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1. INTRODUCTION

This is the age where the capture of solar energy for useful
purposes has gained the attention of the scientific and
engineering world. The use of solar energy for the generation
of electricity, coupled with its potential to produce fuels from
CO2 waste and H2O by solar-induced photochemistry, is a goal
being pursued worldwide. The optimization of charge transfer
processes at semiconductor surfaces by manipulation of the
energy bands is therefore a theme of broad generality and
current applicability.1

The fields of heterogeneous photocatalysis and photo-
chemistry have developed extensively in the past 40 years in
response to challenging energy and environmental issues.2−12

In photocatalysis or photochemistry on surfaces, photon
absorption is accompanied by electronic excitation in the
substrate or in the adsorbed molecules accompanied by either
charge or energy transfer;6,11 in heterogeneous catalysis, charge
transfer can occur independently of any photon excitation. In
photocatalysis, the photogenerated charge carrier transfer
process between surface and adsorbed molecules constitutes a
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complex and fundamental step in chemical processes induced
by the absorption of light.
There are over 1000 review papers dealing with the topic of

“photocatalysis” or “photochemistry”. Most of the review
papers are concentrated on some specific area, such as a
specific photochemical/photocatalytic process (e.g., photo-
dissociation of H2O; photochemistry and environmental
remediation), photocatalyst preparation or modification, or
fabrication of photovoltaic devices. Only rarely do review
papers attempt to illuminate the general mechanisms that play
important roles in heterogeneous photocatalysis or photo-
chemical processes at surfaces.
In this review, we focus on the principles of band bending

and its effect on photochemistry and photocatalysis. This may
be helpful to chemists and material scientists in the under-
standing of the photoexcitation process and the development of
highly efficient photoactive materials and processes. The review
is divided into three parts dealing with (1) the physical
principles of band bending in semiconductors, (2) the

measurement of band bending, and (3) the effects of band
bending on photochemistry. The band bending concept is of
course well established in semiconductor physics13,14 and has
become one of the central concepts in electrochemistry15−17

and gas sensors.18,19 As shown in Figure 1, until now, there
have been ∼10 000 papers with the topic words “band bending”
or “Schottky barrier”, but most of the papers are in the field of
solid state physics, and only 25 papers are found with the words
“band bending” together with “photochemistry” or “photo-
catalysis”.

1.1. Band Bending

1.1.1. Metal/Semiconductor Contact Induced Band
Bending. The band bending concept was first developed by
Schottky and Mott to explain the rectifying effect of metal−
semiconductor contacts.20−23 Figure 2 shows the ideal energy
band diagrams of metal and n-type semiconductor contacts.
When the metal and semiconductor are in contact, the free
electrons will transfer between metal and semiconductor due to
the work function difference. If the metal work function (ϕm) is

Figure 1. (a) Annual number of papers published in which “(“band bending” or “Schottky barrier”)” (red) or “(“band bending” or “Schottky
barrier”) and (“photocatalysis” or “photochemistry”)” (blue) are the topic words. Pie diagram shows the top eight sources of the papers with the
topic word “band bending” or “Schottky barrier”. Literature search was done using ISI’s Web of Science (www.isiknowledge.com).

Figure 2. Energy band diagrams of metal and n-type semiconductor contacts. Evac, vacuum energy; Ec, energy of conduction band minimum; Ev,
energy of valence band maximum; ϕm, metal work function; ϕs, semiconductor work function; χs, electron affinity of the semiconductor.
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higher than that of the semiconductor (ϕs), that is, ϕm > ϕs as
shown on the left of Figure 2, the electrons will flow from the
semiconductor to the metal. The electron transfer will continue
until the Fermi levels of metal (EF,m) and semiconductor (EF,s)
are aligned. Under equilibrium, a Helmholtz double layer will
be established at the metal/semiconductor interface, where the
metal is negatively charged and the semiconductor is positively
charged near its surface due to electrostatic induction. Due to
the low concentration of free charge carriers in the semi-
conductor, the electric field between metal and semiconductor
interfaces cannot be effectively screened in the semiconductor.
This causes the free charge carrier concentration near the
semiconductor surface to be depleted compared with the bulk.
This region is called the space charge region. In the n-type
semiconductor (electrons as majority charge carriers), when ϕm
> ϕs, the electrons are depleted in the space charge region, and
this region is therefore called the depletion layer and is
characterized by excess positive charge. When ϕm < ϕs, as
shown in the right side of Figure 2, the electrons are
accumulated in the space charge region due to the electron
transfer from the metal to the semiconductor, and this region is
called the accumulation layer. In general, when the Fermi level
of the metal is below that of the semiconductor, charge will
flow to the metal causing the semiconductor Fermi level to
decrease, and vice versa.
In the space charge region, the energy band edges in the

semiconductor are also shifted continuously due to the electric
field between the semiconductor and the metal due to the
charge transfer, which is called band bending. The energy
bands bend upward toward the interface when ϕm > ϕs, while
the edges bend downward toward the interface when ϕm < ϕs.
One can envision the direction of band bending by thinking
about the electrostatic energy experienced by an electron as it
moves through the interface. As the electron in the semi-
conductor experiences repulsion from the negatively charged
Helmholtz layer located in the metal, its potential energy rises
and the bands bend upward, and vice versa. From Figure 2,
compared with the bulk, the degree of bending of the energy
band of the semiconductor at the interface equals the work
function difference between metal and semiconductor,

ϕ ϕ= | − |VBB m s (1)

When ϕm > ϕs in an n-type semiconductor, there is also a
barrier formed at the metal−semiconductor interface, which is
called the Schottky barrier (ϕSB),

ϕ ϕ χ= −( )SB m s (2)

where χs = electron affinity of the semiconductor. When ϕm <
ϕs in an n-type semiconductor, there is no Schottky barrier and
the metal−semiconductor contact is ohmic.
1.1.2. Field-Effect-Induced Band Bending. An external

field can also induce band bending near the semiconductor
surface. Figure 3 gives a schematic diagram of a field-effect-
induced band bending on an n-type semiconductor with no
surface states.24 We assume the work functions of the metal
plate and the semiconductor are same for the sake of simplicity.
The energy band is flat when the bias voltage between metal
and semiconductor is zero (V = 0). When a bias voltage is
applied to the metal, an electric field is set up between the
metal and the semiconductor. The electric field can penetrate
into the near surface region of the semiconductor due to the
insufficient screening by the charge carriers of low concen-

tration in the semiconductor. When V > 0, the electric field
causes electron accumulation near the surface and bends the
band downward, and vice versa. The field-effect-induced band
bending can been measured by surface photovoltage (SPV)25

and photoluminescence (PL)26,27 methods.
1.1.3. Surface-State-Induced Band Bending. On a clean

semiconductor surface, surface states may exist due to the
termination of lattice periodicity at the surface. Band bending
induced by the surface state is schematically indicated in Figure
4.28 The unpaired electrons in the dangling bonds of surface

atoms interact with each other forming an electronic state with
a narrow energy band at the semiconductor band gap. In Figure
4a, we assume the surface state is half filled and centered at the
midgap. When the semiconductor is undoped (intrinsic
semiconductor), the Fermi level of the bulk (EF(bulk)) also
is located at the midgap and is equal in energy to the surface
Fermi level (EF(surf)). There is no charge transfer between the
bulk and the surface, so the bands are flat. If the semiconductor
is n-type doped (Figure 4b), EF(bulk) is closer to the
conduction band, which is higher than EF(surf) under

Figure 3. Schematic diagram of field-effect-induced band bending on
an n-type semiconductor with no surface states. Adapted with
permission from ref 24. Copyright 1956 The Nobel Foundation.

Figure 4. Schematic electron energy levels near the surface of a clean
semiconductor: (a) undoped (intrinsic) semiconductor; (b) disequi-
librium and (c) equilibrium between n-type bulk and its surface; (d)
disequilibrium and (e) equilibrium between p-type bulk and its
surface.
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disequilibrium. The electrons will transfer from the bulk to the
surface. EF(bulk) drops and EF(surf) rises until equilibrium is
achieved. At equilibrium, the energy bands bend upward as one
moves toward the surface (Figure 4c). For a p-type semi-
conductor, EF(bulk) is closer to the valence band, which is
lower than EF(surf) under disequilibrium (Figure 4d). The
electrons will transfer from the surface to the bulk, causing
downward band bending.
Usually, the density of surface states is large (∼1015 cm−2) in

comparison with the bulk dopant states in regions of the bulk
semiconductor parallel to the surface (∼108−1012 cm−2).
Therefore, the Fermi level of the semiconductor is almost
independent of the bulk dopant concentration and is pinned by
the surface states, that is, Fermi level pinning. In addition, the
presence of a high density of surface (interface) states on the
semiconductor surface may screen the influence of the metal/
semiconductor contact (section 1.1.1) and field-effect (section
1.1.2) induced band bending. Ionic semiconductors (ZnO,
TiO2, etc.) usually have less density of surface states in the band
gap than the covalent semiconductors (Si, GaAs, etc.). Thus, at
a metal/ionic semiconductor junction, the contact-induced
band bending and Schottky barrier are more dependent on the
work function difference in the ionic semiconductor than in the
covalent semiconductor.29

Obviously, the surface states will be determined by the
atomic structure of the semiconductor surface. Consequently,
the surface-state-induced band bending may be different on the
same semiconductor with a different surface structure, which
will be discussed later.
1.1.4. Adsorption-Induced Band Bending. Adsorption

on the semiconductor surface can also induce band bending
near the surface. Figure 5 shows a schematic diagram of the
adsorption of an acceptor molecule (A) on an n-type
semiconductor surface.30 As the molecule approaches the
surface, an unfilled molecular orbital interacts with the
semiconductor and shifts downward. Meanwhile, the broad-

ened molecular orbital (produced due to the uncertainty
principle applied to electron location and energy) accepts
electrons from the semiconductor forming a Helmholtz layer
on the semiconductor surface. An electric field is set up and the
bands are bent upward near the semiconductor surface. For a
donor molecule, the electrons will transfer from the molecule to
the semiconductor and downward band bending will occur.
1.2. Space Charge Region

Overall, the band bending of a semiconductor in the above-
discussed systems is due to the poor screening of the surface
charge-induced electric field by the low concentration of free
carrier density in the semiconductor. In metals, the free
electron density is ∼1022 cm−3 with a short screening length on
the order of atomic sizes, while the screening length in a
semiconductor is on the order of ∼100 Å with a free carrier
density of ∼1017 cm−3, which creates a space charge region near
the semiconductor surface. Physical properties, such as energy
band structure, free carrier density, and local conductivity, will
also be changed in the space charge region compared with the
bulk,31 and hence the chemical properties will be changed also.
Figure 6 summarizes three kinds of space charge regions

schematically.6,31,32 For simplicity, we use an n-type semi-

conductor as an example, in which the majority carriers are
electrons, that is, the density of free electron carriers (ne) is
higher than that of hole carriers (nh). There is no space charge
in the flat band region. For downward band bending, positive
charges exist at the surface and electrons accumulate in the
semiconductor near the surface, causing an increase of ne and a
decrease of nh. This space charge region in the semiconductor is
called the accumulation layer due to the accumulation of
electrons in the semiconductor. In the upward band bending
condition, negative charges exist at the surface and positive
charges accumulate near the surface, causing a decrease of ne
and an increase of nh. This space charge region is called the
depletion layer. In upward band bending, the semiconductor
can change to a p-type semiconductor near the surface if the
electrons are depleted below the intrinsic level (ni), i.e., ne < ni
< nh. For this condition, the space charge region is called the
inversion layer. It should be mentioned that the amount of
charge in the space charge region (Qsc) equals the amount of

Figure 5. Schematic diagram shows the adsorption of an acceptor
molecule (A) on an n-type semiconductor surface with broading of the
LUMO level. Reprinted with permission from ref 30. Copyright 2010
American Chemical Society.

Figure 6. Schematic diagrams showing the energy levels and free
charge carrier densities on (logarithmatic scale) from the n-type
semiconductor surface to the bulk. The blue dotted lines indicate the
corresponding space charge region of thickness, D. ne = free electron
density; nh = free hole density; ni = intrinsic carrier density.
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surface charge (Qsurf) of different polarity due to the charge
neutrality, that is,

= −Q Qsc surf (3)

In the space charge region, the electric potential (VBB) of a
point (x, y, z) relative to the bulk of the semiconductor can be
described by Poisson’s equation,

ρ
ε ε

∂
∂

+
∂

∂
+

∂
∂

= −

V x y z
x

V x y z
y

V x y z
z

( , , ) ( , , ) ( , , )2
BB

2

2
BB

2

2
BB

2

r 0 (4)

where ρ is the space charge density and εr and ε0 are the
relative dielectric constant of the semiconductor and the
vacuum permittivity, respectively. In the real situation, ρ is a
function of the xyz coordinates and is influenced by the surface
charge distribution. To discuss the detailed solution of eq 4 is
beyond the scope of this review. Herein, we discuss two
simplified models of the metal/semiconductor interface.
1.2.1. Infinite Metal/Semiconductor Interface. Most of

the time, the space charge regions that we use to discuss band
bending are one-dimensional (e.g., Figures 2−6), which
assumes that the surface extends infinitely and surface charges
are distributed on the surface homogeneously so that the
potential energy of an electron at a certain depth in the
semiconductor is invariant in x and y. In this case, VBB is only
the function of z (the distance from the surface into the bulk)
and does not relate to the x, y coordinates on the surface. Then,
eq 4 can be written as

ρ
ε ε

= −
V z

z
d ( )

d

2
BB

2
r 0 (5)

Taking the depletion layer in an n-type semiconductor as an
example, for simplicity, two assumptions have been made
(Schottky approximation, Figure 7b):31 (1) In the depletion
layer (0 ≪ z ≪ D, D is the depletion layer thickness), the
positive charges are due to the completely ionized bulk donors,
which are homogeneously distributed with a density of Nd, that
is,

ρ = ≤ ≤eN z D0d (6)

(2) Beyond the depletion layer, the positive charge is zero, that
is,

ρ = >z D0 (7)

From eqs 5−7, the electric field (E(z)) and VBB(z) within the
space charge region can be obtained,

ε ε
= − ≤ ≤E z

eN
z D z D( ) ( ) 0d

r 0 (8)

ε ε
= − − ≤ ≤V z

eN
z D z D( )

2
( ) 0BB

d

r 0

2

(9)

According to eqs 8 and 9, the changes of E(z) and VBB(Z) with
the distance z in the space charge region have also been
schematically plotted in Figure 7c,d. E(z) changes with z in a
linear fashion, while VBB(z) exhibits a parabolic relationship
with z. If the band bending value (VBB(0)) at the surface (z =
0) is known, the depletion layer thickness, can be obtained

Figure 7. Schematic diagrams of (a) band scheme, (b) space charge density (ρ), (c) electric field (E), and (d) electric potential using the bulk
potential as the reference zero point (VBB) of the depletion layer (space charge layer) in an n-type semiconductor in the Schottky approximation. D
is the thickness of the depletion layer. Adapted with permission from ref 31. Copyright 2010 Springer Science and Business Media.

Figure 8. The embedded metal particle model used to simulate the contact of a metal particle with a semiconductor support: (a) semiconductor
enclosed metal particle; (b) semiconductor with partially embedded metal particle; inset in panel b, band bending in semiconductor. Adapted with
permission from ref 33. Copyright 1996 Elsevier.
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ε ε
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The above infinite metal/semiconductor interface model may
be applied when the lateral width of metal/semiconductor
interface is higher than the thickness of the space charge region,
which is on the order of ∼10 nm. However, in the catalytic
systems involving small metal and semiconductor particles,
most of the metal particles are smaller than 10 nm, which
makes it necessary to discuss the finite metal/semiconductor
interface model.
1.2.2. Finite Metal/Semiconductor Interface. Ioannides

and Verykios33 proposed a model of an embedded spherical
metal particle in a semiconductor, as shown in Figure 8a. Based
on the Schottky approximation, the electric field (E(r)) and
potential (VBB(r)) in the space charge region is

ε ε
= + −

≤ ≤ +
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eN
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D r r

r r D r
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[( ) ]d

r 0
2 M
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M M (11)

ε ε
=

+
− −

+

≤ ≤ +

⎡
⎣⎢

⎤
⎦⎥V r

eN D r r D r
r

r r D r

( )
( )

2 6
( )

3BB
d

r 0

M
2 2

M
3

M M (12)

where r is the distance from the center of the metal particle and
rM is the metal particle radius. From eq 12, the contact potential
at the metal/semiconductor interface (VBB(rM)) is

ε ε
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− −
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eN D r r D r
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r 0
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2
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Equation 13 also indicates that the depletion layer thickness, D,
is a function of metal particle radius at fixed VBB(rM). The
depletion layer thickness in the semiconductor was found to
decrease with decreasing metal particle size by Smit et al.34 The
comparison of potential profiles of the infinite metal/semi-
conductor interface model and embedded particle model in the
space charge region was investigated by Zhdanov et al.35

The above model can be employed to roughly simulate a real
metal/semiconductor catalysis system consisting of hemi-
spherical metal particles on a semiconductor oxide surface by
removing the upper half of the semiconductor, as shown in
Figure 8b, and assuming that the transferred charges between
metal and semiconductor in Figure 8b is half of Figure 8a and
that most of the charges in the metal locate at the metal/
semiconductor interface.33 It should also be mentioned that the
space charge region and band bending may be influenced by
the particle shape and charge distribution on the metal
particle.34−39 Figure 8b also shows the local band bending at
a point near the metal.
The model in Figure 8 also gives us a clear idea that the space

charge region (band bending region) not only distributes itself
beneath the metal/semiconductor interface vertically, as was
discussed in the infinite metal/semiconductor interface model,
but also distributes itself along the semiconductor surface
laterally away from the metal, which may influence the
chemisorption and reaction of molecules adsorbed near the
metal particle. As an example, the space charge region induced
by a circular metal disk on a semiconductor has been studied by
Donolato.39 Assuming Nd = 1015 cm−3, εr = 11.7, and VBB = 0.4
V, the boundaries of the space charge region for different sizes

of metal disks on silicon have been plotted in Figure 9. The
simulation indicates the anisotropy of the space charge region

along the normal (z) and lateral (x) directions of the metal/
semiconductor interface. For a small metal disk, the lateral
space charge region is comparable to the vertical space charge
region, which is smaller than the space charge region (dashed
line) in the infinite metal/semiconductor system. As the metal
disk size increases, the space charge region in the z direction
approaches the dashed line and the space charge region along x
direction will become fractionally less predominant. The lateral
band bending in this exterior region has also been studied by
STM, PES, and SPV methods.40−43

1.3. Applications of the Band Bending Concepts

The presence of band bending and the associated electric field
in the space charge region can promote not only the separation
of electrons and holes, but also the diffusion of charge carriers,
such as ions, electrons, and holes. The fields of electro-
chemistry15−17 and gas sensors18,19 extensively employ the
concept of band bending. The band bending concept applies to
many other fields where dopant ions or partially charged
interstitial ions move, as for example in TiO2 materials
containing Ti3+ interstitial species.44−48 Two simple examples
are discussed below.

1.3.1. Ion Diffusion in Metal Oxides. Based on
measurements of the kinetics of growth of thin oxide films
(less than ∼10 nm) on metal surfaces due to the oxidation of
the metal at low temperature, Cabrera and Mott49 proposed a
mechanism with the following assumptions: (1) electrons can
transfer through the thin metal oxide film between metal and
adsorbed oxygen atoms/molecules (by tunneling or thermionic
emission50,51) to maintain the same electrochemical potentials
(Fermi levels) of metal and the adsorbed oxygen layer; (2) a
strong electric field is set up in the thin metal oxide film
between the metal and the adsorbed oxygen layer due to the

Figure 9. Boundary of the space charge region for different sizes of the
disk-shaped Schottky contacts. The values of the disk radius are (a)
0.03, (b) 0.1, (c) 0.3, and (d) 1 μm. The horizontal dashed line
represents the space charge boundary position according to the infinite
metal/semiconductor interface model. Adapted with permission from
ref 39. Copyright 2004 American Institute of Physics.

Chemical Reviews Review

dx.doi.org/10.1021/cr3000626 | Chem. Rev. XXXX, XXX, XXX−XXXF



electron transfer, which decreases the energy barrier for positive
ion diffusion in the oxide film.
As shown in Figure 10,49,52 the energy bands in the oxide

film are bent upward due to the presence of an electric field

between metal and adsorbed oxygen layer, which is set up by
the electron transfer from metal to the adsorbed oxygen layer.
The strong electric field of the order of 106 V cm−1 (assuming 1
V potential difference between metal and adsorbed oxygen and
10 nm thicknesses of oxide film) can promote the positive
metal ion diffusion across the oxide film to react with the
adsorbed oxygen forming a new metal oxide layer at the outer
surface. In contrast, the diffusion of negative oxygen ions in the
opposite direction from the surface into the interface has also
been found in the oxidation of silicon.53 Thus a metal oxide
film grows on the outer surface of the oxide film, but a
semiconductor oxide film grows at the inner interface. This
difference has been experimentally confirmed in recent multitip
STM experiments on Al(111) and Si(100).53

From the above discussion on the Cabrera−Mott mecha-
nism, the intensity and direction of the electric field in the oxide
film will influence the ion diffusion and the oxidation rate of a
metal. For example, an enhanced Al oxidation on Al(111) has
been achieved by setting up a strong electric field in the
alumina film using electron bombardment.54 From Figure 2,
upward band bending or downward band bending can be
obtained by tuning the metal and oxide work functions. By
depositing a metal on an oxide surface (which becomes
positively charged), Fu et al. found that downward band
bending in the oxide promotes outward diffusion of negative

oxygen ions in the oxide and favors metal oxidation.55,56

However, upward band bending in the oxide promotes outward
diffusion of positive metal ions in the oxide and favors a metal
encapsulation reaction process.56,57

1.3.2. Chemicurrent Measurements. The energy transfer
or energy dissipation during surface reactions is of fundamental
and practical importance in heterogeneous catalysis research.
Chemical energy can dissipate through the production of
phonons (adiabatically) or the excitation of electrons (non-
adiabatically) in the solid.58,59 Electronic excitations, such as
exoelectron emission and chemiluminescence, have been
observed for highly exothermic surface reactions.59−62 How-
ever, there was no direct experimental evidence of the reaction-
induced excitation of electron−hole pairs on a metal surface
until Nienhaus et al. measured a chemicurrent on a metal/
semiconductor diode.59,63,64

Figure 11a shows schematically the structure of the diode for
measuring the excitation of electron−hole pairs by H

adsorption on a metal surface.63 A metal film (∼10 nm) is
evaporated on n-type Si. At the metal/n-Si interface, a space
charge layer forms and energy bands bend upward forming a
Schottky barrier, ϕSB. The adsorption of H atoms on Ag and
Cu has been measured. The adsorption of H on the metal
surface is exothermic by ∼2.5 eV, and the liberation of this
energy excites the electrons in the metal. The electrons with
energy higher than ϕSB can cross the barrier and transfer to the
Si. (The thin metal film with thickness of less than ∼10 nm
guarantees the transfer of ballistic electrons from the H/metal
surface to the metal/semiconductor interface.) The rate of
electron transfer, the chemicurrent, can be measured between
the metal film and Si substrate. In the study of Mg oxidation on
Mg/p-Si(111) diodes, Glass and Nienhaus65 reported that the
chemicurrent directly represents the oxidation reaction rates on
the metal surfaces. Steady-state chemicurrent produced by

Figure 10. (Upper) Schematic electronic energy levels of metal, oxide,
and adsorbed oxygen before and after the establishment of equilibrium
of the electrochemical potentials (Fermi levels) between metal and
adsorbed oxygen layer. (Lower) Schematic diagrams showing the
potential energy of an interstitial metal “positive ion” as a function of
position near the metal/oxide interface during thin film growth. The
corrugation of the potential energy of the ion is caused by the
positively charged lattice cations in the metal and the oxide. The
electric field generated by the transfer of electrons from metal to
oxygen lowers the energy barriers for ions moving away from the
metal/oxide interface toward the surface. Adapted with permission
from refs 49 and 52. Copyrights 1949 IOP Publishing Ltd. and 1985
the American Physical Society.

Figure 11. (a) Schematic diagram shows the measurement of
chemicurrent produced by H adsorption on metal film. The metal
film (∼10 nm) is evaporated on an n-type Si wafer forming a Schottky
diode. The chemicurrent between metal and n-Si due to H adsorption
can be detected by an ammeter. (b) One-dimensional potential energy
curves for H adsorption on the metal surface. Metal is on the right
side. (c) Principle of chemicurrent production. H atoms react with the
metal surface creating e−h pairs. The hot electrons travel ballistically
through the film into the semiconductor. Adapted with permission
from ref 63. Copyright 1999 the American Physical Society.
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heterogeneous catalytic reactions on metal/semiconductor
diodes has also been achieved and used by the Somorjai
group to study the fundamental issues in catalysis.66−71 It
should be cautioned that Creighton and Coltrin72 recently
argued that the reaction-induced current is generated from a
thermoelectric voltage and not from the electron−hole
excitation, calling into question the existence of the
chemicurrent phenomena.

2. MEASUREMENTS OF BAND BENDING AT
SEMICONDUCTOR SURFACES

2.1. Photoelectron Spectroscopy (PES)

Photoelectron spectroscopy is one of the most widely used
methods to measure band bending in semiconductors.73−75 An
energy diagram for a photoemission process is shown in Figure
12. According to the photoelectric effect principle, electrons in

the sample with a binding energy EB relative to the Fermi level
can be excited from the semiconductor surface by the
absorption of photons with energy hν. The emitted electrons
can be accelerated or decelerated by an external electric field
due to the work function difference between the sample and
spectrometer, which are electrically connected in order to
equalize the Fermi levels. The kinetic energy (Ekin) of the
emitted electrons entering the spectrometer is measured by an
energy analyzer. Then, the binding energy, EB, can be calculated
from the energy conservation law, EB = hν − Ekin − ϕsp, where
ϕsp is the work function of the spectrometer. Figure 12 shows
an energy level diagram where the magnitude of the band
bending, eVBB, is measured in the shift of a photoemission
spectrum from the valence band of electronic states to higher
kinetic energy (Ekin) relative to the vacuum level. For
downward band bending, the shift will be in the opposite
direction. This diagram is technically only correct if the atoms
undergoing the photoemission process are located at the
surface of the semiconductor where the band energy is defined.
Since the emission of photoelectrons occurs from the near
surface regions, which include subsurface atoms, the argument
of Figure 12 is not exact since band bending effects below the
surface will vary with photoelectron sampling depth. The
variable degree of band bending over the sampled region of the
surface will broaden the measured energy distribution.
Depending on the energy of the incident photons, the PES is

designated X-ray photoelectron spectroscopy (XPS) using X-
ray photon energies in the approximate range of 200−2000 eV
or ultraviolet photoelectron spectroscopy (UPS) using ultra-
violet photon energies in the approximate range of 10−45 eV.

Taking O2/TiO2(110) as an example, it has been reported by
several groups44,76−78 that the adsorption of the electron
acceptor molecule, O2, will lead to transfer of electrons from
the TiO2(110) substrate, causing the energy bands to bend
upward. Using ambient-pressure XPS (APXPS), Porsgaard et
al.77 found that exposure to O2 induces a shift of both the Ti 2p
and the O 1s peaks toward lower binding energy as shown in
Figure 13. The maximum binding energy shift is ∼0.4 eV with

an ambient oxygen pressure of 1 Torr at room temperature.
The upward band bending is reversible and can be diminished
by desorbing O2 at room temperature.
In PES experiments, special attention must be paid to surface

photovoltage effects caused by the photons and the
redistribution of charge in the surface region.79 In addition,
chemical reactions at the surface possibly also caused by
radiation damage can cause chemical shifts that are not related
to band bending.80,81 There are several derivative PES methods
such as two-photon photoemission (2PPE) spectroscopy82,83

and inverse photoemission spectroscopy (IPES)84,85 that can
also be used to measure band bending.
2.2. Photoluminescence (PL) Spectroscopy

As a contactless and nondestructive method, photolumines-
cence spectroscopy is widely used in studying the electronic
structures and chemical processes in semiconductors.86−90

Figure 14 shows a typical experimental setup for PL
measurements.88 Ordinary PL equipment consists of an optical
source (monochromated lamp or laser source) as an excitation
source and an optical power meter or spectrophotometer to
measure the PL intensity. When the semiconductor surface is

Figure 12. An energy diagram of a photoemission process for a
semiconductor.

Figure 13. (a) Series of O 1s and Ti 2p spectra measured on
TiO2(110) for different pressures of O2. The spectra acquired in UHV
(black lines) are the first in the series. The spectra are shown offset for
clarity. (b) Shifts in the peak position relative to the positions in the
first spectrum. Reprinted with permission from ref 77. Copyright 2011
John Wiley and Sons Ltd.
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illuminated by light with sufficient energy above the bandgap,
photons are absorbed strongly. Electrons are excited from the
valence band to the conduction band, leaving a hole in the VB.
The electron and hole can recombine by a direct band-to-band
recombination mechanism by emitting a photon (Figure 14a).
In the semiconductor, there are some defects or impurities,
which may act as electron or hole traps. The photon-excited
electron or hole may also be trapped at these trap states
(electron trap, Figure 14b, or hole trap, Figure 14c) and then
recombine with a hole usually at the top of the valence band
thereby emitting a photon. The deeper trap states tend to
facilitate nonradiative recombination by emitting phonons
(Figure 14d). The trap-assisted recombination (cases b and
c) is also called Shockley−Read−Hall (SRH) recombination
.91−93

PL can be used as a measurement of band bending.94−99 The
influence of the adsorption of O2 and 1-C4H8 on the PL
intensity of n-type (upward band bending) TiO2 has been
investigated by Anpo et al.95 as shown in Figure 15. A PL
feature band at 450−550 nm (2.8−2.3 eV) was found for a

TiO2 sample when excited with 300 nm light (4.1 eV), which is
larger than the bandgap of TiO2 (∼3.1 eV). The lower PL
photon energy, compared with the bandgap energy of TiO2,
indicates that the electron−hole pair may recombine via the
trap states within the forbidden gap by the SRH mechanism.
The left part of Figure 15 shows that the adsorption of O2
decreases the PL intensity. Only 15% of the PL remains
unquenched under 1 atm of O2, and PL cannot be quenched
further with more oxygen. This observation may indicate that
the luminescence quenching effects by the triplet O2 itself may
not apply. A similar result has also been found for N2O
adsorption. In contrast, the adsorption of the electron-donor 1-
C4H8 molecule increases the PL intensity. The adsorption of
other unsaturated hydrocarbons (C3H6, C2H5CCH,
CH3CCH, C2H4, CHCH), H2O, and H2 also enhanced
the PL intensity. Further study indicated the PL intensity
strongly depended on the ionization potential of the adsorbed
molecules: the lower the ionization potential of the added
molecule, the larger the increase of PL intensity.
The above results can be explained qualitatively by the dead-

layer model.95−100 The dead layer is roughly equivalent to the
depletion region near the surface caused by the band bending.
In this region, the near-surface electric field facilitates the spatial
separation of photogenerated electron−hole pairs and
depresses their recombination rate. Therefore, there is little
PL intensity coming from the depletion region (dead layer).
The PL intensity (IPL) is determined by the equation97,98

α∝ −I I Dexp( )PL 0 (14)

where I0 is the incident light intensity, α is the sum of the
absorptivities of the incident and emitted phonons, and D is the
length of the depletion region. Figure 16 shows the effect of
donor and acceptor adsorbed molecules on an n-type
semiconductor with upward bent bands. In this case, the
donor and acceptor molecules have an opposite effect on the
intensity of PL. For a semiconductor with a flat band, donor
and acceptor molecules will have the same effect on the
intensity of photoluminescence, causing a reduction in PL
intensity, since in the case of either positive or negative band
bending from the flat band, the depth of the active PL region
will decrease. As shown in Figure 16, the adsorption of O2 or
N2O (electron acceptor molecules) causes transfer of electrons
from the TiO2 to the adsorbed molecule, bending the energy
band upward by the formation of negatively charged species on
the surface. In contrast, the electron donor molecules (such as

Figure 14. Schematic diagram of the typical experimental setup for photoluminescence (PL) measurements and mechanisms. (a−c) Radiative
recombination paths: (a) band-to-band; (b) electron-trap state to valence band; (c) conduction band to hole-trap state. (d) Nonradiative
recombination via an intermediate state, emitting phonons to the lattice. Adapted with permission from ref 88. Copyright 2000 John Wiley and Sons
Ltd.

Figure 15. (left) PL spectra of n-type TiO2 powder at 77 K in the
absence (spectrum a) and presence of added O2 (spectra b−f).
Excitation wavelength = 300 nm; temperature = 77 K; amounts of
added O2 (in 10−6 mol/g of catalyst): (a) 0; (b) 1.1; (c) 4.7; (d) 11.8;
(e) 38.2; (f) 72−150. (right) PL spectra of n-type TiO2 at 77 K in the
absence (spectrum a) and presence of added 1-C4H8 (spectra b−f).
Excitation wavelength = 300 nm; temperature = 77 K; amounts of
added 1-C4H8 (in 10−6 mol/g of catalyst): (a) 0; (b) 4.7; (c) 16.2; (d)
25.7; (e) 38.2; (f) 72−148. Reprinted with permission from ref 95.
Copyright 1989 American Chemical Society.
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1-C4H8) decrease the upward band bending in the n-type TiO2.
From eq 10, the length of the depletion region (dead layer) is
proportional to the square root of the magnitude of the band
bending. Increased upward band bending by the adsorption of
an electron acceptor molecule will increase the dead layer
length D, thus decreasing the length of the active PL region and
the PL intensity. On the other hand, a decrease of dead layer
length on an n-type semiconductor by the adsorption of
electron donor molecules enhances the PL intensity.
According to the dead layer model, the change of the length

of the depletion/dead layer can be quantitatively measured by
monitoring the change of the PL intensity. The ratio of the PL
intensity of the clean TiO2 (IPL1) to the adsorbate-covered
TiO2 (IPL2) is

α= − ΔI I D/ exp( )PL1 PL2 (15)

where ΔD is the corresponding change of the dead layer
thickness after the adsorption of electron acceptor or donor
molecules. Using this model, Meyer et al.98 quantitatively
analyzed the amine-induced band bending on n-CdSe.
2.3. Surface Photovoltage (SPV) Measurements

The SPV is defined as the illumination-induced change in the
surface potential, which was first studied by Brattain and
Bardeen.101,102 A simplified schematic mechanism is indicated
in Figure 17.103 Taking an n-type semiconductor as an example,
the energy bands bend upward at the surface (Figure 17a),
which may be caused by Fermi level pinning of surface states or

by the presence of defects such as oxygen vacancies in TiO2,
imparting negative charge to the surface. As discussed in section
1.1, an electric field will be established near the semiconductor
surface due to incomplete screening of the surface charge. The
absorption of UV photons with energy higher than bandgap
energy creates electron−hole pairs via a band-to-band transition
as shown in Figure 17b. (For simplification, trap-to-band
transitions will not be discussed here.)104 The electron−hole
pairs will separate as the produced free charge carriers move in
different directions due to the near-surface electric field in the
bent-band region. Free electrons transfer to the bulk and free
holes move to the surface causing a partial band flattening as
excess negative charge is neutralized there. The SPV value is
determined by measuring the change of the surface potential
(Vs) before and after illumination, which can be written SPV =
Vs(illumination) − Vs(dark). For a semiconductor with upward
bent bands, irradiation will cause the band to flatten as the
negative surface charge decreases as a result of hole transport to
the surface. The opposite occurs for the semiconductor with
downward bent bands; upon irradiation the surface becomes
more negatively charged, causing the degree of downward band
bending to decrease. For increasing photon flux, the energy
bands may be completely flattened (Figure 17c) and the
saturated SPV (SPVsat) value is equivalent to the initial
magnitude of band bending of the semiconductor. The surface
potential change due to the SPV can be measured by the Kelvin

Figure 16. Schematic description of the surface band bending of TiO2: (a) after cleaning in vacuo (n-type semiconductor); (b) after adsorption of
electron donor molecules (1-C4H8, C3H6, C2H5CCH, CH3CCH, C2H4, CHCH, H2O, H2) causing a decrease of band bending by formation
of positively charged species on the surfaces; (c) after adsorption of electron acceptor molecules (O2, N2O) causing a increase of band bending by
formation of negatively charged species on the surfaces. The intensity of PL varies as the thickness of the active region varies due to band bending.
Adapted with permission from refs 96 and 98 Copyrights 1991 the Chemical Society of Japan and 1988 American Chemical Society.

Figure 17. Schematic diagrams of the surface photovoltage effect. (a) Upward band bending in n-type semiconductor; (b) absorbed photons
produce free charge carriers resulting in a partial band flattening; (c) largest possible SPV (saturation SPV) occurs to completely flatten bands.
Reprinted with permission from ref 103. Copyright 2010 John Wiley and Sons Ltd.
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probe104,105 or the capacitive pick-up techniques,104 as well as
photoluminescence.99

Figure 18a,b shows the effect of the increase of positive
surface potential causing the intensity of PL of TiO2 to increase
due to UV irradiation of an n-type TiO2 powder.

99 UV light of
energy 3.88 eV is incident on the TiO2 with a flux of 1.5 × 1014

photons cm−2 s−1. As negative charge is removed from the
surface, the photoluminescence intensity rises. The rate of
increase in photoluminescence is given by

= −ν ν
− νk F D k FRate of PL [ ] eh h

k F t
2 sat 2

h1 (16)

where k2 is the proportionality constant for PL from Fhν (the
flux of exciting UV light). [Dsat] is the maximum concentration
of active recombination sites in the region probed by the
exciting photons under the flat-band condition when the PL
intensity maximizes. The rate constant, k1, corresponds to the
rate of photoproduction of photoactive defect sites, which
originally existed as inactive sites for electron−hole pair
recombination in the depletion region. These sites become
active for recombination as a result of flattening the bands due
to the change in the surface photovoltage. Figure 18b,c shows

the fit to this model of the experimental behavior of the PL
intensity as a function of irradiation time.
Using the SPV method, McEllistrem et al.25 first

quantitatively measured the perturbation of the electronic
band structure on n-type Si(111)-7 × 7 and H-terminated
Si(111) (Si(111):H) surfaces caused by the electric field of a
STM tip. The left part of Figure 19 shows the variation of the
saturated SPV as a function of applied voltage between sample
and the STM tip. The SPV strongly varied with sample bias
(Vsamp) for Si(111):H but exhibited almost no change for clean
n-Si(111)-7 × 7. The schematic mechanism of tip-induced
band bending is shown in the right part. For the Si(111):H
surface, there are no surface states in the bandgap, and the
Fermi level is unpinned.106 The electric field from the STM tip
can penetrate into the subsurface region inducing band
bending. For Vsamp < 0, the SPV decreases, which means the
positively charged tip induces downward band bending. For
Vsamp > 0, the SPV increases above zero, which means that the
negatively charged tip induces upward band bending. At Vsamp =
0, the SPV is zero, which indicates that Si(111):H itself is a flat-
band semiconductor. For the n-Si(111)-7 × 7 surface, there is a
very high local density of states throughout the gap, which
strongly pins the Fermi level near midgap,107 which will screen

Figure 18. (a) Development of photoluminescence spectrum of TiO2 in vacuum due to UV irradiation in vacuum. (b) Photoluminescence intensity
of TiO2 as a function of time at different photon fluxes: 100%, 70%, and 40% of 1.5 × 1014 photons cm−2 s−1. The rate of production of photon-
accessible defect concentration decreases as the light intensity decreases. hνexcitation = 3.88 eV; hνPL = 2.34 eV. (c) Functional fit of PL intensity
development during irradiation for different photon fluxes: Fhν = 100%; Fhν = 70%; Fhν = 40%. Solid squares represent experimental data. All data in
panels b and c are fitted by eq 16 and fits are shown by solid lines. Reprinted with permission from ref 99. Copyright 2012 American Chemical
Society.

Figure 19. (left) Saturated surface photovoltage vs sample bias (Vsamp) at 0.3 nA tunneling current for n-type Si(111)-7 × 7 and H-terminated
Si(111) (Si(111):H) surfaces. (right) Schematic illustration of tip-induced band bending for n-type H-terminated Si(111) and Si(111)-7 × 7 for
Vsamp < 0 (left) and Vsamp > 0 (right). Reprinted with permission from ref 25. Copyright 1993 the American Physical Society.
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the electric field induced by the tip. So the SPV is independent
of the sample bias for the n-Si(111)-7 × 7 surface. The SPV is
actually always slightly positive due to slight band bending in
the n-type Si(111)-7 × 7.
The oxygen chemisorption effect on the band structure of a

TiO2 film has also been investigated by SPV spectroscopy as
shown in Figure 20.108 A Kelvin probe was used to monitor the

surface potential. The maximum SPV generated by exposure to
UV light above the bandgap energy on the oxidized sample is
∼340 mV, while that of the reduced sample is only ∼90 mV.

This indicates that the upward surface band bending is much
stronger in the oxidized TiO2 films than in the reduced film,
which is attributed to the adsorption of oxygen ions during the
annealing in air.
The measurement of the SPV effect can also be combined

with other methods, such as photoreflectance (PR) to measure
the band bending.109−111 When the surface band bending
changes, the near-surface electric field is changed and will alter
the dielectric function. The dielectric function change can be
measured by the PR change for light frequencies near the
bandgap energy.110,111 Thus photoreflectance spectroscopy
with a modulated laser beam having a photon energy greater
than the bandgap energy of the semiconductor can be used to
measure band bending.

2.4. Scanning Probe Microscopy (SPM) and Related
Methods for Band Bending Measurements

The methods discussed in sections 2.1−2.3 are macroscopic
methods for observing average electrical effects over an
extended surface region. Compared with other methods, SPM
and related methods can be used to measure band bending with
atomic resolution. In this section, we will introduce some of the
methods, such as scanning tunneling microscopy (STM),
scanning tunneling spectroscopy (STS), local barrier height
(LBH), and ballistic electron emission microscopy (BEEM)
methods, which are influenced by band bending effects.

2.4.1. STM and STS. All the methods we discussed above
measure band bending from the bulk to the surface. With STM,
band bending as a function of lateral resolution can be
measured along the surface.42,112,113 Figure 21a shows an empty
state STM image of a hydrogen-terminated Si(100)-2 × 1
surface (Si(100):H) with a 14 nm TiSi2 island (bright region).
It can be seen that a notable “depression” around the TiSi2

Figure 20. SPV spectra of two TiO2 samples reduced by annealing in
high vacuum (reduced) or oxidized by annealing in atmospheric air
(oxidized). Adapted with permission from ref 108. Copyright 2003
Elsevier.

Figure 21. (a) STM image (1.6 V, 60 pA) of the Si(100):H surface surrounding a small TiSi2 island. The silicon surrounding the TiSi2 appears
darkened. (b) Line profiles of the silicon surface collected at various voltages. Higher voltages reveal less depression in the silicon. (c) The band
diagram illustrates the band bending along the silicon surface, from the titanium silicide contact. (d) Schematic diagram shows the upward band
bending at positions 1 and 2 and the STM measurement of empty state imaging. Reprinted with permission from ref 42. Copyright 2011 American
Chemical Society.
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island is observed on the Si(100):H surface. The line profiles at
various sample bias voltages (Figure 21b) show that the depth
and length of the depression can change with the applied
sample bias and are more notable at low bias voltage. At higher
bias voltage, the depression almost disappears due to tip-
induced band bending as discussed in section 2.3. The
depression is much deeper close to the TiSi2 island. At point
1, which is close to the TiSi2 island, the energy band bends
upward more than at point 2 (Figure 21c). If we keep the bias
voltage and tip−sample distance constant, the probability of
electron tunneling from the STM tip at point 1 is less than at
point 2. Consequently, in the constant current STM image,
point 1 is much darker than point 2. From the brightness of the
STM image, the band bending and spatial distribution of
surface charge can be easily measured.
I−V spectra have also been acquired at various distances to

the TiSi2 island as shown in Figure 22. The black, red, and

green I−V spectra in Figure 22b are the averages of 10
individual spectra taken at an average distance of 5 nm (black
line), 15 nm (red line), and 40 nm (green line) from the TiSi2
island. It can be seen that there is a shift of the spectra of both
the filled state and unfilled state region to higher bias voltage at
the closer distance to the TiSi2 island. This gives direct
evidence, as suggested in Figure 21c, that the upward band
bending is more notable on the Si(100):H surface close to the
TiSi2 island.
2.4.2. Local Barrier Height (LBH) Measurement. Using

the STM to measure the local barrier height,114−118 one can
measure the local work function change on a semiconductor
surface caused by band bending. The local tunneling barrier
height (LBH) is described by
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where ℏ is the reduced Planck constant (1.05 × 10−34 J s), m
the electron mass (9.11 × 10−31 kg), I the tunneling current
(A), z the tip−sample distance (Å), and LBH (V) is
approximately the mean work function of the tip and sample
(ϕtip + ϕsample)/2. During the LBH experiment, the tip−sample
distance was modulated sinusoidally and the tunneling current
response was measured by a lock-in amplifier. ϕtip is a constant
during the measurement, so the change of LBH is equal to the
half of the change of ϕsample.

The STM and LBH images of Au particles deposited on a
TiO2(110)-(1 × 2) surface were obtained simultaneously by
Maeda et al.119 as shown in Figure 23. Au particles with height
from 0.1 to 1.0 nm were observed on cross-link sites of
TiO2(110)-(1 × 2) by STM (Figure 23a). From the LBH
image, the large Au particles (indicated by the black arrow) are
much brighter than the small particles (indicated by the white
arrow). The relative LBH values (ΔLBH) of Au particles to the
TiO2 substrate are plotted as a function of particle height in
Figure 23c. The ΔLBH values increased with the particle
height. For small particles (particle height <0.4 nm), the values
of ΔLBH are mainly distributed from −0.4 to 0 eV, which
indicates that the small Au particles may donate electrons to
TiO2 forming a positively charged Au particle. For large
particles (particle height >0.4 nm), the values of ΔLBH are
distributed from 0 to 0.8 eV, which indicates that the large
particles may accept electrons from the TiO2 forming a
negatively charged Au particle. The bandgap obtained from
STS (Figure 23d) shows that the size-dependent charge
transfer on the TiO2 surface may due to the metal−nonmetal
transition at a critical Au island height of 0.4 nm. The
production of Au+0.3 single atoms on TiO2(110) has been
verified by O2 photodesorption measurements and DFT
calculation.120

2.4.3. Ballistic Electron Emission Microscopy (BEEM).
Based on STM, BEEM was invented by Kaiser and Bell in
1988121,122 to investigate interface band bending in the
subsurface region. Figure 24 shows the schematic diagram of
the principle of BEEM on the surface of a metal/semiconductor
planar structure. In contrast to traditional STM, an additional
ammeter is connected to the subsurface semiconductor located
adjacent to a metal overlayer in addition to the one connecting
the tip, which makes it possible to measure the total tunneling
current (It) from the tip to a metal/semiconductor sample and
the partial tunneling current (Ic) to the buried semiconductor
simultaneously. In traditional STM, a bias voltage is applied
between the STM tip and metal surface. A total tunneling
current (It) can be detected originating from the overlap of
wavefuntions of the tip and metal surface. Figure 24b shows a
schematic diagram of the tunneling from the STM tip to the
metal/semiconductor surface. (In this case, we assume a
Schottky barrier formed at metal/semiconductor interface.)
During the experiment, the ballistic electrons are emitted from
the STM tip into the metal/semiconductor structure via
vacuum tunneling. The ballistic electrons propagate through
the metal layer and reach to the metal/semiconductor interface
if the thickness of the metal layer is below the attenuation
length of low-energy ballistic electrons (∼100 Å123). For a
sample bias higher than the Schottky barrier, the electrons can
cross the barrier and tunneling occurs into the semiconductor
as indicated by the green arrow in Figure 24b. The tunneling
current from the metal to the semiconductor can be measured
using the ammeter between the metal and semiconductor as
indicated by Figure 24a. As the tip bias is decreased, bringing EF
to the top of the Schottky barrier, the tunneling current will
decrease to zero.
Figure 24c shows the BEEM spectra of the semiconductor

current (Ic) vs bias voltage (V) of a Au/Si(100) sample with
different total tunneling current (It).

121 Irrespective of It, Ic is
zero at low bias voltage and the onset of current appears at the
bias voltage of 0.92 V. That indicates the Schottky barrier
height at the Au/Si(100) interface is 0.92 V. Detailed

Figure 22. (a) STM image of a TiSi2 island on hydrogen-terminated
Si(100). The black, red, and green bars indicate the regions where the
corresponding spectra (b) were collected. Ten measurements were
averaged for each of the three spectra. A shift of the I−V spectra is
observed due to the surface band bending induced by the TiSi2 island.
Reprinted with permission from ref 42. Copyright 2011 American
Chemical Society.
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discussion and application of BEEM imaging and spectroscopy
can be found in refs 124−126.
2.5. O2 Photostimulated Desorption (PSD) and
Electron-Stimulated Desorption (ESD)

All the methods that we discussed so far use the physical
properties of a semiconductor (such as electronic structure,
photoluminescence, surface potential, etc.) for measuring band

bending. Photochemical reactions on the surface can provide
another way to measure band bending.
Previous PL and SPV discussions indicate that the presence

of near-surface electric field associated with band bending can
separate the electron−hole pair and repel the hot electron and
hole in different directions. As shown in Figure 17, upward
band bending will repel the electrons toward the bulk and

Figure 23. (a) STM and (b) LBH images of the Au-deposited TiO2(110)-(1 × 2) surface. The white and black arrows indicate Au particles. Size
dependence of (c) the relative LBH and (d) the energy gap of the Au particles on the TiO2(110)-(1 × 2) surface. The ΔLBH was defined as the
LBH difference between the particle (LBHAu) and the substrate (LBHTiO2

): ΔLBH = LBHAu − LBHTiO2
. Reprinted with permission from ref 119.

Copyright 2004 Elsevier.

Figure 24. (a) Schematic diagram and (b) energy-band diagram of the three-terminal BEEM experiment. (c) BEEM spectroscopy results for the
Au−Si heterojunction. BEEM spectra of collector current Ic vs tunnel voltage V are shown. Spectra a (●), b (▲), and c (■) were measured at tunnel
currents of 0.87, 0.57, and 0.27 nA, respectively. Adapted with permission from ref 121. Copyright 1988 the American Physical Society.
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attract the holes toward the surface, which will cause surface
hole enrichment. Meanwhile, the presence of an electric field
will also change the tunneling probability of electrons and holes
between the semiconductor surfaces and adsorbed molecules.
As shown in Figure 25a, the upward bent bands increase the

barrier width and height for electron tunneling from the CB of
the semiconductor to an unfilled orbital of an adsorbed
molecule, decreasing the electron transmission probability from
the semiconductor to the adsorbate. On a surface with
downward bent bands (Figure 25b), the tunneling barrier is
eliminated, which facilitates the electron transfer across the
surface to the molecule. For hole transport, the effect is
reversed. Overall, upward band bending will depress the
availability of hot electrons from semiconductor to adsorbate,
while increasing the availability of holes from semiconductor to
adsorbate.
The excited electrons and holes in the semiconductor will

cause different photoreactions on the surface.6,7,11 One of the
well-known experiments is the O2 ESD/PSD experiment.
Previous experiments7,127−132 and DFT calculations133 showed
that O2 desorption is caused by excited holes in the TiO2,
which are produced by incident electrons or photons. The hole-
mediated desorption of adsorbed O2 can be described by

+ → ↑− gh O O ( )
k

2 2 (18)

Then, the O2 desorption rate is −d[O2
−(a)]/dt =

k[O2
−(a)] × [h], where O2

−(a) is the adsorbed O2 coverage
and [h] is the surface hole concentration produced at steady
state during illumination. The variation of the hole concen-
tration produced by UV light can be quantitatively measured by
monitoring the O2 desorption rate caused by incident electrons
or photons. The effect of band bending by an adsorbate
molecule can then be measured by observing the rate of O2
desorption.
Figure 26 shows a schematic diagram of the equipment for

measuring the PSD/ESD of O2 on a TiO2(110) surface.
128,134

A clean TiO2(110) surface with 8−10% bridge-bonded oxygen
vacancies can be prepared by Ar+ sputtering followed by
annealing at 900 K in UHV. Previous experiments indicated
that chemisorbed O2 was detected on UHV-annealed
TiO2(110) after exposure of O2 at low temperature (∼100
K). The preadsorbed O2 can be desorbed by electrons or
photons with incident energy higher than the TiO2
bandgap.127−129,134 Desorbing O2 can be detected by a line-
of-sight quadrupole mass spectrometer (QMS). A typical QMS
measurement of the ESD of 18O2 on the TiO2(110) surface is
shown in the right section of Figure 26 with 100 eV incident
electrons. The 18O2 QMS signal quickly reaches the maximum
value after the electron current is on (within the time resolution
of 0.2 s). Then it decreases monotonically with time due to
desorption and dissociation of O2 on TiO2(110) by the
incident electrons.30,78,132,134 The O2 PSD curve is similar to
this ESD curve.6,7,127−129 In our ESD/PSD measurements, the
initial rate of O2 desorption by ESD/PSD (dashed circle in
right part of Figure 26) was chosen for measurement to avoid
damage effects caused by the incident electrons and photons.
The O2-QMS signal is directly proportional to the rate of O2
desorption (−d[O2(a)]/dt).
The detailed experiment using ESD/PSD for measuring band

bending will be discussed in section 3. It is shown that O2
desorption may be used to monitor the rate of hole transfer to
adsorbed O2, giving a very useful method to observe excitation
and transport for photoexcited holes.
2.6. Other Measurement Methods

Besides the above-mentioned methods, there are several other
methods that can measure the band bending, such as Raman

Figure 25. Effects of (a) upward band bending and (b) downward
band bending on the tunneling probability of hot photogenerated
electrons from a semiconductor to an adsorbed molecule.

Figure 26. (left) Schematic diagram for the experimental apparatus used to measure PSD or ESD of O2 from TiO2(110) and (right) electron-
stimulated desorption measurements for 18O2 on the TiO2(110) surface using a QMS. 18O2 is adsorbed to saturation coverage at 85 K onto vacancy
defects in the surface. Adapted with permission from refs 128 and 134. Copyright 2005 and 2010 American Chemical Society.

Chemical Reviews Review

dx.doi.org/10.1021/cr3000626 | Chem. Rev. XXXX, XXX, XXX−XXXO



scattering,135 high-resolution electron energy loss spectroscopy
(HREELS),136−138 current−voltage (I−V),14,139,140 capaci-
tance−voltage (C−V),13,140 electron-beam induced voltage
(EBIV) , 1 4 1− 1 4 3 e l e c t ron -beam induced cu r r en t
(EBIC),140,141,144 and photocurrent measurements.145−147

3. EFFECTS OF BAND BENDING ON
PHOTOCHEMISTRY PROCESSES

An overview of band bending effects on thermally activated
adsorption on semiconductor surfaces and on charge transfer at
the molecule/semiconductor interface is given in section 3.1.
The detailed factors influencing band bending and photo-
chemistry in photocatalytic systems will be discussed in sections
3.2−3.7. In the last section (section 3.8), the applications of
band bending and the role of electrons and holes on different
photocatalytic systems will be discussed.
3.1. Overview of Band Bending Effects on Photochemistry

There are three important elementary processes on a solid
catalyst surface during heterogeneous photocatalytic processes:
(1) the adsorption of reactive molecules; (2) the photo-
activated reaction between adsorbed molecules mediated by the
substrate; (3) the desorption of product molecules.148

Consequently, band bending may influence the photochemistry
processes on a semiconductor in the following ways: (1) band
bending can influence the thermal adsorption or desorption of
reactant or product molecules on the semiconductor substrate;
(2) band bending can influence the photoreaction process by
modulating photoexcited charge carrier recombination and
transfer processes between the semiconductor and adsorbate.
3.1.1. Band Bending and Molecular Adsorption or

Desorption. Figure 27 shows the influence of band bending

on the chemisorption of gas molecules on semiconductor
surfaces.149 Figures 27a−c show the adsorption of an electron
acceptor molecule on an n-type semiconductor. When a
molecule approaches an n-type semiconductor surface, the
electrons associated with n-type dopants will transfer to the
lowest unoccupied molecular orbital (LUMO) of the molecule
forming a negative charge layer at the semiconductor surface.
This can occur only if the LUMO energy is lower than the
Fermi level. Meanwhile, the development of upward band
bending reduces the energy difference between the Fermi level
and LUMO orbital. (The vacuum level, Evac, is chosen as the 0
reference for considering the molecule−surface interaction.150)
After adsorbing more molecules, the Fermi level, which bears a
constant relationship to the bottom of the bulk conduction
band, decreases to the same energy as that of the LUMO level
(Figure 27c). Then the electrons of the semiconductor cannot
transfer to the LUMO level any more, and the coverage of the
adsorbed acceptor molecule reaches saturation. Similarly, on a
p-type semiconductor surface (Figures 27d−f), if the electron
potential energy of the highest occupied molecular orbital
(HOMO) of the adsorbed molecule is higher than the empty
states in the semiconductor, then electrons will transfer from
the adsorbed molecules (electron donor) to the p-type
semiconductor causing downward band bending. Taking the
vacuum level, Evac, as a reference, the presence of downward
band bending on the semiconductor surface raises the Fermi
level and the doping levels, but the energy of the HOMO
orbital remains unchanged. The saturation adsorbate coverage
is attained when the Fermi level reaches the HOMO level of
the adsorbed molecule (Figure 27f).

Figure 27. Energy diagram of (a−c) n-type and (d−f) p-type semiconductors (a, d) before, (b, e) after partial, and (c, f) after equilibrium
chemisorption on the surface. Adapted with permission from ref 149. Copyright 1953 American Institute of Physics. For the n-type semiconductor,
the dark circles represent excess electrons characteristic of n-type doping. The open circles represent holes produced by transfer of electrons to the
LUMO or in the case of p-doped semiconductor the holes left by charge transfer between atoms in the semiconductor itself. The outward charge
transfer produced a Helmholtz layer of negative charge causing upward band bending. For the p-type semiconductor, electrons from a HOMO
orbital transfer to the substrate and the net surface charge became positive, causing downward band bending. D is the thickness of the depletion or
accumulation layer for two cases.
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The above model qualitatively indicates that the saturation
adsorption coverage of donor and acceptor molecules on
semiconductor surfaces will be influenced by band bending. In
addition adsorption is influenced by the effects of active defect
site availability and adsorbate−adsorbate interactions on a
semiconductor surface.149−154 It is known that the band
bending (VBB) potential can be calculated from eq 9, VBB =
(eNdD

2)/(2εrε0), where e is the electronic charge, Nd is the n-
type dopant density, D is the depletion layer thickness, εr is the
relative permittivity of the semiconductor, and ε0 is the
permittivity of vacuum. From Figure 27a−c, the band bending
and depletion layer are caused by the adsorption of molecules
on the surface. If we assume NdD = Ns (i.e., the charge of the n-
type dopant in the depletion layer has been transferred to the
adsorbed molecules), then

ε ε ε ε
= =V

eN D eN
N2 2BB

d
2

r 0
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2
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From Figure 27a−c, the maximum amount of band bending is
equal to the potential difference between the unfilled LUMO
and the Fermi level. In an n-type semiconductor, VBB equals
(χmolecule − ϕ), where χmolecule and ϕ are the electron affinity of
the molecule and the work function of the surface, respectively.
Then the maximum concentration of adsorbed molecules on
the surface (Ns,max) is
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This equation quantitatively indicates that the limitation of
band bending will limit the coverage of adsorbed molecules.
Thus for TiO2, with εr ≈ 100, if we assume VBB = 1 V and Nd =
1020−1025 m−3, Ns,max = 7 × 1014 to 2.3 × 1017 m−2, which is
about 10−4 ML to 5 × 10−2 ML.
3.1.2. Band Bending and Photoexcited Charge Carrier

Transfer and Recombination. There are two kinds of initial
photoexcitation processes on a heterogeneous photocatalyst
surface:6 (1) direct photochemical excitation where the initial
photoexcitation process occurs in an adsorbed molecule; (2)
indirect photochemical excitation where the initial photo-
excitation process occurs in the semiconductor substrate
followed by charge transfer from the substrate to adsorbed
molecules. In this section, the influence of band bending on the
two initial photoexcitation processes will be discussed.
3.1.2.1. Band Bending and Direct Photochemical Ex-

citation. During the surface sensitization of the photochemistry
process, the influence of band bending on the charge and
energy transfer between excited dye molecules and semi-
conductor surfaces may be employed to influence the charge
collection or photoreaction efficiency. A detailed discussion can
be found in several reviews.15,155,156 Figure 28 gives simplified
schematic diagrams of the electron transfer processes at the
interface between an n-type semiconductor and a dye molecule
during a direct photochemical excitation process. In an n-type
semiconductor with upward band bending (Figure 28a), the
excited electron from the LUMO of an adsorbed dye molecule
(light absorber) can be injected into the semiconductor and
transferred away from the interface and into the bulk (indicated
by the green arrows). This process occurs because of the
electric field from the surface to the bulk. However, in the
semiconductor with downward band bending (Figure 28b), the

injected electrons from the excited dye molecule cannot go
deep into the bulk and will accumulate at the surface due to the
presence of an opposite electric field from the surface to the
bulk. Finally, the electron may jump back into the HOMO of
the adsorbed dye molecule causing surface quenching of the
excitation process (indicated by the blue arrow in Figure 28b).
It is also found for upward band bending that the surface
quenching occurs by tunneling of the injected electrons
through the space charge layer (indicated by the blue arrow
in Figure 28a). By tuning the dopant density in the
semiconductor, the influence of the thickness of the space
charge layer on the surface quenching and charge transfer has
been investigated by several groups.155,157−159

3.1.2.2. Band Bending and Indirect Photochemical
Excitation. Figure 29 schematically shows the excitation and

deexcitation processes in a colloidal semiconductor.6 The
electron in the VB can be excited to the CB by the absorption
of a photon with energy higher than the bandgap leaving a hole
in the VB. This occurs via the production of an exciton (∗)
which evolves into a separated electron−hole pair. The
deexcitation of the produced electron−hole pair may occur
by two processes: (1) the hot electron and hole may recombine
on the surface (process A) or in the bulk (process B) of the
semiconductor; (2) the hot electron and hole may migrate to
the surface and react with the adsorbed surface species causing
oxidation and reduction surface photoreactions (processes C
and D).
Usually, the efficiency of photoreaction is expressed by the

quantum yield (Φ), which is

Figure 28. The influence of band bending on the electron transfer and
surface quenching of a dye molecule at a molecule/semiconductor
interface: (a) upward band bending; (b) downward band bending.

Figure 29. Schematic of photoexcitation in a solid particles followed
by deexcitation events. Reprinted with permission from ref 6.
Copyright 1995 American Chemical Society.
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Φ =
rate of reactant consumption or product formation

rate of photon absorption
(21)

From the above discussion of Figure 29, the rate of reactant
consumption or product formation is proportional to the rate
of charge (electron/hole) transfer (kCT) from the semi-
conductor to the reactant molecules, and the rate of photon
absorption is proportional to the sum of the rates of the charge
transfer (kCT) and electron−hole recombination (kR). In other
words, Φ can be expressed as6

Φ ∝
+

k
k k

CT

CT R (22)

Obviously, the band bending effect will influence the rate of
electron/hole transfer and recombination thus influencing the
efficiency of the photoreaction. In the discussion of section 2.2,
the PL spectral intensity gives clear evidence that upward/
downward band bending causes changes in the near-surface
electric field. This facilitates the spatial separation of hot
electron−hole pairs and depresses the recombination rate (kR).
On the other hand, the direction of band bending will also
influence the electron/hole availability for charge transfer to the
surface. For upward band bending, the direction of the electric
field (from the bulk to the surface) will increase the hole
availability at the surface thus increasing a hole-induced surface
reaction. For downward band bending, the direction of the
electric field (from the surface to the bulk) will increase the hot
electron availability at the surface thus increasing an electron-
induced surface reaction. The following sections will give
detailed examples about the effects of band bending on
photochemistry processes.

3.2. Particle Size-Induced Band Bending and
Photochemistry

Semiconductor nanoparticles are extensively used to induce
photochemistry processes.160,161 Three differences exist be-
tween nanoparticle semiconductors and planar semiconductors:
(1) differences in the magnitude of band bending, (2) possible
quantum size effects, and (3) increased surface-to-volume ratio.
Using the Poisson−Boltzmann equation, the potential dis-
tribution in a spherical semiconductor particle with radius r0 has
been developed by Albery and Bartlett.162 In an n-type
semiconductor nanoparticle, the band bending (VBB), that is,
potential difference, at distance r with reference to the center of
the particle is
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where LD is the Debye length [LD = (εrε0kT/e
2Nd)

1/2], D is the
depletion length, and r0 is the radius of the semiconductor
nanoparticle. As shown in Figure 30, for large particles (r0 ≫
D), the band bending from surface to the center is
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which is the same as for the planar sample as we discussed in eq
9. (The planar sample can be treated as a particle with infinite
diameter.) For a small particle with r0 < √3D, the band
bending from surface to the center is
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Equation 25 indicates that there are three variables, particle size
(r0), dopant concentration (Nd), and relative dielectric constant
(εr), determining the magnitude of band bending in small
particles:

(1) Particle size. The band bending will decrease with the
size of the semiconductor particle. When the particle
radius equals LD (for TiO2, LD is ∼3.8−12 nm with εr ≈
100,76,163 Nd ≈ 1024−1025 m−3164), the band bending
from the particle center to surface is only ∼0.004 V at
room temperature. It is reported that the absence of band
bending in small nanoparticles significantly enhances the
sensitivity of gas sensors composed of the nano-
particles.165,166 On the other hand, the lack of band
bending may depress the photoactivity in such particles.
Ohno et al.161,167,168 found that photocatalytic oxidation
of water can take place on large rutile TiO2 particles
while not on small anatase particles in the presence of
Fe(III) ions in solution. Based on the previous
experimental results that upward band bending is
required for the photooxidation of water on a TiO2
electrode surface,169,170 the authors reasoned that the
high photoactivity is due to the presence of upward band
bending in larger particles.

(2) Dopant concentration. The band bending in the
nanoparticle may be enhanced by increasing the dopant
concentration.171−174 For example, enhanced photo-
catalytic activity of rare-earth-doped TiO2 nanoparticles
has been found in the photodegradation of the nitrite
ion.173 Further studies indicate that there exists an
optimal concentration of rare earth metal doping at ∼0.5
wt % for this system. A schematic explanation is shown in
Figure 31. The upper parts are the energy band diagrams,
and the lower parts are the schematic diagrams of the
photogenerated electron and hole behavior in the
particles. When the dopant concentration is low (Figure
31a), the band bending value is negligible and the excited
electron/hole pair in the photon penetration region
(yellow part) cannot be separated effectively due to the
flat energy band. Most of the excited electrons and holes
will recombine in the bulk or in the surface region, and
therefore the photocatalytic efficiency is low. As we
increase the dopant concentration, the band bending

Figure 30. Schematic diagrams of the band bending in big and small
particles. Adapted with permission form ref 160. Copyright 1995
American Chemical Society.
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inside the particles will also increase. Meanwhile, the
depletion layer or space charge region (shadowed part)
will also decrease in depth. When the depletion layer
becomes equal in depth to the photon penetration depth
(Figure 31b), the photogenerated electron−hole pair can
be separated with maximum efficiency leading to lowered
recombination rate, and the photocatalytic efficiency
reaches its highest value. As the dopant concentration
increases still further, the depletion region decreases in
depth to become less than the photon penetration
region, and only the photogenerated electron−hole pair
in the depletion region can be separated effectively
(Figure 31c). Consequently, a further increase of dopant
concentration will decrease the photocatalytic efficiency.

(It should be noted that sometimes the dopant can also
act as a recombination site, which may also decrease the
photocatalytic efficiency.175)

(3) Dielectric constant. The relationship between the
dielectric constant and photochemistry has been barely
discussed so far. The charge transport and carrier lifetime
in dye-sensitized solar ZnO and TiO2 solar cells, which
are made with approximately equal size ZnO and TiO2

nanoparticles, have been studied by Quintana et al.176 It
was found that the photogenerated electron lifetime is
significantly higher in ZnO than in TiO2, which may due
to the significant band bending in ZnO particles resulting
in larger energy barriers for electron transport and
increased band bending leading to decreased recombi-

Figure 31. The effect of dopant concentration (ND) on the band bending and photogenerated carrier behavior in semiconductor nanoparticles: (a)
The dopant concentration is low; depletion layer length (D) > photon penentration (DP); (b) the dopant concentration is medium; depletion layer
length (D) = photon penentration (DP); (c) the dopant concentration is high; depletion layer length (D) < photon penetration (DP). In panel c,
where extreme upward band bending exists because of high ND, holes are efficiently transferred to the particle surface.

Figure 32. (a) Schematic diagram of the equipment for the investigation of the photodegradation of methylene blue (MB) in the presence of an
externally applied electric field. (b) Voltage dependence of the photodecomposition efficiency of methylene blue on a TiO2 coating of 11 μm
thickness. Adapted with permission from ref 181. Copyright 2008 Elsevier.
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nation. The band bending in a TiO2 particle (ε ≈ 50−
100) would be much less than that in the ZnO particle as
a result of the lower ZnO dielectric constant (ε ≈ 8)177

assuming the same dopant concentration.
3.3. External Electric Field Induced Band Bending and
Photochemistry

The effect of an external electric field on thermally activated
chemisorption and catalysis has been studied before.178−180

Herein, we mainly discuss the effect of electric field induced
band bending on the photochemistry process. The physical
principle of external electric field induced band bending has
been discussed in section 1.1. Taking the photodegradation of
methylene blue (MB) dye solution as an example, Figure 32a

shows a schematic diagram of the equipment.181,182 A thermal-
sprayed TiO2 film on the anode was used as the photocatalyst.
The efficiency of photodecomposition of methylene blue
increases with increasing bias voltage (Figure 32b). The
maximum efficiency reaches ∼80%, which is more than two
times the efficiency observed without an applied external
voltage (V = 0). It is believed that methylene blue
decomposition is catalyzed by the excited holes. The presence
of an electric field from the anode to cathode causes upward
band bending near the interface between the TiO2 film and the
methylene blue solution, which depresses the electron−hole
recombination rate and increases the hole availability at the
TiO2/solution interface. The increased hole availability

Figure 33. (a) STM image of rutile TiO2(011) surface showing the coexistence of the original TiO2(011)-2 × 1 surface (blue region) and a new
TiO2 phase (red region). (b) UPS spectra of original TiO2(011)-2 × 1 surface (black and blue curves) and TiO2(011) surface after low-pressure
oxidation and partial formation of the new TiO2 phase (red curve). (c) Band diagram of the new TiO2 phase/TiO2(011), deduced from UPS and
STS, together with an indication of the bandgap contraction within the new TiO2 phase leading to the 2.2 eV feature in the UPS spectrum. Adapted
with permission from ref 189. Copyright 2011 Macmillan Publishers Ltd. [Nature Chemistry].

Figure 34. The two stable reconstructured surfaces of a TiO2(001) single crystal. Black balls, Ti atoms; gray balls, O atoms. The plot (center) shows
the formation of the main reaction product (ethane) as a function of acetic acid pressure under steady-state conditions in ultrahigh vacuum based on
mass spectroscopy. Also shown are the estimated width of the depletion layer (D) and barrier height (VBB) from the experimental quantum yield
(Φ) of the reaction of acetic acid on both surfaces. Reprinted with permission from ref 191. Copyright 2002 American Chemical Society.
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increases the photodecomposition efficiency of methylene blue.
It is also found that the combination of Ag deposition with the
application of an external electric field can significantly enhance
the rate of photocatalytic oxidation of formic acid on the TiO2
film.183

3.4. Surface Structure-Induced Band Bending and
Photochemistry

Surface structure can influence photocatalytic performance
either by tuning the adsorption of reactants (thermal surface
sensitive processes)184 or by tuning the charge carrier behavior
(photochemistry/physics process). Herein, we focus on the
surface structure-induced band bending and related photo-
chemistry. The surface structure is determined either by the
natural surface reconstruction of a single crystal or by the
selection of a specific crystallographic surface orientation that
does not reconstruct.
3.4.1. Surface Reconstruction. Surface reconstruction on

a semiconductor surface can induce band bending. It is known
that Ti interstitial species in the TiO2 bulk can diffuse to the
surface in the presence of oxygen and form a new TiO2 phase
on the surface.44,45,185−189 As an example, Figure 33a shows a
new TiO2 phase (red region) formed on the surface of the
rutile TiO2(011) surface (blue region) after annealing in a 1 ×
10−6 Torr O2 atmosphere.189 STM and STS studies indicated
that the new TiO2 phase presents a different atomic
arrangement and electronic structure from the original rutile
TiO2(011) surface. UPS spectra (Figure 33b) showed that the
presence of the new TiO2 phase bends the bulk bands upward
by ∼0.3 eV. A band diagram is shown in Figure 33c. Band
bending, as shown, promotes hole transport to the surface upon
UV irradiation.
The effect of surface reconstruction of a TiO2(001) single

crystal on the photoreaction of acetic acid has been studied by
Wilson and Idriss.190,191 Annealing TiO2(001) in vacuum at
700−750 and 900−950 K can produce {011}- and {114}-
faceted reconstructed surfaces, respectively. For the photo-
catalytic reaction of acetic acid, the quantum yield of the low-
temperature annealed surface ({011}-facet surface) is 2.5 times
that of high-temperature annealed surface ({114}-facet surface).
The depletion layer length (D) can be calculated by the
measured quantum yield (Φ),190−192

α
= Φ + Φ −D L( 1)

(26)

where α is the reciprocal absorption length, and L is the
minority carrier diffusion length. The band bending value (VBB)
can also be obtained by eq 9. The calculated values of the
depletion layer length and band bending are indicated in Figure
34. The higher photocatalytic reactivity of the {011}-facet
surface is due to the low electron−hole recombination rate
caused by the broad depletion layer and high upward band
bending. This example gives clear evidence that a change of the
outer layer structure of a semiconductor can change the
photocatalytic activity significantly.
3.4.2. Crystallographic Surface Orientation. Although

many experimental results193−198 indicate that the photo-
catalytic performance of semiconductors is surface-dependent,
the detailed mechanism is still ambiguous. Band bending may
also play a role among the numerous factors, such as surface
atomic structure and related chemisorptions,198−201 anisotropic
band dispersion,202 dipolar field effect,203−209 and surface

energy levels.194 Several effects of surface orientation on band
bending and photocatalysis are discussed below.

(1) The Effect of Surface Work Function and Dielectric
Constant. In solution, the band bending near the
semiconductor surface is determined by the surface
work function and solution redox potential.150 Different
surface orientations will influence the surface work
function and hence the near surface band bending in a
semiconductor. Furthermore, the anisotropic dielectric
constant may also contribute to the surface-dependent
photocatalytic efficiency. Taking rutile TiO2 as an
example, it is reported that the dielectric constants
parallel to the [001] and the [100] direction are 170 and
86, respectively.201,210 According to the space charge
layer thickness equation (eq 10), the space charge region
at the (001) surface (along [001]) is ∼1.4 times the
length at the (100) surface (along [100]). Assuming the
space charge region is smaller than the photon
absorption length, the longer space charge region will
prohibit electron−hole recombination (similar to Figure
31b,c) and hence increase the photocatalytic efficiency.

(2) The Effect of Surface Atomic Structure Induced
Chemisorption. The surface chemistry on different
surface orientations due to different surface atomic
structure may also induce different degrees of band
bending. Photocatalytic degradation of methyl orange
dye over single crystalline ZnO has been investigated,
showing that the positive Zn-terminated ZnO surface
(ZnO(0001)-Zn) had more photocatalytic activity than
the negative O-terminated ZnO surface (ZnO(0001)-
O).199 The difference in chemisorption-induced band
bending in the solution has been employed by the
authors to explain the different activity of the two
surfaces. On the positive ZnO(0001)-Zn surface, the
surface is terminated by OH− species in solution, which
induces upward band bending enhancing the hole-
mediated photocatalytic process. Conversely, the neg-
ative ZnO(0001)-O surface is terminated by H+ species
in solution, which induces downward band bending,
decreasing the hole-mediated process.

(3) The Effect of Dipolar Field in a Ferroelectric Crystal.
The spontaneous polarization in the domains of
ferroelectric materials can bend the energy bands and
separate photogenerated electron and holes effec-
tively.211−213 Spatially localized photochemical reactions
have been found on the surfaces of ferroelectric
crystals.203−209 The reactive facets can be identified by
the formation of insoluble reaction products on the
corresponding surfaces. For example, Figure 35a,b gives
the SEM images of the photoreduction of Ag+ (Ag+ + e =
Ag0) on BaTiO3 microcrystals.

203 The deposited Ag can
be identified by the white particles on the (100) and
(111) surfaces in Figure 35b. The relative reactivity of
the surfaces follows the order {100} > {111} > {110}.
The surface-dependent reactivity is related to the dipolar
field in the ferroelectric crystal. A simplified diagram
showing charge transfer and band bending at different
BaTiO3 facets is indicated in Figure 35c. An internal
polarization (left direction in this case) due to the
pinning of ferroelectric domains in a preferred
orientation will force photogenerated electrons/holes to
the right/left, bending the energy band upward/down-
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ward in the right/left. This results in oxidation/reduction
reactions on the right/left sides of the particles. It is
found that even the surfaces with the same orientation
but different polarization direction have different photo-
chemical behavior.208

3.5. Gas-Adsorption-Induced Band Bending and
Photochemistry

Molecules can be generally divided into two categories, electron
donor or acceptor molecules, which are designated on the basis
of the electron transfer direction from the molecule to the
semiconductor or from the semiconductor to the molecule. On
the TiO2 surface, CH3OH

214,215 and NH3
99,216 are electron

donor molecules, and O2
44,76,217,218 and Cl2

219 are electron
acceptor molecules. A schematic diagram of the influence of
adsorbed electron acceptor and donor molecules at a
semiconductor surface on the band bending and photocatalytic
behavior is provided in Figure 36. The adsorption of acceptor
molecules on the semiconductor surface will bend the energy
bands upward. The produced electric field near the semi-
conductor surface will separate the electron−hole pair reducing
the rate of recombination and promoting hole transport to the
surface. Conversely, the adsorption of donor molecules on the
semiconductor surface will bend the energy bands downward.
The produced electric field near the semiconductor surface
then separates the electron−hole pairs and promotes the
electron transport to the donor-modified surface.
Most photochemistry experiments are carried out in solution

on semiconductor particles, which may integrate the effects of
particle size, surface morphology, impurity, and solution-related
chemistry. Working on single crystals in ultrahigh vacuum and
with surfaces which are atomically clean removes many of these
uncertainties. Studies of PSD (photon stimulated desorption)
and ESD (electron stimulated desorption) of O2 on the
TiO2(110) single crystal surface therefore offers a simple and
clean way of understanding band bending and related
photochemistry. Here both photons and incident electrons

are envisioned as producing electron−hole pairs in the
TiO2(110).
The effects of Cl2 (electron acceptor) and CH3OH (electron

donor) on the ESD yield of 18O2 on TiO2(110) is shown in
Figure 37.30 A constant amount of 18O2 (

18O2 exposure 3.8 ×
1013 molecules cm−2) was preadsorbed at the TiO2(110)
surface followed by exposing variable amounts of Cl2 or
CH3OH. Figure 37d plots the initial ESD yield of 18O2 (as
shown in the dashed circles in Figures 37a, b) as a function of
Cl2 or CH3OH exposure. The initial rate of 18O2 desorption is
greatly enhanced by the adsorbed Cl2, and the full coverage of
Cl2 results in a ∼25-fold increase of the 18O2 desorption rate.
Conversely, the adsorbed CH3OH decreases the initial rate of
18O2 desorption and the decrease continues to zero at high
CH3OH coverage.
As we discussed in section 2.5, the O2 ESD yield is directly

proportional to the surface hole availability. The behavior of Cl2
and CH3OH is explained by Figure 36. An electron acceptor,
Cl2, removes electrons from the TiO2, causing upward-band
bending, which promotes the hole availability to the surface. In
contrast, CH3OH donates electrons to the TiO2 causing
downward band bending, which diminishes the hole availability
to the surface where either electrons or photons excite the
TiO2.
The O2 itself is also an electron acceptor. A 2.3-fold

enhancement of the 18O2 ESD initial yield is observed in Figure
37c when 16O2 is coadsorbed (16O2 exposure 1.0 × 1015

molecules cm−2). The dual use of 18O2 and 16O2 clearly
separates electronic effects due to O2 adsorption from simple
coverage effects.
The effect of band bending on the electronically excited

oxidation of adsorbed CO has also been investigated on the
TiO2(110) surface.

78 The influence of Cl2 on the CO oxidation
was carried out by exposing various amounts of Cl2 onto the
TiO2(110) surface following the exposure to a constant amount
of 18O2 (exposure 3.84 × 1013 molecules cm−2) and to C16O
(exposure 1.18 × 1014 molecules cm−2) at 85 K. C16O18O,
which was detected by the QMS, is produced on the surface
through electronically excited oxidation of adsorbed C16O with
18O2, using 100 eV electron impact. Figure 38 plots the initial
yields of 18O2 (upper panel) and C16O18O (lower panel) with

Figure 35. SEM images of faceted BaTiO3 crystals (a) before and (b)
after photoreaction in aqueous AgNO3 solution. The crystallographic
orientations of the faces are labeled. The bright particles in panel b
correspond to silver deposits. (c) The polarization, P, forces the
photogenerated electrons and holes to opposite sides in the particle.
This results in the reduction and oxidation reactions on different sides
of the particles. Adapted with permission from ref 203. Copyright
2008 Springer.

Figure 36. Schematic diagram of band bending and its effects on hole
or electron transport causing oxidation or reduction reaction by
adsorption of electron acceptor or donor molecules. Reprinted with
permission from ref 30. Copyright 2010 American Chemical Society.
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various Cl2 exposures. A significant difference can be found
between the C16O18O and the 18O2 in the trends of ESD yield
as a function of Cl2 exposure. As we discussed above, Cl2 is an
electron acceptor causing upward band bending and increasing
the 18O2 ESD yield. In contrast to the increasing yield of 18O2,
the CO2 production decreases with the Cl2 exposure. This can
be explained by the model in Figure 39. The O2 ESD is caused
by the interaction between the hole and the adsorbed O2, while
the CO oxidation is mediated by the excited electrons. The
adsorbed O2, usually denoted as O2

− superoxide species based
on theory,133,220,221 ESR,217,222 and EELS223 experiments, can
interact with the excited electrons producing the O2

2− species
(peroxide ion), which is well-known for its ability to cause
oxidation. The upward band bending by Cl2 inhibits the excited
electron transport to the surface and hence decreases the
electron-mediated CO oxidation.
3.5.1. Dual Roles of O2 in CO Oxidation. The influence

of the adsorption of O2 itself on the excited oxidation of CO
has been investigated in Figure 40. To do this experiment, the
TiO2(110) surface was first exposed to a constant amount of
C16O (exposure 1.18 × 1014 molecules cm−2) followed by
exposure to various amounts of 18O2. The upper panel in Figure
40 plots the initial yields of 18O2 as a function of 18O2 exposure.
The increase of the 18O2 ESD yield with increasing 18O2

exposure is due to two effects: (1) increasing O2 coverage;
(2) increasing upward band bending promoting the hole
transport to the adsorbed O2 (Figures 36 and 37). The mix of
the above two effects in the CO oxidation produced a volcano
curve of CO2 production in the lower panel of Figure 40.
Initially, the yield of CO2 increases due to the increasing of O2

coverage. However, at high O2 coverage, the CO2 production
reaches a maximum and then decreases, which indicates that
the upward band bending due to the O2 adsorption inhibited
the CO2 production. This experiment revealed the dual roles of
O2 in the oxidation of CO: (1) O2 as a reactant promotes the

CO oxidation; (2) O2 as an electron acceptor causes upward
band bending inhibiting the electron-mediated CO oxidation.

3.6. Metal/Semiconductor Band Bending and
Photochemistry

Metal/semiconductor heterojunctions have wide application in
the field of photochemistry. Band bending due to metal−
semiconductor contact can significantly enhance the excited
electron−hole separation in semiconductor or metal and hence
change the photochemical activity.

3.6.1. Enhancement of Electron−Hole Separation in
Semiconductors. The influence of Au on the behavior of
photogenerated carriers in TiO2(110) has been studied by
combining a PSD experiment and DFT calculations. Various
coverages of Au (0−0.54 ML) were deposited onto a
TiO2(110) surface with a constant coverage of preadsorbed
18O2 (exposure 8.64 × 1013 molecules cm−2) to investigate the
rate of 18O2 PSD by UV light. Figure 41a shows the QMS
measurements of the 18O2 yield during the UV excitation as a
function of the Au deposition, which is similar to the previous
ESD experiments (Figures 26 and 37). The initial yield of 18O2
as a function of Au coverage on the TiO2(110) surface is
plotted in Figure 41b. Similar to CH3OH, the presence of Au
depresses the initial 18O2 PSD yield and ∼0.16 ML of Au
coverage can decrease the initial yield by 50% as shown by the
dashed line. From the discussion of section 3.5, the decrease of
18O2 PSD yield indicates the depression of the hole flux to the
surface, which means that Au acts as an electron donor bending
the energy bands downward. This indicates that the Au atoms
acquire positive charge.
The geometrical structures and energy band structures of the

TiO2(110) surface modified by O2 and O2 + Au have been
studied by DFT calculations as indicated in Figures 42 and 43.
DFT calculation shows that O2 prefers to adsorb at the BBOV
site with a bonding energy of approximately −2.3 eV (Figure
42b), and O2 is negatively charged accepting ∼1 e from TiO2.

Figure 37. Electron-stimulated desorption (100 eV) measurements by QMS for 18O2 on
18O2/TiO2(110) surfaces in the presence of (a) Cl2 (green

curve, Cl2 exposure 9.8 × 1013 molecules cm−2), (b) CH3OH (red curve, CH3OH exposure 1.3 × 1014 molecules cm−2), and (c) 16O2 (blue curve,
16O2 exposure 1.0 × 1015 molecules cm−2). The ESD measurement of preadsorbed 18O2 (

18O2 exposure 3.8 × 1013 molecules cm−2) is also shown in
the black curve in parts a, b, and c as a reference. The initial rate of 18O2 desorption is measured by the circled point in each case. All the gas dosing
and ESD experiments have been done at 85 K. (d) Plots of the initial ESD yield of 18O2 as a function of Cl2 or CH3OH exposure. The electron
bombardment is rapidly initiated at 0 s, and the first point in the O2 desorption curve is measured within 0.2 s. Reprinted with permission from ref
30. Copyright 2010 American Chemical Society.
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The energy band structure in Figure 43b indicates that the
presence of O2 on the TiO2(110) bends the VB and CB edges
upward, which corroborates the previous ESD and PES
experimental results.30,44,76−78 There are two favorable sites
for a single Au atom on the O2/TiO2(110) surface, near the
Ti5c site (Figure 42c) and near the BBO site (Figure 42d). An
average charge on a single Au atom is approximately +0.2 e
based on the two configurations. Contrary to the 18O2-induced
upward band bending, the adsorption of Au on the O2/

TiO2(110) surface bends the energy band ∼0.6 eV downward,
which agrees with the deduction from the PSD experiment.
Figure 44a gives a schematic diagram of the Au-induced band

bending and its effect on hole transport. The presence of
downward band bending caused by electropositive Au on the
O2/TiO2(110) surface depresses the hole transport to the
surface and hence the O2 PSD yield. The Au-induced band
bending is equal to the work function change, Δϕ.
Based on the Topping model,224 Macdonald and Barlow225

proposed a model in which ϕ was modified by the self-
depolarization of the neighbor adsorbed atoms,

ϕ π μθσ α δ θσΔ = − + Λe4 /[1 ( ) ]3/2
(27)

where μ is the initial dipole moment induced by the Au
adsorption (assuming rAu−TiO2

= 2.6 × 10−8 cm), θ is the Au
fractional coverage, σ is the saturated Au atom concentration
on the TiO2(110) (1.04 × 1015 atoms/cm2), α is the Au
polarizability (5.8 × 10−24 cm3), Λ is a constant (generally
equal to 9), δ = θ−1/2 for immobile Au atoms on TiO2(110) at
89 K, and e is the elementary charge (4.8 × 10−10 esu).
According to the Macdonald−Barlow model, the change of the
calculated Δϕ (blue triangles in Figure 44b) with Au coverage
is almost linear, which indicates that the number of electrons
transferring from Au to TiO2 is almost constant.
According to DFT calculation, the average electron transfer

from Au to TiO2 decreases as bigger clusters form statistically
as immobile Au atoms are deposited. The average charge of Au
monomer, dimer, and trimer clusters are about +0.2 e, +0.1 e,
and +0.1 e, respectively, on the TiO2(110) surface. The
increasing Au coverage will statistically decrease the relative
population of monomer while increasing the dimer and trimer
populations. Consequently, the average charge of the Au atoms
will decrease with bigger Au cluster formation. Contrary to the
Macdonald−Barlow model, the red squares in Figure 44b

Figure 38. Plots of the initial yield of 18O2 (upper panel) and C
16O18O

(lower panel) as a function of Cl2 exposure during electronic excitation
of a C16O + 18O2 mixed layer. Inset shows the measurements by QMS
for 18O2 (upper panel) and C16O18O (lower panel) yields during
electronic excitation in the presence of Cl2 (blue curve, Cl2 exposure 0
molecules cm−2; red curve, Cl2 exposure 1.47× 1014 molecules cm−2)
on the C16O18O/18O2/TiO2(110) surface.

18O2 exposure 3.84 × 1013

molecules cm−2; C16O exposure 1.18 × 1014 molecules cm−2, at 85 K.
The electron bombardment is rapidly initiated at 0 s, and the initial
desorption yields of 18O2 and C16O18O are measured within the first
0.2 s (as shown in the dashed circles in the insets). Reprinted with
permission from ref 78. Copyright 2010 American Chemical Society.

Figure 39. Schematic mechanism of O2 desorption and CO oxidation
on TiO2(110) during electronic excitation. Desorption of O2

− as
O2(g) is induced by holes; reaction of O2

− to produce CO2 is induced
by excited electrons created in the TiO2. Reprinted with permission
from ref 78. Copyright 2010 American Chemical Society.

Figure 40. Plots of the initial yields of 18O2 (upper panel) and
C16O18O (lower panel) as a function of 18O2 exposure during
electronic excitation of a C16O layer. The preadsorbed C16O exposure
is 1.18 × 1014 molecules cm−2 at 85 K. Reprinted with permission from
ref 78. Copyright 2010 American Chemical Society.
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showed a more curved plot, which qualitatively correlates with
the curvature in 18O2 PSD yield for increasing Au coverage
(Figure 41). The curvature is therefore mainly due to Au dimer
and trimer formation on the surface.
Using STM, the influence of band bending on the

photodecomposition of trimethyl acetate (TMA) on the
TiO2(110) surface has also been studied.226 Figure 45a−d
shows the STM images of TMA photodecomposition on the
Pt/TiO2(110) surface (Figure 45a,b) and the TiO2(110)
surface (Figure 45c,d) surfaces. The coverages of TMA on
the Pt/TiO2(110) after 1 h (Figure 45a) and 3 h (Figure 45b)
UV photoirradiation are significantly lower than that on the
clean TiO2(110) surface. That indicates that the presence of 3−
4 nm Pt particles (big bright spots in Figure 45a,b) can
significantly enhance the decomposition rate of TMA. From the
statistical studies of many STM images, Figure 45e plots the

TMA coverages as a function of UV light irradiation time on a
TiO2(110) surface covered with (a) 0, (b) 3 × 1015, and (c) 8
× 1015 particles m−2, which corroborate the results shown in
Figure 45a−d. It is believed that the decomposition of TMA is
caused by the photogenerated holes in TiO2. That means the
presence of negatively charged Pt can significantly enhance the
hole transport from TiO2 substrate to adsorbed TMA. The
mechanism is indicated in Figure 45f, which is similar to the Cl2
and O2 effect as we discussed before. It should be mentioned
that the same group later found that Pt clusters donate
electrons to the TiO2 substrate using Kelvin probe force
microscope on the Pt/TiO2(110) surface without TMA.227 It is
possible that the presence of TMA on TiO2(110) surface may
decrease or reverse the direction of electron transfer and
change the Pt clusters from an electron donor to an electron
acceptor. Previous DFT calculation and experimental re-

Figure 41. (a) The QMS measurement of the 18O2 yields during the UV excitation in the presence of Au (coverages of 0, 0.13, and 0.29 ML)
deposited in ultrahigh vacuum on the 18O2/TiO2(110) surface. The initial PSD yields of 18O2 are indicated by the dashed circles. (b) A plot of the
initial yield of 18O2 versus Au coverage on the

18O2/TiO2(110) surface. Reprinted with permission from ref 120. Copyright 2011 American Chemical
Society.

Figure 42. Structural models of (a) the clean TiO2(110) surface with
bridge-bonded oxygen vacancies (BBOVs), (b) TiO2(110) with O2
adsorbed at the BBOVs, (c) TiO2(110) with Au adsorbed near Ti5c
sites (the sites between Ti5c and the BBOV site) and O2 adsorbed on
BBOVs; (d) TiO2(110) with Au adsorbed on BBO and O2 adsorbed
on a vicinal BBOV. The Au atoms and Ti atoms are shown in yellow
and gray, respectively, whereas the O in the lattice and adsorbed O are
shown in pink and red, respectively. Reprinted with permission from
ref 120. Copyright 2011 American Chemical Society.

Figure 43. The calculated total DOS of TiO2(110) with (a) BBOV,
(b) O2 adsorption on BBOV, (c) Au adsorption near Ti5c sites (the
sites between Ti5c and a BBO site) and O2 adsorption on BBOV, and
(d) Au adsorption on BBO and O2 adsorption on a vicinal BBOV. The
corresponding structural models have been indicated in Figure 42.
Reprinted with permission from ref 120. Copyright 2011 American
Chemical Society.
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sults120,228,229 indicated that the presence of oxygen can turn
the negative charged Au clusters on a clean (reduced)
TiO2(110) surface to positive charged clusters.
3.6.2. Enhancement of Electron−Hole Separation in

Metals. The excited electron−hole pairs in the metal can also
be separated by the metal/semiconductor heterojunction. For
example, in section 1.3.2 (Figure 11c), the electrons excited by
chemical reactions on metal surfaces with energy higher than
ϕSB are postulated to transfer from the metal to the
semiconductor causing a chemicurrent. Recently, the hot
electrons from the photoexcited surface plasmon resonance

(SPR) in metal has also been detected in a nano-metal/
semiconductor diode.230,231

On the other hand, the separated electrons and holes can
participate in the chemical reactions on the metal and
semiconductor surfaces. A diagram showing the surface
plasmon resonance induced charge transfer and reaction is
shown in Figure 46. The valence electrons in the metal particles

can be collectively excited by the absorption of photons, which
is called a surface plasmon resonance. The excited electrons
with energy higher than ϕSB can cross the metal/semiconductor
interface and transfer to the valence band of the semiconductor.
This mechanism and the influence of barrier height and width
on the electron−hole separation are similar to the dye-
sensitization process, which was discussed in section 3.1.2.1.
Oxidation (reduction) reactions may occur on the metal

Figure 44. (a) Schematic diagram of downward band bending by Au
and its effect on hole transport causing decreasing 18O2 PSD yield. (b)
The plots of the work function change calculated by DFT and the
Macdonald and Barlow model vs Au coverage on 18O2/TiO2(110)
surface. Reprinted with permission from ref 120. Copyright 2011
American Chemical Society.

Figure 45. (a−d) Constant current STM images of TMA photodecomposed on the Pt/TiO2(110) and TiO2(110) surface. The Pt-modified surface
was exposed to 100 L of trimethylacetic acid and then UV irradiated for (a) 1 h and (b) 3 h. A TMA-covered, Pt-free TiO2(110) surface was
irradiated with the same UV flux for (c) 1 h and (d) 3 h for comparison. Image size: 40 × 40 nm2. Sample bias voltage: +1.6 V. Tunnel current: 0.4
nA. (e) The TMA coverages as a function of UV light irradiation time on a TiO2(110) surface covered with (a) 0, (b) 3 × 1015, and (c) 8 × 1015 Pt
particles m−2. (f) Schematic diagram of the influence of Pt on the photoexcited carrier transfer in TiO2. Reprinted with permission from ref 226.
Copyright 2005 American Chemical Society.

Figure 46. Schematic diagram of plasmon-induced charge separation
and associated photochemistry at the metal/semiconductor hetero-
junction. Here the electron charge separated in the metal is transferred
to the semiconductor. An alternate mechanism involving an
electrodynamic model is also postulated.12
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(semiconductor) surface with the separated holes (electrons) in
this case.
By changing the composition, shape, and size of the metal

particles,232−234 the surface plasmon resonance frequency of
metal particle can be tuned in the visible spectrum range, which
may have potential application in harvesting sunlight.12,235−239

For example, a notable visible-light photocatalytic activity of a
Au/TiO2 surface on the photolysis of water has been
discovered. Silva et al.236 proposed that the electrons in the
metal can be injected to the TiO2 conduction band due to the
surface plasmon resonance by visible light, leaving holes in the
Au particles. Water can react with the electrons in the TiO2
producing hydrogen and react with the Au particles producing
oxygen. It should be mentioned that besides the charge transfer
metal/semiconductor mechanism, there is also an electro-
dynamic mechanism for the surface plasmon resonance effect
during the photochemistry processes, which is discussed in an
article by Linic et al.12

3.7. Semiconductor/Semiconductor Band Bending and
Photochemistry

The synergetic effect between complex semiconductor catalysts
has been widely observed in photochemical reactions.240−244

During the photocatalytic process, the presence of another
semiconductor cocatalyst may provide special active sites for
the adsorption/reaction of reactants/reaction intermediates. A
second semiconductor can also modify the composite band
structure helping to change the bandgap absorption and to
separate the photoexcited electron−hole pairs.
In this section, we focus on the band bending effect between

the cocatalyst semiconductors and its influence on the
photocatalytic processes. The band bending between two
semiconductors can be influenced by many factors such as
doping type and concentration, particle size, surface structure,

phase, etc. Herein, we will discuss the synergetic effect between
rutile and anatase TiO2 caused by band bending. It is well-
known that usually the complex catalyst consisting of the mixed
phase of anatase and rutile (such as P25 TO2 powder) presents
higher photocatalytic activity than pure rutile and ana-
tase.241,245−248 Baiju et al.247 studied the photodegradation of
methylene blue dye by a mixed phase of rutile and anatase TiO2

under UV light irradiation. As shown in Figure 47a, the
photocatalytic activity (apparent rate constant of photo-
degradation, kapp) first increases as the rutile fraction increases
and then reaches a maximum at 40% rutile. After that,
photoactivity decreases with increasing rutile fraction. The
rutile fraction-dependent photoactivity of the mixed TiO2

catalyst can be well explained by the band bending model in
Figure 47b. From previous Kelvin probe, PEEM, and UPS
studies,249,250 the work function of anatase is a little higher than
that of rutile, which causes the energy bands of anatase to bend
downward and rutile to bend upward toward the interface after
the two phases are in contact and to reach electrical
equilibrium. The presence of an electric field near the interface
effectively separates the electron−hole pair and inhibits the
electron−hole pair recombination. The mixed phase catalyst
with highest photocatalytic activity (40% rutile amount) is
postulated to have the maximum anatase/rutile interfacial
contact and the most effective electron−hole pair separation.
As discussed in sections 2.2 and 2.3, PL spectroscopy offeres

an effective way for investigating the band bending and
electron−hole pair separation. Figure 47c,d shows the PL
spectra obtained for the mixed-phase TiO2 with different rutile
content. The sample with 40% rutile content presents the
lowest PL intensity at ∼490 nm indicating the least electron−
hole recombination, which agrees with the reaction data. The
electron transfer from anatase to rutile has also been observed

Figure 47. (a) Variation of photodegradation activity of methylene blue (kapp) in solution as a function of rutile fraction in mixed-phase TiO2 (anatse
+rutile), (b) proposed interface band bending model between anatase and rutile, and (c, d) typical PL spectra obtained for the mixed-phase
nanocrystalline TiO2 for rutile content within the range of (c) 5−40 wt % and (d) 40−100 wt %. In panels a, c, and d, i−v denote rutile fractions of
5, 20, 40, 60, and 100 wt %, respectively. Adapted with permission from refs 245 and 247 Copyright 2011 Elsevier and 2009 Springer.
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by Kawahara et al.251 on a patterned TiO2(anatase)/
TiO2(rutile) bilayer-type photocatalyst.
3.8. Band Bending in a Real Photocatalytic System

The manifestation of band bending in photocatalysts has been
discussed above from a microscopic viewpoint. The presence of
band bending can significantly depress the electron−hole pair
recombination rate and enhance the migration rates of one
charge carrier (electron or hole) to the semiconductor surface,
which may enhance the corresponding charge carrier (electron/
hole) mediated reaction on the semiconductor surface.
Meanwhile, the inverse charge carriers (hole/electron) may
transfer beyond the space charge region in the other direction
and should also be depleted to keep the photocatalyst neutral
and maintain the band bending in the semiconductor. Here we
discuss the depletion of both photogenerated charge carriers in
a real photocatalytic system.
Taking a metal/semiconductor system as an example, three

metal/semiconductor catalyst systems can be found in the real
photocatalytic reactions discussed in Figure 48:

(1) Photoelectrochemical cell. In the photoelectrochemical
cell system with upward band bending near the
semiconductor/electrolyte interface (Figure 48a), the
photogenerated holes will transfer to the semiconductor/
electrolyte interface and a reduction reaction occurs,
while the photogenerated electrons will transfer to the
metal counterelectrode. An oxidative reaction occurs at
the semiconductor/electrolyte interface.2,12,252

(2) Metal-supported semiconductor particles. Figure 48b
shows the model of the metal-supported semiconductor
photocatalyst with downward band bending near the
metal/semiconductor contact. The photogenerated elec-
tron−hole pair can be separated effectively by the local
electric field near the metal particles. The photo-
generated holes will be enriched near or on the metal
particles causing oxidation reactions, while the photo-
generated electrons may transfer out of the space charge
layer causing a reduction reaction.253

(3) Metal@semiconductor core−shell particles. Compared
with the metal-supported semiconductor photocatalyst,
the metal@semiconductor core−shell structure photo-
catalyst can significantly eliminate the corrosion or
dissolution of metal particles on metal-supported semi-
conductor surfaces during the photocatalytic pro-
cesses.254 As shown in Figure 48c, there may be band
bending near the interface between metal core and

semiconductor shell, which may separate the excited

electron−hole pair in the semiconductor effectively. The

charge separation and photocatalytic activity of a Ag@

TiO2 core−shell structure has been studied by Hirakawa

and Kamat.255,256 The electrons transferred from the

semiconductor to the metal core under UV illumination

(excitation in TiO2) can be quantitatively measured by

the shift of the surface plasmon band. The electrons

stored in the metal core can transfer outside to reduce

electron acceptor molecules such as O2, thionine, or

C60.
255

4. SUMMARY

The subject of band bending in semiconductors, caused

chemically or by means of applied electric fields, has a wide

and general application for the understanding of photo-

processes as well as for the control of the efficiency in charge

transfer from the excited semiconductor to the external world.

From the fundamental physics of semiconductor behavior upon

excitation by photons to the utilization of photogenerated

charge carriers in electronic or chemical devices, the concept of

band bending is useful for the prediction of the behavior and

the control of photon-energy conversion devices. The band

bending concept provides a useful and predictive way for the

utilization of semiconductors for converting incident photons

into useful electrical energy or useful chemistry. While this

concept is widespread in solid-state physics, the extension to

much of the chemistry world lags behind, forming the stimulus

for writing this review.
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