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Electronic structure of epitaxial anatase TiO, films: Angle-resolved photoelectron
spectroscopy study
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Synchrotron-radiation angle-resolved photoelectron spectroscopy has been utilized to examine the bulk
valence-band structure of anatase TiO,(001) thin films fabricated on LaAlO3(100) by pulsed laser deposition.
The energy-momentum dispersion relation of O 2p-derived nonbonding, O 2p-Ti 3d o bonding and several =
bonding states is determined experimentally. The nonbonding state at the top of the valence band is located at
4.3 eV at the center of the bulk Brillouin zone, and it shifts towards the shallower energies to 3.8 eV at the zone
boundary. No other states with binding energies smaller than 3.8 eV are found on any other high-symmetry axes
and points. Thus the valence-band maximum is located at the zone boundary. Our finding proves that anatase is

an indirect-band-gap semiconductor.
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I. INTRODUCTION

Photocatalytic degradation of toxic organic compounds
in water, soil, and air in the presence of photocatalytic
materials has received much attention over the past two
decades.'™ Photocatalytic activity is due to a photoexcited
electron in the conduction band and a hole left behind in
the valence band. Electrons and holes are a good reductant
and a powerful oxidant, respectively, and they can initiate
redox reactions on the catalyst surface.” Of all materials that
exhibit photocatalytic activity, titanium dioxide (TiO;) is most
promising because of its high efficiency, chemical stability,
nontoxicity, and low cost of production.’

TiO, exists in nature as minerals in three different poly-
morphs; rutile, anatase, and brookite. There have been many
studies on the electronic and structural properties of TiO;,
especially the rutile polymorph. Rutile is an important rock-
forming mineral and the most abundant TiO, polymorph in
nature. However, less abundant anatase has attracted much
attention as a photocatalyst because of its efficiency superior
to that of rutile.5® Basic properties of anatase have been
investigated, and some fundamental aspects relating to their
photocatalytic activity such as the behavior of excitons have
been revealed.””!! Nevertheless, some important issues remain
unanswered.

One of the controversial issues is whether anatase TiO, has
a direct band gap or an indirect band gap. Many theoretical
studies have been carried out to elucidate the band structure
of anatase.'>?° The theoretical investigations have all shown
that the conduction-band minimum (CBM) is located at
the center of the bulk Brillouin zone (BZ).'>?° However,
the position of the valence-band maximum (VBM) depends
on the calculation methods employed. The study using a
full potential linearized augmented plane-wave (FLAPW)
method by Asahi et al. predicts the VBM position at the I’
point.'? This result suggests that anatase has a direct band
gap at the zone center. On the other hand, the orthogonalized
linear-combinations-of-atomic-orbitals method by Mo and
Chiang'? as well as several density-functional theory (DFT)
calculations'*!” show that the VBM should be near the zone
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boundary. Another DFT study by Hitosugi et al. also gives
the band with the VBM at the off-I" point, but near the
zone center.’’ These latter results imply that anatase is an
indirect-band-gap material.

For a better understanding of the transport property of
photogenerated electrons and holes and of the electron-hole
recombination process, which directly affect the photocatalytic
activity, it is crucial to determine the band-gap type of anatase
TiO,, i.e., the VBM position. However, no experimental
investigation has been attempted to directly examine the
valence-band structure of anatase. The lack of the exper-
imental investigation results from the fact that anatase is
thermodynamically unstable in comparison with rutile,?!> so
that large-scale single crystals have not been easily obtained.
Fortunately, recent thin-film fabrication techniques allow us to
prepare single-crystal anatase thin films on substrates such as
SrTiO5(100) and LaAl05(100).23-26 On these oxide substrates,
the anatase TiO; film is grown with (001) orientation. Because
of a small lattice mismatch between anatase TiO,(001) and
LaAlO3(100) (0.1%) in comparison with SrTiO3(100) (3.1%),
the anatase thin film is obtained with a better crystallinity on
LaAlO3(100) than on SrTiO3(100).%

In the present study, single-crystal anatase TiO, films
were prepared on LaAlO3;(100) by pulsed laser deposition
(PLD), and the valence electronic structure was investigated by
angle-resolved photoelectron spectroscopy (ARPES) utilizing
synchrotron radiation. The bulk band structure of anatase was
determined in great detail. Special attention was paid to the
position of the VBM in the bulk BZ. We have found that
the experimental band structure is in good agreement with
theoretical band structure with the VBM off the center of the
bulk BZ.

II. EXPERIMENT

Single-crystal anatase TiO,(001) thin films were grown
using PLD with a KrF excimer laser (A = 248 nm) on
LaAlO3(100). PLD was conducted at a substrate temperature
of 970 K and an O, pressure of 1.0 Pa. Details on the growth
procedure is found in the literature.’® The x-ray-diffraction
(XRD) pattern of the TiO, film showed (004) and (008)
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FIG. 1. (Color) XRD pattern of TiO, thin film of 0.5-um
thickness deposited on LaAlO3(100). Cu-K « x-ray source was used
for radiation.

reflections from the anatase phase in addition to substrate
reflections as shown in Fig. 1, indicating that (001) oriented
anatase was indeed obtained. Since no other peaks were
observed, crystallinity of the anatase film was high. The
azimuthal direction of the film was checked by reflection
high-energy electron diffraction. The (001)-oriented anatase
films were epitaxially grown with a relationship of [100]
anatase//[010] LaAlOs;.

The anatase TiO, sample was fixed on a Ta holder and
was inserted into the ultrahigh vacuum chamber with a base
pressure of 2.0x10~8 Pa. The in situ preparation to remove
surface contamination involved cycles of Ar' sputtering
(2.5 kV, 0.5 nA) and annealing at 900 K for several times.
The sample was then annealed at 700 K in O, atmosphere
(1.0 x 10™* Pa) for 5 min to restore the surface stoichiom-
etry. The surface thus prepared showed a (4x1) low-energy
electron-diffraction pattern, a typical reconstruction structure
for the anatase (001) surface.?® The work function of the clean
surfaces, determined from the photon energy and the width of
photoelectron spectra from the Fermi level to the secondary
electron cutoff, was 5.4 eV. The value is in good agreement
with literature values of anatase TiO,(001).2°-3!

The ARPES measurements were performed utilizing syn-
chrotron radiation at beamline 3B of the Photon Factory,
High Energy Accelerator Research Organization (KEK). A
sector-type hemispherical electron energy analyzer (HA45,
VSW) was used to acquire the spectra with a typical overall
energy resolution of 0.2 eV at the photon energy of 60 eV. The
incidence light was linearly polarized within the incidence
plane, which was set parallel to the detection plane of the
photoelectrons. The measurements were conducted at room
temperature. Since both TiO, and LaAlOj are semiconductors,
sample charging was expected during the photoemission
measurements. We confirmed absence of sample charging by
varying the incident photon flux. This implies a certain amount
of oxygen vacancies in the bulk. Nevertheless, as we will see
below, the low concentration of the oxygen vacancies was
achieved in the surface region.

Anatase TiO; has a body-centered-tetragonal (bct) structure
(14, /amd space group) [Fig. 2(a)] with lattice constants of
a = 0.379 nm and ¢ = 0.951 nm.*> The bulk BZ for the
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FIG. 2. (Color) Bulk atomic structure (a) and the bulk Brillouin
zone (BZ) (b) of anatase TiO,. The BZs for the body-centered-
tetragonal structure (thick solid lines) and for the simple tetragonal
structure (dashed lines) are indicated.

bet structure is depicted in Fig. 2(b). Among the theoretical
band calculation studies, some employed the BZ for the bct
structure,'*1518:19 while others examined the band structure
assuming the BZ for the simple tetragonal structure,'>!3:16:17:20
The BZ for the simple tetragonal structure is shown by dashed
lines in Fig. 2(b). In the present ARPES study, we examined
the band structure along the high-symmetry axes of the BZ for
the simple tetragonal structure, i.e., the I'-X, Z-R,I"-Z, I"-M,
and Z- A axes, which corresponds to the '-M-Z, Z/2-N, I'-Z,
I'-X and Z/2-P axes of the BZ for the bct structure. To examine
the band structure at a certain wave number in the bulk BZ,
i.e., k =(k/, k1), aspectrum was measured at a set of a photon
energy (hv) and a detection angle of the photoelectrons (6,)
determined by the following equations:

k; =h~'\/2m*(hv — ¢ — Epin)sinf, (1)
ki =1 2m*{(hv — ¢ — Epin)cos20s + Vo). (2)

k;; and k| are the wave numbers parallel and perpendicular to
the (001) plane (ab plane), respectively. ¢ is the work function,
and the measured value of 5.4 eV was used. V is an inner
potential, which was determined to be 16 (1) eV from the
value of ¢ (5.4 eV) and the bottom position of the valence
band (9-11 eV below Ef). The effective mass of an electron
(m™*) was determined so that maxima and minima of branches
of the valence bands coincide with the high-symmetry points
of the extended bulk BZ. The value of m* was (0.88 £0.01)m,,,
where m, was the rest mass of an electron.

The electronic structure on the I'-Z axis was determined
from a series of the normal emission spectra measured at hv
between 45 and 80 eV, which covers the I'-Z axis from the
10th to the 14th BZ (32 < k; < 44 nm™!). For the band
structures on the I'-X and Z-R axes (the I'-M-Z and Z/2-N
axes, respectively, for the bct notation), the detection plane
was set parallel to the [100] direction, and the spectra were
acquired at (hv, 8y) from (64.3 eV, 0.0°) to (91.4 eV, 35.3°) for
I'-X and from (76.2 eV, 0.0°) to (101 eV, 33.0°) for Z-R. With
the detection plane parallel to the [110] direction, a series of
spectra measured at (hv, 64) ranging from (64.3 eV, 0.0°) to
(118 eV, 45.5°) and from (74.7 eV, 0.0°) to (128 eV, 42.6°)
gave the band structures on the I'-M and Z-R axes (the I'-X
and Z /2- P axes for bct), respectively.

The electron binding energy of the spectra presented in
the paper is referenced to the Fermi energy (Ef), which was
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determined from the Fermi cutoff in the spectra of the Ta
sample holder.

III. RESULTS AND DISCUSSION

Figure 3 shows ARPES spectra along the selected high-
symmetry axes of the bulk BZ. The valence band of TiO,,
composed of the O 2p states with a minor contribution of
the Ti 3d states,’>* is observed between 4 and 10 eV. In the
band-gap region, only a very weak emission is seen at 1 eV
below the Fermi level, where the Ti 3d states are expected if
the TiO, surface is reduced and the Ti** species are formed.>
Thus the concentration of the O vacancies is low on the anatase
TiO,(001)-(4 x 1) surface prepared in the present study, in good
agreement with the photoemission study by Thomas et al.>*
Of all emission peaks observed, none of them is associated
with the surface-localized states, because the peaks are not
sensitive to adsorption of contaminants such as water in the
analysis chamber.

The valence-band spectra are characterized by two intense
peaks at the upper and lower binding energy regions and
weak emission structures in between them. These features
have already been identified by the recent photoemission
studies.*3* On the basis of the FLAPW calculations by Asahi
et al.,"® the valence band is decomposed into roughly three
contributions: the O 2p-derived P, nonbonding states in the
upper valence-band region, the O 2p- and Ti fp,-derived 7
bonding states in the middle energy region, and the o bonding
states formed by the Ti e, and O 2p, states in the lower
region. Figure 3 shows that some of the emission peaks
show substantial energy shift depending on both kv and 6,
reflecting energy dispersion of the valence states along the
high-symmetry axes of the bulk BZ.

To clarify energy dispersion of the valence states, grayscale
band maps are constructed by plotting spectral weight of the
second derivatives of the measured ARPES spectra. Figure 4

tetragonal tetragonal tetragonal

5
=
N
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shows the grayscale band maps along the selected axes of
the bulk BZ. The P, nonbonding and o bonding states are
observed as bright bands at the upper (4-5 eV) and lower
(7-9 eV) parts of the valence-band region, respectively, and the
7 bonding states are seen at 5—7 eV. These bands exhibit quite
complex dispersion structures. However, a close examination
reveals that some of the bands have clear periodic dispersion;
for example, the top P, band on the I'-M axis (I"-X for bct)
shows local maxima and minima in energy at the M (X) points
and the I" points, respectively. Similarly, the P, band on Z-A
(Z/2-P for bct) also shows local maxima and minima at A
(P for bet) and Z (Z /2 for bet), respectively. Regarding the o
band at the bottom of the valence region, periodic structures
arerecognized onthe I'-X, I'-M, and Z-A axes (I'-M-Z,T'-X,
Z /2-P for bcet, respectively).

For more quantitative information on the band structure,
each valence-band spectrum is decomposed into components
by least-squares fitting using Gaussian functions and a linear
function. In the fitting procedure, a linear function is assumed
for the background of the spectrum, and three or four Gaussian
functions are used to reproduce the background-subtracted
spectrum. The height, the width, and the position of each
Gaussian are treated as variables. We first start least-squares
fitting with three Gaussians, and the fourth Gaussian is added
if the peak width of one of the Gaussian peaks is much larger,
typically more than three times, in comparison with the other
two peaks. A part of the results are shown in the bottom
spectra in Fig. 3. The shallowest peaks at Ey;, = 4-5 eV are
associated with the O 2p-derived P, nonbonding states, while
the contribution from the o bonding states gives the peaks at
Epin = 7-9 eV."3 In the energy region between the P, and o
states, T bonding states are resolved including the second shal-
lowest peak with a relatively large intensity at around 5 eV.*

Plots of the binding energies of the resolved components
against k give the bulk valence-band structure of anatase
TiO, as shown in Fig. 5. Each plotted point corresponds to

tetragonal

tetragonal

Intensity (arb. unit)
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64.3 eV Mxﬁ_
0.0° 0°
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10 0 10 0 10
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FIG. 3. (Color) ARPES spectra of the anatase TiO, thin films along the selected axes of the bulk BZ. Both hv and 6, were adjusted to
acquire the spectra along the selected points on the axes. The values used for the spectra at the high-symmetry points are indicated. Results of
least-square fitting using Gaussian functions and a linear function are shown in the bottom spectra.
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FIG. 4. (Color) Intensity plots of the second derivatives of the measured spectra shown in Fig. 3. Bright and dark regions correspond to the

high and low spectral weight regions, respectively.

the position of the Gaussian peak, and the size of the point
represents the integrated intensity of the peak. The P, state
forms an almost flat band at 4.3 eV on I'-X (I'-M-Z for
bet) and Z-R (Z/2-N for bet), while the state moves to the
shallower energies from 4.3 eV at I" to 3.8 eV at M (X for bct)
and from 4.3 eV at Z (Z/2 for bet) to 4.1 eV at A (P for bet).
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FIG. 5. (Color) Comparison of the experimental band (indicated
by circles, whose size represents the emission intensity) with the
theoretical bands (solid lines). Theoretical bands are obtained by (a)
the hybrid DFT calculations by Zhang et al. (Ref. 17), (b) the FLAPW
calculations by Asahi ef al. (Ref. 13), and (c) the DFT calculations
by Mikami et al. (Ref. 14).

No other states with binding energies smaller than 3.8 eV are
found in any other high-symmetry axes and points. This fact is
more clearly indicated in Fig. 6, in which the spectrum at the
M point (the X point for bet) is compared with those at other
high-symmetry points. Thus the P, state at the M point (the
X point for bet) should correspond to the VBM.

In Fig. 5, we compared the experimentally determined band
structure with the theoretical bands. Solid lines in Fig. 5(a) and
5(b) are the results of the hybrid DFT calculations by Zhang
et al.'’ and the FLAPW calculations by Asahi et al.,'> both of
which employs the BZ for the simple tetragonal structure. The
energy position of the calculated band is aligned so that the
state at the I" point coincides with the experimental value of
4.3 eV. Moreover, the energy widths of the calculated valence
bands are diminished to 94% for the hybrid DFT and 90%
for the FLAPW to align with the bottom of the experimental

simple tetragonal

M point
(X point for bet)

A point

(P point for bet

Intensity (arb. unit)

10 ‘ 0 10 0
Binding Energy (eV)
FIG. 6. (Color online) Comparison of the spectrum at the M point
(the X point for bet) with those at other high-symmetry points of the

bulk BZ. The results of the least-squares fitting are shown by solid
lines. Details of fitting are given in the text.
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valence band, which appears at 8.8 eV at a k point on the Z-A
axis.

The dispersion width of the top P, band on I'-M and A-Z
is in good agreement between the experiment and the hybrid
DFT band, while the theoretical band does not reproduce the
P, band on I'-X and R-Z [Fig. 5(a)]. Regarding the FLAPW
result, the overall agreement with the experimental band is
rather poor for the P, band on all axes [Fig. 5(b)]. In the
lower part of the valence-band region, comparison of the
experimental bands with theoretical bands reveals that the o
band at 7.5-8 eV with the high emission intensity is assigned to
the flat bands just above the bottom of the valence band, while
the band at 8-9 eV, which has a low emission intensity, should
correspond to the bottom edge of the dispersing bands. In
the 7 band region, the number of the experimentally resolved
bands is apparently smaller than the number of the theoretical
bands. This is due to the limitation of the experimental energy
resolution as well as the weak emission intensity of the r states
in comparison with the P, and o states. Nevertheless, we see
that some parts of the experimental bands can be associated
with the theoretical bands.

Figure 5(c) shows the comparison with the DFT band by
Mikami et al.'* along the I'-Z and I"- X axes (the bct notation).
Although the reproducibility of the 7 band in the middle part
of the valence region is again poor, correspondence between
the experiment and the theory is satisfactory for the P, and o
bands. Band dispersion from I" to the VBM at the X point is
especially well reproduced.

The most important result of the present study is that the
VBM position is determined experimentally. Although many
theoretical studies have predicted that the VBM of anatase
TiO, is at the point close to the M point (the X point for
bet),'>141 some exceptions have also been reported.'3?°
Experimentally, the VBM is found at the M point (the X
point for bet). Unfortunately, we cannot say whether the VBM
is located at M (X) or near M (X). However, our finding
decisively indicates that anatase TiO; has an indirect band gap.
Thus the present study has solved the conflicting theoretical
results for the band-gap type of anatase TiO,.

Among the major polymorphs of TiO,, i.e., rutile, anatase,
and brookite, only anatase has the indirect band gap, whereas
both rutile and brookite have the direct band gap at the T’
point.'>!® The indirect band gap in anatase should affect
the behavior of photoexcited electrons and holes. Time-
resolved photoluminescence measurements have revealed that
photoexcited electrons and holes are relaxed nonradiatively to
the CBM and VBM, respectively, form self-trapped excitons
(STEs) and are finally quenched by radiative recombination
at low temperatures (10 K).3738 In contrast, those in rutile
form free excitons. At room temperature, on the other hand,
the formation of STEs is suppressed and the nonradiative
recombination through an overlap of the excited state and
ground state of electrons dominates the relaxation process

PHYSICAL REVIEW B 85, 035129 (2012)

in anatase.>® Time-resolved transient absorption spectroscopy
(TRTAS) has been utilized to investigate the relaxation process
of photoexcited electrons and holes in atatase and rutile
nanocrystals at room temperature.** The decay curve of
transient absorption at a fixed wavelength as a function of
delay time was fitted by exponential decay components. The
resultant time constants are in us range for both anatase and
rutile and these long decay times in anatase and rutile are
associated with electrons trapped at surface defect sites (oxy-
gen vacancies).*! These decay channels at surface dominate
the relaxation dynamics in nanocrystals at room temperature,
irrespective of crystal structures.

Recently, the recombination rate constant of electron and
hole in single-crystal rutile has been evaluated to be 5 X
1073 em™3 s7! using TRTAS, which is much smaller than
the diffusion rate constant of these carriers (1.4 x 1078 cm™3
s~1).*? This demonstrates that photoexcited electrons and holes
in bulk TiO, suffer from direct recombination immediately
after their relaxation to the CBM and VBM. However, the
direct recombination requires the absorption or emission of
phonons in anatase, whereas does not in rutile, as mentioned
above. Therefore the reactivity of photoexcited electrons and
holes should be lower in anatase than in rutile. Very recently,
the decay of time-resolved transient photoconductance spec-
trum has been shown to be much slower in anatase (>10
ns) than that in rutile (<1 ns).** The band-gap type (direct or
indirect) plays an important role in the recombination rate, i.e.,
lifetime of electrons and holes. The lifetime of photogenerated
carriers is closely related to the photocatalytic activity.’”-8
The superiority of the photocatalytic activity of the anatase
form over the rutile form is owing partly to the valence-band
structure with the indirect band gap.

IV. SUMMARY

Angle-resolved photoelectron spectroscopy is utilized to
determine the valence-band structure of single-crystal anatase
TiO, films fabricated on LaAlO3(100). The O P, nonbonding
state and O 2p-Ti e,-derived o bonding state form band with
energy dispersion at the upper and lower parts of the valence-
band region. Several O 2p-Ti f,,-derived 7 boning bands are
also identified between the P, and o bands. These valence
bands are observed in the binding-energy region between 3.8
and 8.8 eV with the shallowest state at the M point for the
simple tetragonal (the X point for the bct). Since the CBM
of anatase is located at the center of the bulk BZ, anatase is
classified as an indirect-band-gap semiconductor.
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