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We present a study of the growth of the p-type inorganic semiconductor CuI on n-type TiO2 anatase
single crystal �101� surfaces and on nanoparticulate anatase surfaces using synchrotron radiation
photoemission spectroscopy. Core level photoemission data obtained using synchrotron radiation
reveal that both the substrate �TiO2� and the overlayer �CuI� core levels shift to a lower binding
energy to different degrees following the growth of CuI on TiO2. Valence band photoemission data
show that the valence band maximum of the clean substrate differs from that of the dosed surface
which may be interpreted qualitatively as due to the introduction of a new density of states within
the band gap of TiO2 as a result of the growth of CuI. The valence band offset for the heterojunction
n-TiO2 / p-CuI has been measured using photoemission for both nanoparticulate and single crystal
TiO2 surfaces, and the band energy alignment for these heterojunction interfaces is presented. With
the information obtained here, it is suggested that the interface between p-CuI and single crystal
anatase-phase n-TiO2 is a type-II heterojunction interface, with significant band bending. The
measured total band bending matches the work function change at the interface, i.e., there is no
interface dipole. In the case of the nanoparticulate interface, an interface dipole is found, but band
bending within the anatase nanoparticles remains quite significant. We show that the corresponding
depletion layer may be accommodated within the dimension of the nanoparticles. The results are
discussed in the context of the functional properties of dye-sensitized solid state solar cells. © 2007

American Institute of Physics. �DOI: 10.1063/1.2772249�

I. INTRODUCTION

Semiconductor heterojunction interfaces exhibit interest-
ing and useful electronic properties associated with the dis-
continuity in the local band structure at the interface. As a
result, such heterostructures have become important as a ba-
sis for novel devices. One example of such devices is the
solid state dye-sensitized solar cell, which offers a poten-
tially cost-effective and easy to manufacture light-to-
electrical energy conversion system.1–7 In the most efficient
dye-sensitized solar cell,1,2 a porous nanocrystalline TiO2

film stained by a ruthenium bipyridyl-based dye is used in
contact with a liquid electrolyte, and the key processes take
place at the interface between the dye-sensitized nanostruc-
tured film and the liquid electrolyte. The liquid electrolyte
may degrade over a period of time due to problems such as

seal imperfections or vaporization. These problems have en-
couraged the search for suitable solid materials that can re-
place the liquid electrolyte. In such solid state solar cells, the
solid hole-conducting material captures the positive charges
from the oxidized dye that are left behind as a result of
optical excitation. Hole conductors so far considered include
polymer-gel electrolytes,8 conducting organic polymers,9

ionic conductive polymer electrolytes,10 organic hole
conductors,11 and inorganic semiconductors such as CuI and
CuCNS.12,13 Among these materials, CuI �copper �I� iodide�

has shown promising results when employed as a hole-
conducting material in dye-sensitized solar cells �Ref. 14 and
reference therein�. Copper �I� iodide is a p-type semiconduc-
tor with a band gap of �3.1 eV,15,16 which can be deposited
from a solution of acetonitrile onto dye-sensitized substrates
using a low temperature deposition technique. The use of
low temperature to deposit CuI on TiO2 has the advantage
that CuI can be grown on dye-sensitized surfaces without
denaturing the dye monolayer. This is very important as this
may influence the light absorption properties of the dye and
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hence the overall function of the cell. Furthermore CuI can
also be deposited as a transparent thin film on conducting
glass substrates under suitable conditions and �in the case of
our experiments� is readily deposited in vacuum by evapora-
tion.

The photoconversion yield of dye-sensitized solid state
heterojunction solar cells largely depends on the charge
transfer processes at the interface, which in turn depend on
the energy level matching of the dye and the two semicon-
ducting materials used. The band offset at the heterojunction
interface is one of the most important properties of the junc-
tion and can be used to design and optimize the cell
characteristics.17 Photoemission spectroscopy is a powerful
tool to investigate band offsets at semiconductor heterojunc-
tions. Photoemission has successfully been used in the recent
past to investigate electronic properties at the interfaces be-
tween organic/inorganic18–21 and inorganic/inorganic17,22–25

systems with high precision. The information obtained from
core level binding energy shifts and valence band photoemis-
sion spectra can be used to investigate any possible band-
bending effects at the interface and also to determine
the band energy offset and energy level matching at the
interface.

We have previously studied the adsorption of bi-
isonicotinic acid �part of the ligand structure of the Ru bipy-
ridyl dye� on anatase TiO2 �101� and �001� using photoemis-
sion and near-edge x-ray absorption fine structure.26 The
interaction between a Ru �II� dye molecule and both nano-
particulate anatase and CuI at the TiO2 /CuI interface has
been studied by Karlsson et al.

27 In the present study we
focus our attention on model “dye-free” interfaces fabricated
by the deposition of CuI onto the surfaces of single crystal
anatase TiO2 �101� and nanoparticulate thin films of TiO2 in
ultrahigh vacuum �UHV�, in order to model the heterojunc-
tion at the heart of the p-CuI /n-TiO2 solid state solar cell.
The electronic structure at the interface between bulk anatase
single crystal and CuI is compared with that between nano-
particulate anatase thin films and CuI. It is possible to esti-
mate the band energy lineup at this interface using flatband
potential measurements of the individual materials. How-
ever, this neglects any possible band bending effects and
dipole effects at the interface. These are investigated here. In
the liquid-phase devices, band-bending is thought not to oc-
cur, as the TiO2 nanoparticles are assumed to be too small to
maintain the necessary depletion layer, and they are in any
case screened by the surrounding electrolyte.2 The solid state
junctions are less well studied and the heterojunction be-
tween the p- and n-type materials might be expected to show
band-bending effects. To the best of our knowledge, there are
no previous reports of direct experimental determination of
band offsets in the CuI /TiO2 system. In principle, accurate
determination of the energy level lineup at this heterojunc-
tion could help guide the choice of sensitizing dye for opti-
mum interface charge transfer.

II. EXPERIMENT

The photoemission experiments were carried out on the
multipole wiggler beamline MPW6.1 �PHOENIX, photon

energy range of 30�h��350 eV� at the CCLRC Daresbury
Laboratory. Core level and valence band photoemission
spectra were recorded with the samples at an angle of 45° to
the incident photons and close to normal emission. All spec-
tra were recorded with the sample at room temperature and
are referenced to a Fermi edge recorded from a sputtered Ta
clip holding the sample in place and normalized to the I0

�flux� monitor of the beamline. I0 was recorded using a W
mesh placed in the beamline just prior to the point where
light enters the experimental chamber. The total �analyzer
+monochromator� resolution was 140 meV for the valence
band scans. The base pressure in the chamber was around
5�10−10 mbar during the experiments.

TiO2 anatase crystals �with 2�4 mm2 �101� surfaces�

were grown by a chemical transport method.28 The samples
were deep red when supplied. Prior to the supply, the crystals
were characterized by low energy electron diffraction
�LEED� and secondary electron diffraction.29 Prior to the
photoemission experiments, the orientation of the surface un-
der investigation was confirmed by Laue back reflection
aided by simulations of the Laue pattern using Lauegen
software.30 The anatase TiO2 single crystal was mounted
onto a Ta sample plate using Ta clips, on a UHV sample
manipulator. The experimental chamber was equipped with
an ARUPS10 multichannel hemispherical analyzer, electron
gun, LEED apparatus, and Ar+-ion etcher. Clean, ordered
surfaces were prepared by repeated cycles of Ar+-ion sput-
tering �1.0 keV� and annealing to 700 °C �by electron bom-
bardment of the back of the sample plate� until the surface
was free from C and other contaminants. Ar+ ion etching is
well known to create surface oxygen vacancies and associ-
ated electron carriers at TiO2 surfaces,31 so the single crystal
surfaces produced are nonstoichiometric. The sample tem-
perature was measured using an optical pyrometer. Anneal-
ing was carefully controlled to ensure no phase transition
occurred during annealing. This treatment resulted in a sharp
�1�1� LEED pattern for the �101� surface, in agreement
with previous LEED measurements for this surface.29 Fol-
lowing this preparation, no further change in the defect con-
centration �as gauged by the intensity of the so-called defect
peak observed at around 1 eV binding energy31

� was ob-
served as a function of time in UHV.

Nanoparticulate thin films of anatase-phase TiO2 were
prepared by a sol-gel route involving the hydrolysis of TiCl4
in hexdecylamine at 180 °C, followed by dissolution in tolu-
ene and precipitation with isopropanol. The precipitated ma-
terial was deposited using a doctor blade technique on
F-doped SnO2 substrates �Solaronix, �17 � cm−2�, and an-
nealed for 2 h at 450 °C.32 Transmission electron micros-
copy measurements revealed a narrow particle-size distribu-
tion with an average particle size of 7.3±1 nm, while x-ray
diffraction showed only the presence of anatase-phase
TiO2.32 For photoemission experiments, the TiO2 nanopar-
ticle film electrodes were glued onto stainless steel sample
holders using UHV-compatible Ag-based conducting glue.
To prevent possible surface charging effects during the pho-
toemission experiments, it was necessary to ensure a good
electrical contact between the substrate and the stainless steel
sample holder. This was achieved by making a conducting

114703-2 Kumarasinghe et al. J. Chem. Phys. 127, 114703 �2007�

Downloaded 21 Sep 2007 to 130.88.237.141. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



bridge between those two surfaces using the Ag-based glue.
In order not to sinter the films, destroying their nanoparticu-
late structure, the films were studied in the as-presented state,
without annealing, etching, or any other surface treatment.
No change in the oxygen content of the surface was observed
as a function of time in UHV.

CuI dosing was carried out on the anatase TiO2 �101�

surface and the nanoparticulate TiO2 thin films in UHV from
a well outgassed powder source using a homebuilt Knudsen-
type cell. Outgassing of the CuI powder �Aldrich 99.99%�

was carried out by repeated heating to a temperature of
185–235 °C in a separate vacuum chamber which was iso-
lated from the main chamber. During dosing, the getter
source was held at a temperature of �205 °C with the
sample held at room temperature and approximately 1 cm
away from the getter source. A thermocouple attached close
to the nozzle of the Knudsen-type cell was used to measure
the dosing temperature. By varying the length of the time of
the dosing, the thickness of CuI layer on TiO2 was varied.
Dosing was carried out after a constant evaporation rate was
achieved, as monitored by the chamber pressure. After each
growth step, photoelectron spectra were taken from the va-
lence band and Ti 3p, Cu 3p, and I 4d core levels. Auger
electron spectroscopy �AES� was used as a secondary char-
acterization. Secondary electron energy distribution �SEED�

curves were taken after each growth of CuI with a sample
bias of −37.9 V in order to determine the work function of
the sample. The negative sample bias enabled the evolution
of the SEED edge to be monitored clearly.

Core level photoemission and AES were used to deter-
mine the stoichiometry of the deposited films. In some cases,
following very long deposition times, the stoichiometry of
the film was found to depart from the expected 1:1 ratio in
CuI, and widely varying stoichiometries including Cu4I,
CuI2, and CuI3 were observed. Here, we present only data
from deposited films where the stoichiometry was found to
be CuI within experimental error. No evidence was found in
AES or core level photoemission for formation of CuO or
any other Cu �II� species. For stoichiometric films, core level
photoemission and AES data were used to determine an ap-
proximate film thickness, assuming that the CuI film was
deposited as a uniform overlayer.33 This is clearly an ap-
proximation, as CuI is believed to be deposited onto nano-
particulate TiO2 as clusters; layer-by-layer growth is not
observed.27

III. RESULTS AND DISCUSSION

A. The anatase single crystal „101… /CuI interface

Figure 1�a� shows core level photoemission spectra of
the Ti 3p signal for the anatase TiO2 �101� surface as the
surface is dosed with CuI. In common with all the core level
and valence band spectra presented here, a fourth order poly-
nomial background has been subtracted, and the spectra are
aligned on a binding energy scale relative to a Fermi edge
recorded from a Ta clip in contact with the sample. Unless
stated, all spectra have been normalized to the incident pho-
ton flux. Starting with the clean surface data, the Ti 3p spec-
trum shows a peak at a binding energy of 37.8±0.1 eV. The

spectral line shape and the peak position of the Ti 3p core
level for the clean surface are in good agreement with earlier
studies of the anatase �101� surface, and have been discussed
previously.26 Upon CuI dosing, the intensity of the Ti 3p

peak is attenuated, while the peak position is shifted to a
lower binding energy �BE�. After a total of 30 min dose, the
peak maximum lies at a binding energy of 37.3±0.1 eV, a
shift to lower BE of 0.5±0.1 eV. This pronounced shift in
BE of the substrate core level following the dose of CuI
indicates the formation of a space-charge-like layer �band
bending� in the substrate.17 Core level photoemission spectra
can also distinguish the bonding environment of surface and
near-surface atoms and changes induced by the adsorption of
molecules on the surface. The formation of covalent or ionic
bonds should result in chemically shifted components.18

There are no significant changes in spectral line shape of the
substrate core level features following CuI dosing which im-
plies that strong chemical bonds are not formed between
TiO2 and CuI. This suggests that the interaction between
TiO2 and CuI is weak and the interface is abrupt.

Turning to the I 4d and the Cu 3p core level photoemis-
sion spectra shown in Figs. 1�b� and 1�c�, we observe an
increase in the intensity of both core level signals with dos-
ing. Both I 4d and Cu 3p signals shift to lower BE with
increasing levels of CuI dosing. The BE shift for the Cu 3p

core level is 0.3±0.1 eV after a total of 30 min dose. The BE
shift for the I 4d peaks is 0.2±0.1 eV for the same dosing
time. The magnitude of the shift of the Cu core level to lower
BE on CuI dosing is consistent with a previous study,27 al-
though the expected corresponding shift of the I core levels
was not observed previously.27 The disagreement in BE
shifts observed for the I core levels may lie in the nature of
the two interfaces under investigation, as a monolayer of dye
molecules was also present on the surface of TiO2 in the
work reported in Ref. 27. As was observed for the Ti 3p core
level spectra, the spectral line shape and width of the I 4d

core levels are not affected by increasing the level of dosing.
For the Cu 3p level, a small increase in full width at half
maximum �FWHM� of the peak of the order of 0.1 eV is
observed on increasing the dosing level, perhaps suggesting
that there may be a slight increase in roughness of the de-
posited overlayer with deposition time.27 However, this in-
crease is not significant compared with the experimental er-
ror. Overall, the data reinforce the idea that the interface
between the single crystal TiO2 �101� and CuI is abrupt and
no significant chemical reaction takes place following the
deposition process.

Figure 2 shows the evolution of the SEED edge for the
clean and CuI-dosed anatase TiO2 �101� surface. The spectra
were recorded with a negative sample bias of −37.9 V. The
SEED edge energy position provides useful information to
calculate the work function � of the sample, as when cor-
rected for bias, it corresponds to the zero of electron kinetic
energy. The work function is thus obtained by subtracting the
photon energy from the bias-corrected binding energy posi-
tion of the SEED edge. The SEED edge was determined here
as the point where two extrapolated edges, one describing
the background and the other describing the rising edge of
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the spectrum in the low kinetic energy region, intercept each
other.34 The method used for determination of the SEED
edge is shown in Fig. 2. The SEED edge for the clean TiO2

anatase �101� surface shifts to a lower BE by �0.7±0.1 eV

following dosing with CuI for 30 min. The value of the work
function extracted for the clean TiO2 anatase �101� surface is
4.7±0.1 eV.

Figure 3 shows the valence band photoemission spectra

FIG. 1. Core level spectra for the clean and CuI-dosed anatase TiO2 �101� surface at different dosing intervals. �a� Ti 3p core level spectra; �b� Cu 3p core
level spectra; and �c� I 4d core level spectra.
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of the TiO2 �101� surface before and after the growth of CuI
at different dosing intervals. We have discussed the valence
band electronic structure of the anatase TiO2 �101� and �001�

surfaces in detail elsewhere.31 Here, we focus on a discus-
sion of the effect of CuI dosing on certain features in the
valence band spectra of the clean surface and on the new
density of states that is introduced on dosing. In general, the
valence band spectrum for the clean TiO2 �101� surface ob-
served in this work is in good agreement with our previous
work31 and also is in agreement with valence band spectra
recorded from natural anatase crystals using an x-ray
source.35

For the clean anatase �101� surface, there are three major
peaks lying at BEs of around 7.6±0.1, 5.3±0.1, and
1.0±0.1 eV. The first two of these make up the valence
band, which is around 6 eV wide and is expected to be de-
rived mainly from O 2p states as in the case of rutile TiO2.36

The states to low binding energy �giving rise to the feature at
5.3 eV BE� have been assigned mainly to Ti 3d-O 2p

�-bonding states, while at higher binding energy �the feature
at 7.6 eV BE�, states arising predominantly from O 2p-Ti 3d

� bonding are found.31,35–37 The peak at a BE of 1.0±0.1 eV
is derived from Ti 3d states which originate as a result of

surface oxygen vacancies resulting in the formation of
Ti3+�d1�. Upon CuI dosing for 30 min, the feature at a BE of
7.6±0.1 eV in the valence band of TiO2 shifts to a lower BE
by 0.5±0.1 eV. This shift is similar to that observed for the
Ti 3p core level at the same dosing level �Fig. 1�a��. In
addition, the valence band is broadened at its lower BE side
with the introduction of new features within the band gap
region. The intensity of the TiO2 valence band features di-
minishes gradually with increasing dosing level, suggesting
that an overlayer is progressively grown on the surface of the
TiO2. After a total of 30 min dose, the features of the sub-
strate remain dominant. If the dosing time is increased fur-
ther, it is possible to produce a surface where features which
can be ascribed to CuI dominate the spectrum, as shown in
Fig. 3 and discussed in more detail below. In photoemission
studies of other heterojunction systems, it has been observed
that when the system reaches a stage in the deposition pro-
cess where the valence band spectra show both the substrate
and the adsorbate emissions, the thickness of the deposited
layer typically lies in the range of 5–30 Å.38 The thickness
of the deposited CuI layer on TiO2 can be estimated by the

FIG. 2. Secondary electron energy distribution �SEED� spectra recorded
from the anatase TiO2 �101� surface before and after CuI dosing. CuI dosing
intervals are the same as in Figs. 1�a�–1�c�. The spectra were recorded while
applying a negative bias of −37.9 eV to the sample; this has been accounted
for in aligning the spectra on a binding energy scale. The method used to
determine the SEED edge position is described in the text and is shown in
the figure �Ref. 34�.

FIG. 3. Valence band energy distribution curves �EDCs� of the anatase TiO2

�101� surface before and after CuI dosing at different dosing intervals. For
low coverages �dosing intervals of 0–30 min�, the spectra are normalized to
the incident photon flux and are taken at the same dosing intervals as in
Figs. 1�a�–1�c�. For comparison, valence band EDCs recorded from a thick
film of CuI ��40 Å thick� deposited on the anatase TiO2 �101� surface and
a CuI pellet are also shown in the same figure. Spectra were recorded at
47 eV photon energy for the clean and CuI-dosed anatase TiO2 �101� sur-
faces. For the CuI pellet, the spectrum was recorded at 70 eV photon energy.
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method outlined in Sec. II, in which we assume the CuI
forms a homogeneous overlayer. This yields an estimate of
the thickness of the overlayer after 30 min deposition of
4±1 Å. The ambient temperature 	 phase of CuI has the zinc
blende structure with a cubic unit cell containing four mol-
ecules per cell and unit cell parameter of 6.05 Å.39 Thus the
overlayer deposited corresponds to less than 1 unit cell
thickness �and slightly more than one CuI layer�. As a recent
photoemission study of CuI adsorbed on nanoparticulate
TiO2 suggests that this method of CuI deposition leads to the
formation of CuI clusters rather than a layer-by-layer
growth,27 we assume that the overlayer may not uniformly
cover the surface. Indeed, it was possible at dosing times of
up to 30 min to observe an undistorted substrate �1�1�

LEED pattern after each deposition of CuI onto the TiO2

�101� surface, with the intensity of the pattern decreasing
with increasing dosing time. This pattern could not be ob-
served for very high dosing times �where the photoemission
spectrum was dominated by the features of CuI�. This sug-
gests that the TiO2 surface is not uniformly covered by CuI
after 30 min dosing, even though the amount of material
deposited approximates to a coverage of more than a single
monolayer of CuI.

The observation of features within the band gap of TiO2

�i.e., above the valence band maximum and below Fermi
edge� following the deposition of CuI confirms that the va-
lence band maximum of CuI lies above that of TiO2. This is
of course a prerequisite for the hole conductor in a solid state
solar cell device, as otherwise efficient electron-hole-pair
separation cannot be achieved. The new features in the va-
lence band introduced as a result of CuI dosing lie at BEs of
3.5±0.1 and 2.3±0.1 eV. These features grow progressively
with increasing dosing time. At long dosing times, the spec-
trum becomes dominated by features which can be assigned
to CuI, as shown in Fig. 3, where spectra recorded from both
a thick deposited film �of estimated thickness �40 Å� and a
polycrystalline CuI pellet are given for comparison. The va-
lence band electronic structure of CuI thin films and CuI
pellets33,40–42 has been studied using photoemission and reso-
nant photoemission studies. Based on these studies, assign-
ment of the features seen in the dosed spectra of Fig. 3 is
now possible. The valence band of CuI is characterized by
three main features.33,41,42 The feature lying at a BE of
3.5±0.1 eV in Fig. 3 has Cu 3d atomic character.42 For bulk
CuI samples, it lies at a BE of 3.1±0.1 eV,33 as shown in
Fig. 3. The feature at a BE of 2.3±0.1 eV seen on the dosed
surfaces in Fig. 3 is associated with states formed by hybrid-
ization of Cu 3d and I 5p orbitals. This feature occurs at a
BE of 1.8±0.1 eV for bulk samples �Fig. 3�. The valence
band of CuI contains a further peak lying at a BE of
4.3±0.1 eV which is thought to originate from states having
predominantly I 5p orbital character.41,42 At low dosing lev-
els, this state is masked by the stronger valence band features
of TiO2 at around 5 eV BE. At the interface, it is clear that
the valence band features of CuI are shifted and appear at
higher BE values compared to those in the bulk state of the
CuI pellet or a thick film of CuI �Fig. 3�. Conversely, the
features remaining due to the TiO2 valence band are shifted
to lower BE compared with the undosed TiO2 surface �for

example, the strongest valence band feature of the undosed
surface at 7.6±0.1 eV BE is shifted to 7.1±0.1 eV BE after
30 min dosing, as shown in Fig. 3�. These shifts are consis-
tent with the downward band bending that we anticipate at
the surface of the p-type material and the upward band bend-
ing that we expect at the surface of the n-type material at a
p-n junction. The energy level alignment at the interface is
discussed in the next section.

B. Energy level alignment at the anatase TiO2„101… /CuI
interface

Photoemission spectra from a heterojunction interface
may be used to extract the band energy profile at the inter-
face. The valence band offsets at the interface �which are
themselves functions of the coverage� are determined from
the relative BE positions of the core level features of the
heterojunction with respect to the valence band maximum
�VBM�.17,22–25 The core level binding energies are typically
extracted from spectra taken at coverages where both the
substrate and the overlayer emission are present.22 The va-
lence band offset 
EV

s/f is given by22


EV
s/f��� = 
BECL

s/f ��� + �BECL
s − BEVBM

s �

− �BECL
f − BEVBM

f � , �1�

where s and f denote substrate and overlayer film, respec-
tively, CL refers to a core level signal and VBM to the va-
lence band maximum. 
BECL

s/f ��� is the binding energy dif-
ference of �chemically� unchanged core or valence band
emissions of the substrate �s�/overlayer film �f� at a given
coverage �. If the values of the band gap energies �EBG� are
known, the conduction band offset at the interface can also
be calculated and is given by


EC
s/f = 
EV

s/f − �EBC
f − EBC

s � . �2�

This procedure requires a knowledge of the position of the
VBM for the substrate and the overlayer. These are generally
determined from a bulk standard of the substrate and an
overlayer thick film, respectively.

Figures 4�a� and 4�b� show the method used to deter-
mine the VBMs of the anatase TiO2 single crystal �101� sur-
face and of CuI. For this purpose, a clean anatase TiO2 �101�

surface and a thick film of CuI �estimated via the approaches
described earlier to be �40 Å thick� deposited on the anatase
TiO2 single crystal �101� surface were chosen. The VBM
energy position is determined here from the intercept of two
linear extrapolations, one describing the background and the
other describing a tangent drawn at the inflection point of the
spectrum at the low binding energy side of the valence band.
This procedure has been used successfully for the determi-
nation of VBMs for semiconductor heterojunction
interfaces34 and in the present case yields convincing values
for the VBMs of the TiO2 /CuI system. By following the
procedure described above, a value of 2.9±0.1 eV was ob-
tained as the VBM energy position for the anatase TiO2

single crystal �101� surface, while a value of 0.5±0.1 eV was
obtained for CuI. Given that anatase TiO2 has a bulk band
gap of �3.2 eV28 and is a n-type material, where the Fermi
level is expected to be pinned slightly below the conduction
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band minimum �CBM�, the value of 2.9 eV is consistent
with expectations. It suggests that the Fermi level lies
�0.3±0.1 eV below the CBM for the anatase TiO2 �101�

surface studied here. This position depends strongly on de-
fect concentration, but comparative photoemission measure-
ments of anatase and rutile show that the gap between the
Fermi level and the CBM is significantly larger �by at least
0.1 eV� at the anatase �101� surface than for the crystallo-
graphically equivalent rutile �110� surface.43 The band gap
for bulk CuI has been measured as 3.1 eV.44 CuI is a p-type
material, and the acceptor levels created by the presence of
excess I− anions are thought to lie in the band gap near the
VBM. For CuI we therefore expect that the VBM, in prin-
ciple, should lie quite close to the Fermi level in energy, as is
observed.

Following Eq. �1�, the core level binding energy differ-
ence and other parameters can be calculated and are shown
below. After a total of 30 min dosing, where we estimate the
CuI overlayer thickness to be 4±1 Å �denoted by coverage
�30�, we find 
BECL

s/f ��30�=50.9−37.3=13.6±0.1 eV. Here
we have taken as core levels I 4d3/2 for the overlayer film
and Ti 3p for the substrate. We obtain �BECL

S −BEVBM
S �

=37.8−2.9=34.9±0.1 eV and �BECL
f −BEVBM

f �=50.6−0.5
=50.1±0.1 eV, where we use the I 4d3/2 CL BE for a thick
��40 Å� film of CuI deposited on TiO2. Using Eq. �1�, the
valence band offset at the interface, 
EV

s/f��30�, is found to
be −1.6±0.2 eV. Here, the minus sign in the result indicates
that the valence band of CuI lies above that of TiO2 as ex-
pected. The conduction band offset, 
EC

s/f��30�, at the inter-
face calculated using Eq. �2� is found to be −1.5±0.2 eV.

The presence of a possible interface dipole �ID� can be

evaluated with a knowledge of the work function of each
material. This requires SEED edge measurements for both
the substrate and the overlayer. The value of 4.7±0.1 eV
obtained for the work function of the anatase single crystal
�101� surface �Fig. 2� is in reasonable agreement with values
reported earlier for TiO2 nanoparticulate thin films.45 The
value calculated for the work function of CuI is 5.4±0.1 eV.
There are no earlier reports of work function measurements
for CuI with which to compare this result. Nevertheless, in a
broad sense, the difference in workfunctions between n-type
and p-type electrodes is considered to be equal to the open
circuit photovoltage that can be extracted from a heterojunc-
tion solar cell.46 The difference in work functions between
CuI and anatase TiO2 as calculated here is equal to
0.7±0.1 eV. Open circuit photovoltage �Voc� values currently
being observed with solid state dye-sensitized solar cells
where anatase-phase TiO2 and CuI are used as electron and
hole-conducting materials, respectively, lie in the range of
500–550 mV �e.g., Ref. 14 and references therein�. The
work function difference between anatase TiO2 and CuI ob-
served here is thus approximately equal to the experimen-
tally observed Voc values and suggests that the work function
derived for CuI is reasonably accurate. The work functions
may then be used to evaluate the ID for this interface follow-
ing a previously published method, which compares the dif-
ference in work function between the overlayer and the sub-
strate with the measured total band bending.17,34 This gives a
value for the ID of 0.7−0.8 eV=−0.1±0.2 eV, i.e., there is
no detectable interface dipole at this interface, within the
limits of experimental error.

Thus our results indicate that the energy lineup at the

FIG. 4. Determination of the valence band maximum �VBM� for the clean anatase TiO2 �101� surface and for CuI. VBM is taken as the point where two
extrapolated edges, one describing the background and the other describing a tangent drawn at the inflection point at the low binding energy region of the
spectrum, intercept each other �Ref. 34�. �a� VBM determination for the clean anatase TiO2 �101� surface and �b� VBM determination for CuI, using a
spectrum recorded from a thick film ��40 Å thick� of CuI deposited on anatase TiO2 �101�.
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TiO2 /CuI heterojunction interface may be accounted for by
band bending at the interface with a negligible interface di-
pole. This contrasts with the behavior of inorganic/organic
heterojunctions, where typically no band bending is observed
at the interface, but there is usually an ID.18,19,34 Figure 5
shows the resulting band energy lineup at the interface be-
tween the TiO2 �101� surface and CuI. This diagram was
constructed using the core level BE shifts observed experi-
mentally, the experimental VBMs, and the reported band
gaps for each material �TiO2=3.2 eV �Refs. 28 and 47� and
CuI=3.1 eV �Ref. 44��. As can be seen in the diagram, the
resulting interface valence band and conduction band offsets
are −1.6±0.2 and −1.5±0.2 eV, respectively.

C. The nanoparticulate anatase TiO2 /CuI interface

The Ti 3p core level spectrum for an as-presented and
CuI-dosed nanoparticulate thin film of anatase-phase TiO2

�with an average particle size of 7.3 nm� is shown in Fig.
6�a�. In general, the “as-presented” spectrum is very similar
to that recorded from the clean single crystal �101� surface,
although the signal-to-noise level is worse. For that reason,
the spectra in Fig. 6�a� have been subjected to a low-level
binomial smoothing process, which has reduced the back-
ground noise level by around 30%. �This is in contrast to all
other spectra presented here, which are presented without
any spectral smoothing.� Following the deposition of CuI,
the Ti 3p peak of the as-prepared film shifts to lower BE.
After 10 min CuI dosing, there is no increase in FWHM of

the Ti 3p feature. However, after 90 min deposition, the Ti
3p peak shape appears to be broadened at the high binding
energy side �around 41 eV BE�. This part of the Ti 3p peak
structure has been previously associated with surface Ti spe-
cies having a different coordination environment to the
bulk,26 and the increase in intensity here on deposition may
indicate a more significant chemical reaction between the
as-presented anatase nanoparticles and CuI than in the case
of the single crystal substrate. However, given the poor
signal-to-noise level in these spectra, this conclusion must be
tentative. The BE shift of the Ti 3p peak of the nanoparticu-
late film following the deposition of CuI is 0.3±0.1 eV,
smaller than that observed for the anatase single crystal �101�

surface �0.5 eV�. This implies that the band bending is
smaller in the nanoparticulate TiO2 thin film than in the bulk
material. In general, this agrees with the idea that the size of
the nanoparticles themselves constrains the dimension of the
depletion layer that may be maintained at the interface,
hence smaller band-bending effects are expected.48 We in-
vestigate this hypothesis further in Sec. III E. A longer dos-
ing time than anticipated �nearly three times longer than for
the single crystal surface� was required in order to reach a
state where the valence band spectra of the dosed nanopar-
ticulate surface showed clear features from both the substrate
and the overlayer �see Fig. 7�, suggesting that CuI may be
filling some of the voids in the nanoparticulate film. Using
the method described in Sec. II, we estimate the amount of
material deposited to be equivalent to that needed to yield a
uniform overlayer of thickness of 6±1 Å �about 1 unit cell
or two atomic layers of CuI� if deposited on a single crystal.
However, the deposition is clearly far less uniform than that
observed on the single crystal surface, as attenuation of the
Ti 3p peak on dosing �Fig. 6�a�� is much smaller than that
observed for the single crystal surface �Fig. 1�a��. Given that
CuI deposition �albeit at higher temperatures than those used
here� may produce three-dimensional clusters with dimen-
sions up to tens of nanometers,27 the CuI film may not be
conformal across the whole TiO2 surface.

The I 4d core level photoemission spectra obtained fol-
lowing dosing are shown in Fig. 6�b�. As can be seen, after
90 min CuI dosing, the I 4d doublet shifts to lower BE by
0.4±0.1 eV, 0.2 eV different from a bulk CuI film �BE of
50.6 eV�. Within experimental error, this is similar to the
difference observed on dosing the anatase single crystal
�101� surface, indicating that the band bending in the CuI
layer is similar in both experiments. On increased dosing, the
FWHM of these features decreases �for example, the FWHM
of the I 4d5/2 feature narrows by almost 0.3 eV between 10
and 90 min dosing times�. If we assume that the spectra at
low dosing times are most sensitive to I species bonded to
the anatase surface �as opposed to I species in bulk CuI at
long deposition times�, this may indicate some chemical in-
teraction between the CuI and the as-presented nanoparticu-
late anatase surface �as inferred from the Ti 3p spectra�.

Figure 7 shows the valence band spectra of the as-
presented nanoparticulate TiO2 surface with increasing levels
of CuI dosing. The valence band spectrum of the as-prepared
nanoparticulate TiO2 agrees well with previous ultraviolet
photoemission spectroscopy measurements on nanocrystal-

FIG. 5. Band energy alignment at the heterojunction interface of single
crystal anatase-phase n-TiO2 �101� and p-CuI, after 30 min CuI deposition
�corresponding to around 4 Å layer thickness, see text�. The diagram is
constructed using the experimentally observed core level binding energy
shifts for the anatase TiO2 substrate �Ti 3p core level shift between the clean
surface and 30 min CuI dose� and the CuI overlayer �I 4d core level shift
between 30 min CuI dose and a thick ��40 Å� film of CuI on anatase TiO2�,
the VBMs for clean anatase TiO2 �101� and CuI determined by the method
shown in Figs. 4�a� and 4�b�, and also using reported band gap values for
anatase TiO2 and CuI �Refs. 15, 16, 28, 44, and 47�. The figure is not drawn
to scale.
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line TiO2 thin films observed using a He II excitation
source49 and is also in good agreement with the valence band
spectrum of the clean anatase single crystal �101� surface
shown in Fig. 3. The valence band widths of both are very
similar, although the separate features due to O 2p-Ti 3d

�-bonding states �at 7.6±0.1 eV BE� and Ti 3d-O 2p

�-bonding states �the shoulder at around 5 eV BE� are not so
well resolved in the spectrum of the nanoparticulate thin
film. The lower intensity of the defect state �at around 1 eV
BE� in the case of the nanoparticulate surface indicates that
this surface has fewer defects than the single crystal surface.
This can be expected as this surface was not subjected to any
surface etching or annealing procedure that would create de-
fects prior to the photoemission experiment. The intensity of
the defect peak observed in this sample reflects the intrinsic
defect concentration in the as-presented nanoparticulate film.
Upon dosing for 90 min, the higher BE feature in the valence
band is shifted to lower BE by 0.4±0.1 eV, which is �within
the error bounds� similar to that observed for the single crys-
tal surface. In addition, the valence band is widened at its
lower BE side following CuI dosing with the introduction of
the three new features in the band gap region of the nano-
particulate TiO2 that were observed in the single crystal case
�Sec. III A� at 2.2±0.1, 3.4±0.1, and 4.8±0.1 eV BE. The

CuI valence band features at 2.2±0.1 and 3.4±0.1 eV are
shifted to higher BE by 0.3–0.4 eV from those in the bulk
CuI pellet �Fig. 3�. This value is reasonably consistent with
the shift in the I 4d3/2 feature discussed above.

Figure 8 displays SEED edge spectra for the as-
presented and dosed nanoparticulate TiO2 surfaces. This
yields a value for the work function for the nanoparticulate
thin film of 4.5±0.1 eV, which is 0.2 eV smaller than that
for the clean single crystal �101� surface. A similar difference
has been observed between sputtered and unsputtered nano-
particulate TiO2 thin films and has been explained as arising
from the influence of surface states or surface contamination
on the as-presented film.45,49 The difference in work function
observed here is likely to have a similar origin as repeated
sputtering and annealing steps were used in UHV to clean
the anatase single crystal �101� surface, whereas the nanopar-
ticulate sample was studied in the as-presented state, without
any sputtering or annealing. Upon dosing, the SEED edge for
the nanoparticulate TiO2 film shifts toward lower BE result-
ing in a 1.2±0.1 eV BE shift after a total of 90 min dose.
This is 0.5±0.1 eV higher than that observed for the single
crystal �101� surface. It corresponds to a shift to an apparent
work function of 5.7±0.1 eV, 0.3 eV larger than the work
function estimated earlier for a thick film of CuI. This sug-

FIG. 6. Core level spectra recorded for an as-presented nanoparticulate anatase TiO2 thin film �of average particle size of 7.3 nm� before and after CuI dosing
at different dosing intervals. �a� Ti 3p core level spectra. A binomial smoothing routine has been applied �reducing the background noise level by around 30%�.
�b� I 4d core level spectra.
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gests that there may be an interface dipole at this interface.
This is considered further in the next section.

D. Band energy alignment at the nanoparticulate
anatase TiO2 /CuI interface

The energy band alignment at the interface for the nano-
particulate TiO2 /CuI interface can be carried out by the
same method used for the anatase single crystal �101�/CuI
interface previously. Again, for this purpose, determination
of VBMs of the substrate �the nanoparticulate TiO2 film� and
the overlayer are required. The latter is taken from the VBM
for a thick ��40 Å � film of CuI on the anatase TiO2 single
crystal �101� surface determined previously. The VBM of the
as-presented nanoparticulate TiO2 thin film was determined
using the method outlined in Sec. III B. A value of
3.1±0.1 eV for the VBM was extracted. This is 0.2±0.1 eV
higher than that observed for the single crystal �101� surface
�2.9±0.1 eV�. The higher VBM position for the nanoparticu-
late TiO2 sample is expected, reflecting the larger band gap
compared with the bulk material.

Figure 9 shows a possible band energy alignment at the
interface for the nanoparticulate TiO2 /CuI system. As in the
case of single crystal �101�/CuI interface, this energy level
diagram was constructed using Ti 3p and I 4d core level

binding energy shifts, VBMs, and the band gaps of each
material. The band gap for the nanoparticulate TiO2 �with an
average particle size of 7.3 nm� was estimated from informa-
tion available for the band gap values of TiO2 nanoparticles
with different particle sizes.50,51 The estimated value for the
band gap of the nanoparticulate TiO2 is about 3.4 eV, com-
pared with a bulk band gap of 3.2 eV.28,47 This is consistent
with the magnitude of the shift observed in the VBM of
0.2 eV between the nanoparticle and single crystal samples.
Figure 9, in combination with Eqs. �1� and �2�, yields a va-
lence band offset of −2.1±0.2 eV and a conduction band
offset of −1.8±0.2 eV, both significantly larger than in the
single crystal case. Comparison of the difference in work
function between the overlayer and the substrate with the
measured total band bending now gives a value for the ID of
0.9−0.5 eV=0.4±0.2 eV, i.e., there appears to be a signifi-
cant interface dipole at the interface between nanoparticulate
anatase-phase TiO2 and CuI.

E. Discussion

It is clear that both the single crystal and the nanopar-
ticulate junctions show an energy level lineup consistent with

FIG. 7. Valence band EDCs for an as-presented nanoparticulate anatase
TiO2 thin film �of average particle size of 7.3 nm� before and after CuI
dosing at different dosing intervals. Dosing intervals are as in Fig. 6.

FIG. 8. SEED spectra recorded for an as-presented nanoparticulate anatase
TiO2 thin film �of average particle size of 7.3 nm� before and after CuI
dosing at different dosing intervals. Dosing intervals are as in Fig. 6. The
spectra were recorded while applying a negative bias of −37.9 eV to the
sample; this has been accounted for in aligning the spectra on a binding
energy scale. The method used to determine the SEED edge position is
described in the text and is shown in the figure �Ref. 34�.
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p-n junction formation. In both cases, our experiments sug-
gest that the conduction band minimum and the VBM are
lower on the n-TiO2 side of the interface than on the p-CuI
side, i.e., that the junction is a type-II heterojunction, with
unimpeded transport of electrons to the lower side, as re-
quired for high efficiency in a photovoltaic device. In both
cases, significant band bending is observed at the interface in
both n- and p-type materials. This contrasts with the behav-
ior of liquid-electrolyte dye-sensitized solar cell devices,
where flatband behavior is anticipated—largely on the basis
of the surface screening provided by the electrolyte �for ex-
ample, hydration of the TiO2 surface�, but also on the as-
sumption that the nanoparticulate morphology of the anatase
phase should not permit the maintenance of a substantial
depletion layer at the interface.48 In contrast, we have mea-
sured significant band bending in the solid state nanoparticu-
late junction. The energy level lineup at the crystalline and
nanoparticulate p-n junctions has been measured for two
slightly different sets of deposition conditions �in terms of
the amount of CuI deposited�. The properties of the p-n junc-
tion, for example, the valence and conduction band offsets,
are clearly functions of coverage �Eqs. �1� and �2��. Never-
theless, it seems to be the case that the band bending ob-
served in nanoparticulate TiO2 is smaller than that observed
in the single crystal system, and this may reflect the fact that
the depletion layer in the nanoparticle system is typically
constrained in extent to the average radius of the particles �in

our case around 3.6 nm�. In order to investigate this hypoth-
esis, we estimate the depletion layer widths in our experi-
ments below.

A simple estimate of the depletion layer width may be
obtained from solution of Poisson’s equation52 as

d = �2�0�rV/�nde��1/2, �3�

where �0 is the permittivity of free space, �r is the relative
dielectric constant of the medium �in this case the static di-
electric constant�, V is the band bending at the interface, nd is
the carrier concentration, and e is the electronic charge. For a
typical semiconductor with �r=10, V=1 V, and nd

=1017 cm−3, this gives d=100 nm.52 However, for some ox-
ide materials such as TiO2−x, which are intrinsically nonsto-
ichiometric, the concentration of carriers �originating from
oxygen defects� may be several orders of magnitude larger
than is typical in a “conventional” semiconductor material,
leading to significantly smaller depletion layer widths �Eq.
�3��.

We begin by estimating the carrier concentration in the
single crystal anatase sample used to make the heterojunc-
tion shown in Fig. 5. The photoemission spectrum of this
surface prior to deposition �Fig. 3� indicates that the surface
is highly defected �as indicated by the strong ‘defect’ peak at
around 1 eV BE�. The majority of these defects are created
by the cycles of bombardment and annealing used to obtain
an uncontaminated surface.43 The defect concentration is
therefore expected to be considerably greater than would be
anticipated under normal cell operating conditions. We have
recently used synchrotron radiation–excited core level pho-
toemission to estimate the concentration of oxygen vacancies
as a function of surface treatment at this and a number of
other anatase and rutile surfaces.43 The concentration of oxy-
gen vacancies, and the way in which it varies with surface
treatment on the rutile �110� surface has also been character-
ized by high-resolution scanning tunneling microscopy
�STM�.53 In the present case, we obtain an oxygen vacancy
concentration at the surface of the anatase �101� surface fol-
lowing Ar+ ion bombardment and annealing of 7±2%,43

which, as one oxygen defect has two defect electrons asso-
ciated with it, corresponds to around 15±2% of the Ti4+ ions
at the surface reduced to Ti3+—in other words the surface is
grossly nonstoichiometric. These estimates are consistent
with those obtained from STM for similarly treated
surfaces.53 Using available crystallographic data,54 we can
then obtain an estimate of the density of defect electrons, Nd

�101� in the surface layer of the anatase �101� sample of
4.4�1021 cm−3. As expected, this is substantially larger than
the concentration of defects in, say, a doped III-V semicon-
ductor material, and the calculated depletion layer width will
be correspondingly much smaller. In order to estimate this,
we require the band bending in the single crystal TiO2 at the
interface, estimated as 0.5 V from our experiments �Fig. 5�,
and an estimate of the static dielectric constant of bulk
anatase-phase TiO2. The latter is rather problematic, as val-
ues given in the literature vary widely, and will be affected
by defect concentration. We have chosen to take �r=48.55

This lies in the midrange of quoted values, but as literature
values vary by around an order of magnitude, we note that

FIG. 9. Band energy alignment at the heterojunction interface for an as-
presented nanoparticulate anatase-phase n-TiO2 thin film �of average par-
ticle size of 7.3 nm� and p-CuI. The diagram shows the alignment after
90 min CuI deposition �equivalent to around 6 Å layer thickness if uni-
formly deposited, see text�. The diagram is constructed using experimentally
observed core level binding energy shifts for the anatase TiO2 substrate �Ti
3p core level shift between the clean surface and 90 min CuI dose� and the
CuI overlayer �I 4d core level shift between 90 min CuI dose and a thick
��40 Å� film of CuI on anatase TiO2�, the VBMs for the as-presented
nanoparticulate n-anatase TiO2 thin film �see text� and CuI �Fig 4�b�� and
also using band gap values for the nanoparticulate anatase TiO2 thin film
�extrapolated, see text� and CuI �Refs. 15, 16, and 44�. The figure is not
drawn to scale.
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the resulting value of the depletion layer width �8 Å� is a
rough estimate only, and the value may lie in the range of
3–12 Å. Nevertheless, it is clear that the depletion layer
width at the single crystal anatase surface is very small due
to the high defect concentration. It is conveniently probed by
surface sensitive techniques such as photoemission, as it
rather shorter than the typical sampling depth of the tech-
nique in these samples �which is itself a function of photon
energy, but is typically some tens of angstroms�.

In the case of the nanocrystalline junction, where CuI is
deposited on an as-presented nanocrystalline anatase thin
film, it is clear from Fig. 7 that the concentration of defects
at the anatase surface is much smaller than for the
Ar+-etched single crystal surface; nevertheless, a significant
concentration of defects is present, as evidenced by the “de-
fect” peak at around 1 eV BE. In this case the sample is
studied in the as-presented state, without any etching or an-
nealing treatment and was not heated during dosing. The
surface is stable to oxygen loss in UHV. In this case, the
intensity of the defect peak is indicative of the intrinsic con-
centration of defects at the surface of the nanoparticulate
sample. By comparison with Ref. 43, we estimate that the
concentration of surface oxygen vacancies is 1±2% or rather
less, corresponding to a maximum defect electron density Nd

nc in the surface layer of the nanocrystalline anatase sample
of 5.9�1020 cm−3, a value still considerably larger than is
typical for a conventional semiconductor. In this case, the
measured band bending in the anatase thin film is 0.3 V. We
note that the particle size in the nanoparticulate film is rather
smaller than that typically encountered in dye-sensitized
photovoltaic devices �around 15 nm �Ref. 48��. The trap den-
sity in these samples has been shown to be proportional to
the internal surface area,56 so the defect electron density ob-
served here may be larger than that typically found in real
devices. Again, literature estimates for the static dielectric
constant of as-deposited nanocrystalline anatase thin films
vary considerably.57 For convenience, we again use the value
of �r=48 for bulk anatase,55 as this lies in the midrange of
quoted values for as-deposited thin films �which are typically
in the range of 30—80 �Ref. 57��. We obtain an estimate for
the depletion layer width in the nanocrystalline anatase
sample of around 1.6 nm, with a similar caveat to the single
crystal case, that the value may lie in the range of
1.4–2.6 nm. This value is rather larger than that obtained in
the single crystal case due to the difference in carrier con-
centration. It is nevertheless of a similar magnitude �in fact,
rather smaller than� the average radius of a nanoparticle in
the anatase thin film �around 3.6 nm�. Thus we conclude that
although we measure significant band bending in the nano-
crystalline anatase thin film, the depletion layer width main-
tained by this voltage is small enough to be contained within
the dimension of the nanoparticles making up the film.

In the case of the single crystal anatase �101� interface,
we find that the electron affinity rule �EAR� of Anderson is
obeyed,58 i.e., there is a negligibly small interface dipole �of
−0.1±0.2 eV�, and the overall band bending at the junction
matches the work function difference. The EAR rule does
not hold precisely in many experimentally investigated
heterostructures,17 and indeed, in the case of the nanocrystal-

line thin film interface, we observe a significant interface
dipole of 0.4±0.2 eV. Here the work function difference is
not completely accounted for by the measured band bending.
Although our estimates show that the band bending within
the nanoparticulate thin film is close to being constrained by
the dimensions of the nanoparticles in the film, the reasons
for the significant interface dipole are not completely clear.
However, we anticipate that a discontinuity in the electric
field at the interface may arise due to the roughness of the
nanocrystalline morphology, due to chemical reaction at the
interface suggested by the core level photoemission measure-
ments �Sec. III C�, or due to the presence of residual foreign
atoms from the solution phase preparation route, all of which
are absent in the case of the atomically flat and clean single
crystal surface. The surface species might be expected to
include surface hydroxyl, water, and possibly residual or-
ganic material from the isopropanol used in the final precipi-
tation. Such species typically give rise to features to the high
binding energy side of the valence band, particularly at
around 10 eV BE.59 The absence of strong features due to
contamination in the valence band spectra of the nanopar-
ticulate film �Fig. 7� suggests that this contamination is not
severe. Perhaps a more important cause of an interface dipole
might be the presence at the interface of polar anatase sur-
faces. By analogy with rutile,59 the �101� surface of anatase
should not be a polar surface �i.e., it should have no dipole
normal to the surface�. This is consistent with the absence of
an interface dipole in the single crystal case. In contrast, in
the nanoparticulate samples, a range of surface terminations
would be expected at the surfaces of the nanoparticles, in-
cluding �101�, �001�, and others, and some of these are likely
to possess an intrinsic surface dipole that could contribute to
the observed interface dipole.

IV. CONCLUSIONS

Photoemission has been used to determine the energy
level lineup at the interface between vacuum-deposited CuI
and both single crystal and nanoparticulate TiO2. We con-
clude that both interfaces are type-II heterojunction inter-
faces, allowing unimpeded transport of electrons into the
TiO2 layer. Band bending is observed at both junctions, and
in the case of the single crystal system, work function mea-
surements suggest there is a negligible interface dipole, i.e.,
the EAR �Ref. 58� is obeyed and the band bending at the
junction matches the work function difference. The behavior
of this inorganic/inorganic interface thus contrasts with
that typically observed at inorganic/organic hetero-
junctions.18,19,34 Smaller band bending is observed in the
nanoparticulate TiO2 film than in the single crystal sample.
This is consistent with the idea that in the nanoparticulate
sample the sustainable depletion layer depth is constrained
by the dimension of the nanoparticles. However, we show
that �because of the relatively high carrier concentrations in
the nanoparticles�, a significant voltage is required to main-
tain a rather small depletion layer. In the case of the nano-
particulate thin film, our measured band bending corresponds
to a depletion layer depth of only around 2 nm, compared
with an average nanoparticle radius of 3.6 nm. It is thus clear
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that significant band bending may be maintained even in
nanoparticulate anatase. The measured energy level lineup at
the TiO2 /CuI interface is thus rather different from the “flat-
band” picture often assumed for dye-sensitized solar cell sys-
tems. In the nanoparticulate system the calculated valence
and conduction band offsets are larger than for the single
crystal case, the band bending is no longer large enough to
account for the difference in work function, and a substantial
interface dipole of 0.4±0.2 eV is found. This may be due to
the presence of polar surfaces, foreign atoms, chemical reac-
tion, or surface roughness at this interface, and contrasts with
the behavior found at the atomically flat and clean nonpolar
single crystal interface.

Photoemission, which has a sampling depth similar to
the probed depletion layer widths, is a powerful method for
direct determination of the energy level lineup at p-n junc-
tions. The band offset at a heterojunction interface is one of
the most important properties of the junction and is impor-
tant in optimizing the photoconversion yield of the cell. In
this case we have directly measured the VB and CB offsets,
demonstrated the presence of substantial band bending, and,
in the nanoparticulate case, measured a significant interface
dipole. The resulting energy level lineup cannot be predicted
from flatband potential measurements widely used for dye-
sensitized solid state solar cell materials. In principle, accu-
rate determination of the energy level lineup at this hetero-
junction could help us guide the choice of sensitizing dye for
optimum interface charge transfer. Work aimed at under-
standing how the energy level lineup is affected by dye ad-
sorption is underway.
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