another important chemical step in the photocatalyzed oxidation of organic
substrates might be the reduction of an acceptor by photogenerated electrons in
the TiO, particles. As previously mentioned, the hole is a powerful oxidizing
agent and reacts effectively to oxidize organic species in solution. Unless the
photogenerated electrons are also scavenged effectively, however, they will ac-
cumulate in the particle. This increased electron concentration will lead to in-
creased recombination with the photogenerated holes and will result in de-
creased overall quantum yields for the photodegradation of toxic wastes. The
electron acceptor most often employed is dioxygen, which is believed to act
both as an electron scavenger and as a source of oxygen, so that the organic
compounds may be oxidized completely to CO,. Several investigators have
found that degradation reactions do not proceed unless dioxygen is present (290,
291, 300), but the rate of oxidation becomes essentially independent of the
concentration of O, near (291) or below (301, 302) air saturation.

A model recently proposed by Gerischer and Heller (303, 304), however,
suggests that the electron-transfer rate to O, may be slow. If this is the case,
the resulting accumulation of electrons in the semiconductor would lead to in-
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creased recombination of carriers in the particle. This recombination would then
limit the yield and rate of oxidative degradation of organic substrates. Gerischer
and Heller (303, 304) propose, therefore, that catalysis of oxygen reduction is
needed to achieve high conversion efficiencies on TiO, particles. Gerischer has
suggested that Pt deposits on TiO, particles improve electron-hole pair sepa-
ration and thus reduce losses due to recombination (305). In related work, sev-
eral investigations have been directed towards the deposition of Pt and of other
metals onto the surfaces of TiO, particles (306-308). While many of these ex-
periments were_ directed at improving energy conversion efficiencies for the
photoelectrolysis of H,O, some of these results may also be relevant for use in
toxic waste degradation. Although much work must be done before we fully
understand the mechanisms involved in toxic waste amelioration, these metal
oxide-based devices are an important application of semiconductor photoelec-
trochemistry, and several systems are currently being tested for use in large
scale, low-cost waste water treatment applications (287, 288).

B. Use of Large Band Gap Semiconductors to Catalyze New Synthetic
Oxidation Reactions

In waste treatment applications, the goal of oxidative reactions that are me-
diated by semiconductor surfaces is to mineralize the substrate completely to
CO,. Photocatalytic oxidation can also be utilized more selectively, however,
to accomplish specific oxidative reactions. A survey of known reactions can be
found in Photocatalysis: Fundamentals and Applications, Chapter 13 and ref-
erences cited therein (309). One of the most important issues in ‘‘photocataly-
tic”> (overall exoergic) or ‘‘photosynthetic’” (overall endoergic) (25) reactions
at semiconductors is selectivity. Clearly, these reactions will only be useful if
they impart new or greater selectivity than other known methods of oxidation.
When semiconductor particles are the reaction catalysts, selectivity can be ob-
tained by controlling the nature of the semiconductor, solvent, and electron
acceptor.

One avenue for controlling reactivity is the choice of the semiconductor it-
self. Different semiconductors have different valence and conduction band po-
sitions and, therefore, have different oxidizing and reducing capabilities. There
are also differences in surface properties that may lead to different reactivities.
An example of the selectivity imparted by the choice of semiconductor is the
photocatalytic reaction of a-hydroxycarboxylic acids (53). Harada et al. (53)
found that when the reaction of these compounds was catalyzed by TiO, particle
suspensions or by TiO, electrodes, the majority of organic products resulted
from decarboxylation. However, little or no decarboxylation was observed when
CdS or ZnS particles were used as the photocatalysts. Instead, oxidation of the
a-hydroxy group to form the corresponding keto acids was the major transfor-
mation. For example, in the oxidation of lactic acid, acetaldehyde was the ma-
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jor product when Pt/TiO, particles were used, but pyruvic acid was the main
product when Pt/CdS particles were present (Eq. 42).

CH,CH(OH)COOH %, H, + CO, + CH,CHO (42a)
CH,CH(OH)COOH -2 , H, + CH,COCOOH (42b)

Because decarboxylation was also the major reaction observed at glassy carbon
electrodes maintained at potentials well negative of the valence band of CdS,
this study concluded that the two distinct reaction pathways resulted not from
differences in the band edge positions of CdS and TiO,, but rather from differ-
ences in adsorption and surface properties (53). This study illustrates the im-
portance of the choice of semiconductor in photosynthetic applications.

Another potential advantage of using semiconductor particle systems instead
of metal electrodes to perform oxidation reactions is the possibility of catalyzing
1 e~ oxidations at particles in cases where only 2 e~ oxidations are seen at
metal electrodes (310). At metal electrodes, the oxidizing power is determined
by the applied potential, and holes can be continuously supplied to the surface
as fast as they are needed by the substrate. Thus, if the second oxidation process
of a given substrate has a more negative oxidation potential than the first, the
second electron will be removed at potentials where the first oxidation occurs,
and the 1 ¢~ oxidation product will not be observed (310). However, when
semiconductor particles are used to perform such oxidations, the flux of holes
to the surface can be controlled. At low light intensities, therefore, it is possible
to have the 1 e~ oxidation product diffuse away from the particle surface before
it encounters another photogenerated hole on the same semiconductor particle
(311). An example of this type of interesting process is given by Fox (311), in
which the oxidation of vicinal diacids that undergo 2 e~ oxidations at metal
electrodes has been shown to produce monodecarboxylated products at irradi-
ated TiO, particles (Eq. 43). ‘

CO,H -26°
T —=— [ 23
CO,H metal electrode ] (432)
O —2=— (L b
(43b)
h
COH  chen CO,H

In contrast to toxic waste degradation applications, which are generally per-
formed in aqueous solutions, many photosynthetic and/or photocatalytic appli-
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cations of TiO, are performed in inert organic solvents. Nonaqueous solvents
can be used to prevent formation of, and subsequent indiscriminate oxidation
by, -OH (25). In general, the mechanism of photooxidation of organic mole-
cules in nonaqueous solvents appears to be direct hole transfer to form radical
cations. For example, the photooxidation of toluene yields benzyl alcohol when
TiO, particles are suspended in liquid toluene, whereas both benzyl alcohol and
coupling products are observed when toluene is oxidized by aqueous suspen-
sions of TiO, (25). Similarly, the oxidation of benzene using aqueous suspen-
sions of TiO, yields some phenol, but the major isolated product is CO,, which
results from complete oxidation of the organic material (25 and references cited
therein). Even when nonaqueous solvents are used, selectivity is an important
issue, as radical cations are known to be very reactive. Useful chemistry will
only result from these organic oxidation processes if the subsequent reactions
can be controlled (311).

The choice of the electron acceptor can also be important in photosynthetic
applications. As in photocatalyzed degradation processes, molecular oxygen
can be used as an electron acceptor in photosynthetic applications. However, if
0, or O; interferes with the desired transformation, other acceptors, such as
methyl viologen, can be employed to scavenge the conduction band electrons
and to prevent deleterious electron-hole recombination on the photocatalyst par-
ticles (312). An example of this reaction is the Diels-Alder dimerization of 2,4-
dimethyl-1,3-pentadiene, which has been accomplished at irradiated TiO, par-
ticle suspensions with methyl viologen as the electron acceptor (312). In this
reaction, the use of O, as an electron acceptor would result in unwanted oxy-
genation side reactions, so the alternative electron acceptor is required to achieve
the desired reaction products.

Because both the conduction band electrons and valence band holes generate
reactive species at the semiconductor surface, it may be possible, by careful
choice of donor and acceptor, to catalyze new. transformations that involve the
further reaction of these species. Thus, new reactions that are useful in organic
synthetic methodology may result from the use of large band gap semiconduc-
tors as photocatalysts. To date, this aspect of semiconductor photoelectrochem-
istry has not been fully exploited, and it is likely that numerous novel appli-
cations of metal oxides will be developed as further investigations into their
photocatalytic properties are performed.

VII. SUMMARY

During the past 15 years, a great deal of progress has been made in photo-
electrochemical energy conversion. There are now numerous methods for ob-
taining stable cells, and the efficiencies of photoelectrochemical cells are pres-
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ently competitive with other types of solar energy conversion systems. In fact,
the efficiencies of these systems are sufficiently high that semiconductor/liquid
junctions can not be ruled out as viable energy conversion technologies of the
future. In this respect, research in this area has been a success.

However, many scientific problems still remain in the construction of stable,
efficient photoelectrochemical cells. In aqueous solution, increased stability can
be obtained by a variety of methods. Some of these have led to cell efficiencies
of 15-16% in simple, stable systems. For other semiconductors, however, no
stable, efficient systems have yet been identified in aqueous solution. For still
others, such as n-GaAs, stable, efficient photoelectrochemical performance has
been observed, but only in contact with very air-sensitive, highly toxic electro-
lytes, such as the KOH-Se3~-Se?~ system. Therefore, generalization of any
individual stabilization method does not yet appear possible.

Other strategies are maturing as well. Nonaqueous solvents have shown great
promise for efficient generation of electrical power and for a fundamental un-
derstanding of semiconductor/liquid interfaces. Dye sensitization was once
thought to be of limited utility for energy conversion, but recent advances in
the field have generated renewed excitement for this type of approach. Other
applications of photoelectrochemistry, including chemical sensors, toxic waste
treatment, and organic synthesis are also gaining increased attention from re-
searchers worldwide.

Clearly, the field of photoelectrochemistry will be valuable in a number of
different areas. Enough of the principles of photoelectrochemistry are now
understood to allow advances to be made in a rational, deliberate fashion. Con-
trol over surface chemistry is now within the realm of possibility, and new
spectroscopic methods have dramatically increased the ability to probe, and
manipulate, these interfaces on the molecular level. The combination of inor-
ganic chemistry, solid state chemistry, electrochemistry, and photochemistry
that is required to work in the area of photoelectrochemistry makes it a fasci-
nating field in which to do research. Numerous challenges still lie ahead, and
completion of our understanding of semiconductor/liquid interfaces will remain
at the frontier of inorganic chemistry for years to come.

ABBREVIATIONS
AM ' Air mass
aq Aqueous solution
bee Body-centered cubic
bpy 2,2'-Bipyridine
Bu Butyl

cb Conduction band
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A-
(Al
[A7]
[A)
(A7,

Dye*

Cp Cyclopentadienyl
EDTA Ethylenediaminetetraacetic acid
Fc Ferrocene
fcc Face-centered cubic
FDH Formate dehydrogenase
HOMO Highest occupied molecular orbital
LUMO Lowest unoccupied molecular orbital
MO Molecular orbital
MV Methyl viologen
NHE Normal hydrogen electrode
n-type Doped with donors
phen 1,10-Phenanthroline
p-type Doped with acceptors
R Organic group
External resistor
SCE Standard calomel electrode
THF Tetrahydrofuran
uv Ultraviolet
vb Valence band

SYMBOLS

Acceptor molecule

Absorbance

Projected area of electrode

Donor molecule

Concentration of acceptor

Concentration of donor

Concentration of acceptor at surface

Concentration of donor at surface

Constant

Concentration of absorbing species

Dye molecule

Excited dye molecule

Oxidized dye molecule

Energy of incident photon

Electrochemical potential of the solution

Formal electrochemical potential of the
solution

Conduction band edge energy

Fermi level energy
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None
None

None

A cm®

None
None
None
eV
eV
eV

eV
eV
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Intrinsic Fermi level energy

Semiconductor band gap energy

Valence band edge energy

Redox potential of the solution

Formal redox potential of the solution

Redox potential of the cell

Electric field

Maximum electric field

Faraday’s constant

Fill factor

Gibbs free energy change

Planck’s constant

Transmitted light intensity

Current

Incident light intensity

Exchange current

Photocurrent

Short circuit current

Maximum power point

Short circuit current density

Equilibrium constant for the dissociation of
water

Boltzmann constant

Electron-transfer rate constant at a
semiconductor

Reverse electron-transfer rate constant at a
semiconductor

Optical path length

Concentration of acceptor atoms

Effective density of states in the conduction
band

Concentration of donor atoms

Effective density of states in the valence band

Electron concentration

Bulk electron concentration

Electrons per molecule oxidized or reduced

Equilibrium concentration of electrons in an
intrinsic semiconductor

Surface electron concentration

Equilibrium surface electron concentration

Power

Input power
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None
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Hole concentration

Equilibrium concentration of holes in an
intrinsic semiconductor

Charge transferred per unit area

Elementary charge

Barrier height energy

Transmittance

Temperature

Voltage

Built-in Voltage

Energy difference between E, in the bulk of
the semiconductor and Eg

Open circuit voltage

Voltage drop across a resistor

Depletion width

Distance

Absorption coeflicient

Molar extinction coeflicient

Static dielectric constant

Electron mobility

Hole mobility

Frequency of light

Conductivity

Barrier height

Extent of reaction
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