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The electronic properties of anatase titanium dioxide (TiO2) thin films epitaxially grown on LaAlO3

substrates are investigated by synchrotron-x-ray spectroscopy [x-ray absorption spectroscopy (XAS), x-
ray photoemission spectroscopy (XPS), and angle-resolved photoemission spectroscopy (ARPES)] and
infrared spectroscopy. The Ti3+ fraction in TiO2−x is varied either by changing the oxygen pressure during
deposition or by postgrowth annealing in ultrahigh vacuum (UHV). Structural investigation of the TiO2

thin films provides evidence of highly uniform crystallographic order in both as-grown and in situ UHV-
annealed samples. The increased amount of Ti3+ as a consequence of UHV annealing is calibrated by in
situ XPS and XAS analysis. The as-grown TiO2 samples, with a low Ti3+ concentration, show distinct
electronic properties with respect to the annealed films, namely, absorption in the midinfrared (MIR)
region correlated with polaron formation, and another peak in the visible range at 1.6 eV correlated with the
presence of localized defect states (DSs). With the increasing level of Ti3+ induced by the postannealing
process, the MIR peak disappears, while the DS peak is redshifted to the near-infrared region at about 1.0
eV. These results indicate the possibility of tailoring the optical absorption of anatase TiO2 films from the
visible to the near-infrared region.

DOI: 10.1103/PhysRevApplied.13.044011

I. INTRODUCTION

The surface properties of titanium dioxide (TiO2) [1–4]
make this system a very widely studied oxide for pos-
sible applications in photocatalysis [5,6] and many other
fields [7–10]. An impressive number of real devices based
on the photocatalytic properties of TiO2 are nowadays
available, such as devices for photoinduced water photol-
ysis, photocatalytic devices, photocatalytic self-cleaning
TiO2-coated materials, devices using the photocatalytic
antibacterial effect of TiO2 films, devices using photoin-
duced hydrophilicity, and many others [5]. Anatase TiO2,
which is considered potentially most relevant for energy-
related applications from among the three different TiO2
polymorphs, is an insulator with a band gap of 3.2 eV
[11,12]. It therefore shows very efficient photoactivity
under UV irradiation, but this accounts for only 5% of the
solar spectrum, limiting its use in wide-scale applications.
However, it has been recently shown that the presence of
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Ti3+ impurities extends the photoresponse of a polycrys-
talline mixture of rutile and anatase TiO2−x from the UV
to the visible-light region. The appearance of band-gap
states may indeed lead to high visible-light photocatalytic
activity [13,14].

Here we report on the evolution of the electronic prop-
erties of epitaxial anatase TiO2−x thin films that show
different fractions of oxygen defects (x), as studied by
a combination of x-ray, optical, and photoelectron spec-
troscopy. The variable concentration of oxygen defects
arising from the growth and postgrowth conditions is
reflected in the results of core-level x-ray spectroscopy.
Combined analysis of data from angle-resolved photoe-
mission spectroscopy (ARPES) and infrared (IR) spec-
troscopy shows the development of defect-related bands
and an IR absorption peak that shifts in energy from 1.6
to 1 eV. The results indicate the possibility of tuning the
optical absorption of anatase TiO2 thin films in the visi-
ble and near-infrared spectral region, i.e., of exploiting a
substantial part of the solar spectrum (e.g., 42%–43% of it
falls in the visible range, while the remaining part is mostly
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in the infrared region), therefore opening up the possibil-
ity of TiO2-based optical devices with tailored electronic
properties.

II. EXPERIMENTAL PROCEDURES

A. Growth and structural characterization

Anatase TiO2−x thin films are grown by pulsed laser
deposition using a KrF excimer pulsed laser source at the
in situ NFFA facility, which integrates the APE beamlines
at IOM-CNR at Elettra in Trieste [15,16]. A typical energy
density of about 2 J/cm2 and a laser repetition rate of
1 Hz are used. The growth temperature is set to 700 ◦C,
and the target-substrate distance is about 5 cm. A stoi-
chiometric single-crystalline rutile TiO2 target is used for
the deposition process. Epitaxial anatase TiO2−x thin films
are grown on (001)-oriented LaAlO3 (LAO) under a wide
range of oxygen background pressures (i.e., from 10−5 up
to 1 mbar). For the present study, the oxygen pressure is
fixed at 3 × 10−4 and 1 × 10−4 mbar (hereafter called as-
grown samples no. 1 and no. 2). Such values have been
proven to induce a very small amount of oxygen vacancies
in TiO2 thin films [17]. The annealing process is performed
by letting the sample remain at the deposition tempera-
ture (i.e., 700 ◦C) in UHV (i.e., at a base pressure less
than 10−7 mbar); this sample is referred to hereafter as the
annealed film. The crystallographic properties of the films
are probed ex situ by means of x-ray diffraction (XRD)
using a four-circle diffractometer with a Cu Kα radia-
tion source. The film thickness and surface roughness are
probed by low-angle x-ray reflectivity (XRR). XRR and
symmetrical θ -2θ measurements of the as-grown sample
no. 1 and the annealed sample are shown in Fig. 1.

Numerical simulations of the low-angle XRR data (i.e.,
the blue curve in the upper panel of Fig. 1), performed by
means of the IMD package in the XOP software [18,19],
fully match the design value of 30 nm. XRR oscillations
are recorded up to 2θ values of 4◦, while, above this angle,
the oscillations fall below the experimental sensitivity
of the x-ray diffractometer [17,20,21]. In situ scanning-
tunneling-microscopy (STM) experiments are performed
with an atomic-resolution UHV apparatus, immediately
after the growth of the samples. The STM topography
shows good surface quality, with an overall root-mean-
square value of surface roughness of about 0.2 nm, thus
implying a very low surface roughness of the grown
samples, consistently with previous studies [17].

The symmetrical θ -2θ XRD scans contain only anatase
diffraction peaks, indicating that the samples are single-
phase and well oriented, with no traces of secondary
phases or other crystallographic orientations. Precise deter-
mination of the out-of-plane lattice parameters is done
after alignment of the (002) diffraction peaks of the LAO
substrate [22]. The out-of-plane lattice parameter of the
as-grown sample no. 1, calculated from the symmetric

FIG. 1. Upper panel: low-angle XRR of 30-nm-thick TiO2−x
film grown on (001) LAO (the simulated XRR curve is also
included as a continuous blue line). The inset shows symmetrical
θ -2θ scans of the as-grown sample no. 1 (black) and the annealed
TiO2−x film (red). Lower panel: HRTEM image of an annealed
TiO2−x film taken along the [010] zone axis.

(004) Bragg reflections and shown in the inset of Fig. 1,
is 0.947 ± 0.001 nm, in good agreement with the c-axis
parameter of relaxed anatase TiO2. This is expected due to
the very low lattice mismatch between the LAO substrate
and the anatase TiO2 (0.1%, i.e., a strainless condition).
However, as a consequence of the loss of oxygen in the
annealing process, and similarly to what occurs in many
other perovskite oxide systems [23–26], the out-of-plane
lattice parameter increases to 0.949 ± 0.001 nm.

The atomic structure of the TiO2 films is investi-
gated by high-resolution transmission electron microscopy
(HRTEM). Similarly to previously investigated as-grown
samples [17,27,28], HRTEM reveals the presence of a
modulated structure all through the film thickness in the
case of UHV-annealed TiO2 films also; this is tentatively
associated with the occurrence of oxygen vacancies, self-
organizing into regular arrays of planar defects. Impor-
tantly, no structural differences can be seen between the
near-interface region and the bulk of the film, as well
as no traces of spurious phases or segregation of crys-
talline phases other than anatase, consistently with the
XRD results.

B. Characterization by core-level spectroscopy

Soft-x-ray synchrotron radiation spectra [obtained
by x-ray absorption spectroscopy (XAS) and x-ray
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FIG. 2. XAS spectra at the Ti L edge of the as-grown sample
no. 1 (black) and the annealed (red) TiO2 film. The inset shows
an enlargement of the Ti L3-edge spectral region (the yellow box
in the main panel) along with the difference curve (shown in blue,
and defined as the curve for the annealed sample minus that for
the as-grown sample no. 1).

photoemission spectroscopy (XPS)] are measured on sam-
ples transferred in situ directly after growth, under UHV
conditions (base pressure less than 2 × 10−10 mbar), to the
two APE end-stations [15,16]. The energy resolution for
both the XPS and the XAS experiments is about 100 meV.
The XAS experiments are performed in the total-electron-
yield mode, and the drain current from a highly transparent
mesh, upstream of the sample, was used to normalize the
signal with the incident photon flux. XAS spectra of the
Ti L2,3 absorption edge of as-grown and annealed TiO2−x
films are shown in Fig. 2.

The spectrum is divided into four main peaks: the first
two peaks (at about 458 and 460 eV) correspond to the
L3 absorption transitions, and the last two peaks (at about
463 and 465 eV) correspond to the L2 transitions. In par-
ticular, the second peak of the L3 transitions (i.e., around
460 eV) shows the characteristic splitting of the eg lev-
els of anatase TiO2 for both samples. The effect of the
annealing process is clearly visible in the preedge region,
as well as between the two peaks corresponding to L3 at
about 459 eV, where Ti ions in the 3+ valence state domi-
nate [29,30]. As expected, the increased amount of Ti3+ in
the annealed sample can be traced by the increased inten-
sity of the preedge region and the valley region between
the L3 absorption peaks in the XAS spectra, as revealed by
the difference curve (defined as the curve for the annealed
sample minus that for the as-grown sample no. 1) shown
in the inset of Fig. 2.

The chemical composition of the TiO2 thin films is
quantitatively explored by measuring the intensities of
core-level photoemission spectra (Fig. 3). As expected,
the Ti 2p XPS spectra display two main peaks, at bind-
ing energies of 459.4 and 465.1 eV, corresponding to Ti3/2

2p

(a)

(b)

(c)

FIG. 3. Ti 2p XPS peaks, showing the main environment (Ti4+,
blue and yellow) and the suboxide environment (Ti3+, green and
magenta), of the as-grown sample no. 1 (a) and the annealed
TiO2−x sample (b). The Ti 2p XPS peaks also overlap in panel
(c). The spectra are measured with a photon energy of 900 eV.

and Ti1/2
2p , respectively, in the 4+ valence state, flanked by

several satellites (not shown in the graph) as described in
the literature [17,31–33]. However, the presence of a small
amount of atoms in the Ti3+ configuration, usually related
to oxygen vacancies, is revealed by a small shoulder on the
lower-binding-energy side of the main Ti 2p peak [31–33].

The amount of Ti3+ can therefore be calculated from
the ratio of the area of the [Ti3+]3/2

2p peak to the area of

the ([Ti4+]3/2
2p + [Ti3+]3/2

2p ) peaks. Since the formation of
oxygen vacancies is equivalent to the addition of two elec-
trons per Ti ion (i.e., two Ti4+ therefore become Ti3+), the
evaluation of the Ti3+ abundance provides a direct mea-
sure of the oxygen off-stoichiometry in the TiO2−x films
(i.e., x = 1/2× amount of Ti3+). Fitting of these XPS
peaks is performed after the removal of a Shirley back-
ground assuming a statistical intensity ratio between Ti3/2

2p

and Ti1/2
2p of 0.5 for each valence state (3+ and 4+). A

Gaussian-Lorentzian fitting function, with fixed parame-
ters, was used to fit all peaks presented in both Fig. 3(a)
and Fig. 3(b).

As already reported, the amount of Ti3+ in the as-grown
films differs for samples grown at different oxygen pres-
sures during deposition, although in a nonmonotonic way
[17]. The overall amount of Ti3+ in the as-grown TiO2−x
films is relatively low (i.e., Ti3+ = 2% and 4% for the as-
grown samples no. 1 and no. 2, respectively). In contrast,
even a mild postannealing process of the films provides
a much higher concentration of oxygen vacancies (i.e.,
Ti3+ = 11%). Such results confirm that the UHV anneal-
ing process promotes loss of oxygen from the TiO2−x thin
films.
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FIG. 4. Left: reflectivity data for the three
TiO2−x samples investigated over the whole IR
range, i.e., the as-grown sample no. 1 (a), the
as-grown sample no. 2 (b), and the annealed
sample (c). Each panel also contains reflec-
tivity data for the bare LAO substrate and a
Drude-Lorentz fit to the sample reflectivity.
Right: real and imaginary parts of the dielectric
function calculated from the fitting parameters
for the same samples, i.e., the as-grown sam-
ple no. 1 (d), the as-grown sample no. 2 (e),
and the annealed sample (f).

C. Infrared spectroscopy and ARPES

Measurements of the reflectivity of the samples that are
analyzed as described in the previous sections (i.e., the
two as-grown samples and one annealed sample) are per-
formed at the SISSI-Material Science beamline at Elettra
[34]. The whole IR range is covered by means of a Bruker
70v interferometer, using a gold mirror as a reference and
various beam splitters, detectors, and thermal sources. In
particular, in the lowest-frequency region, we take advan-
tage of the high brilliance of the infrared synchrotron light
delivered by Elettra. A He-cooled bolometer is used as a
detector in the far IR, while for the mid-IR and visible
ranges, a conventional source and MCT and Si diodes are
used.

Figure 4 shows reflectivity data (left panel) for and the
relative dielectric function (right panel) of the three sam-
ples investigated and the LAO substrate, over the whole
IR range. In the far-IR range, three main peaks are clearly
distinguishable and are ascribed to the substrate. How-
ever, the phonon peak at about 0.03 eV is related to an
infrared-active phonon of TiO2, as identified in the liter-
ature [35]. Such a phonon appears to be more screened in
the most metallic case (i.e., the annealed sample), when the
reflectivity is also higher.

The data reported in Fig. 4(a)–Fig. 4(c) (solid lines)
are fitted by a Drude-Lorentz model, which provides
the normal-incidence reflectivity of a thin film grown
on a substrate when the optical properties [namely n(ω)

and k(ω)] are known. In particular, the fitting procedure
takes into account the thickness of both the film and the
substrate to calculate the best reflectivity by optimizing the

Drude-Lorentz parameters. Once the best-fitting Drude-
Lorentz parameters are obtained, the related dielectric
function and hence the optical conductivity can be analyti-
cally calculated. The results of the fit to the data are shown
in Fig. 4(d)–Fig. 4(f).

To better highlight the Drude term and the midinfrared
components, the Lorentzian parameters related to the IR-
active phonon of anatase TiO2 (the peak at 0.03 eV in
Fig. 4(a)–Fig. 4(c), dashed lines) are removed to calcu-
late the phonon-subtracted optical conductivity (shown in
Fig. 5). In particular, the Drude term, due to the contribu-
tion of free carriers to the conductivity, can be recognized
in the far-IR range. A second component can be clearly
ascertained in the mid-IR (MIR) band for the as-grown
samples only. This component, centered at 0.21 and at
0.20 eV for the as-grown samples no. 1 and no. 2, respec-
tively, is tentatively attributed to polaronic absorption.
As a matter of fact, the formation of polarons has been
widely predicted and investigated in TiO2−x [36–43], as
well as in other oxide materials [44–49]. Indeed, in the
present case, the controlled oxygen pressure during growth
determines the presence of oxygen vacancies, which dis-
tort the lattice and promote polaron formation. In this
scenario, the MIR band is related to the incoherent part
of the electron motion and represents a good estimate
of the energy for photoionizing the polaron particle, i.e.,
the process of making the self-trapped carrier free by the
absorption of a photon [36,37,39,40,50]. The third optical
component falls into the near-IR and visible band and rep-
resents the interband transition related to the absorption
of an electronic defect state (DS) previously associated
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As-grown no. 1

As-grown no. 2

DS at 1.6 eV

DS at 1.6 eV

DS at 1 eV

Annealed

(a)

(b)

(c)

FIG. 5. Optical conductivity of the three samples under
investigation, after subtraction of the TiO2 phonon at
about 0.03 eV.

with oxygen vacancies in similar compounds [51,52]. A
comparison of the three optical conductivities highlights
a transfer of spectral weight from the visible range in the
as-grown samples to the near IR in the annealed sample
(Fig. 6).

The Drude term becomes increasingly intense from the
most insulating case (i.e., the as-grown sample no. 1) to
the most metallic case (i.e., the annealed sample). The
MIR band, which is present in the as-grown cases alone,
is slightly redshifted in the case of the as-grown sample
no. 2, for which the concentration of oxygen vacancies is
lower. Contrariwise, in the annealed case, the MIR band
disappears and merges into the more intense and broader
Drude term. On the other hand, the DS-peak intensity
increases as the oxygen-vacancy concentration increases.
Moreover, the DS central frequency, which is found to be
substantially constant at 1.6 eV in both of the as-grown

Annealed

As-grown no. 2

As-grown no. 1

FIG. 6. Fitted Drude, MIR, and DS-band contributions to the
optical conductivity of the three samples under investigation,
after subtraction of the TiO2 phonon at about 0.03 eV.

samples, is noticeably redshifted to 1.0 eV in the annealed
sample.

It has been demonstrated [53] that the volume carrier
density n3D can be derived from the Drude spectral weight
WDrude (namely, the area underneath the Drude term of the
optical conductivity, shown as the gray area in Fig. 5) from
the formula

n3D = m∗

4πe2 WDrude, (1)

where m∗ is the effective mass, which can be experimen-
tally determined from ARPES experiments. ARPES spec-
tra are acquired on in-situ-transferred TiO2 thin films by
a Scienta D30 spectrometer using linearly polarized radia-
tion of energy 46 eV and with the sample at a temperature
of 77 K. The energy resolution for the ARPES experiments
is about 40 meV. The ARPES spectrum [Fig. 7(b)] shows
an outer parabola and a subband at a relative separation of
approximately 100 meV. This subband is known to arise
from the confinement potential at the surface and suggests
that the metallic state is a two-dimensional electron gas
(2DEG) [54–56]. The parabolic dispersive bands allow one
to derive the effective mass of free carriers m∗, as this is
reflected in their curvature through the formula

m∗ = �
2 ∂2E(k)

∂2k

−1

. (2)

From the fitting parameters for the parabolic state [the red
dotted line superimposed on the ARPES data in Fig. 7(b)],
we obtain an effective mass m∗ equal to 2.2 me, consistent
with data reported for similar oxide systems [57,58]. The
volume carrier density n3D derived from WDrude is there-
fore calculated and is reported in Fig. 7(a) (black filled
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(a) (b) FIG. 7. (a) Carrier densities associated with
the Drude term, nD (black filled triangles), and
those derived from the ARPES measurements,
nARPES (red filled circles), as a function of the
Ti3+ content. (b) ARPES data at the center of
the second Brillouin zone of the annealed sam-
ple. The red dotted lines result from the data
fitting and are superimposed on the spectra as
a guide to the eye.

triangles), in which one can see how the electron density
increases linearly with the Ti3+ content.

The carrier density can be independently extracted from
the ARPES data as well. From our previous study, the
chemical composition of TiO2 thin films is found to be
homogeneous throughout the film thickness [17]. There-
fore the distribution of the oxygen vacancies (i.e., of the
excess carriers) in the samples is uniform throughout the
material (i.e., in the bulk and surface). At the surface (i.e.,
in the probing depth accessible by ARPES), the excess
electrons associated with those vacancies manifest them-
selves as a 2DEG state [56]. In this respect, Luttinger’s
theorem [59] relates the free-carrier density to the area
of the Fermi surface. In particular, in the case of a spin-
degenerate two-dimensional state, the surface carrier den-
sity is given by the formula k2

F/2π , where k2
F is the Fermi

momentum of the parabolic states. As also described in
the literature [39,41,43,54,57], the three-dimensional den-
sity of states can therefore be estimated as nARPES

3D = n3/2
2D

and, finally, compared with the three-dimensional density
of states extracted from the Drude term. The consistency
between the carrier densities estimated with these two
independent methods indicates that the primary source
of free carriers in the otherwise insulating anatase sam-
ples is the oxygen vacancies, which are homogeneously
distributed throughout the sample thickness. Furthermore,
while in the bulk of the material they induce a number of
electronic states that can be probed by IR spectroscopy,
at the surface the very same oxygen vacancies produce a
highly metallic 2DEG.

III. CONCLUSIONS

The structural, electronic, and optical properties of
anatase TiO2−x thin films are investigated as a function
of oxygen-vacancy concentration, which translates into
charge-carrier density. As-grown TiO2−x samples grown
under a controlled oxygen background pressure are unique
in displaying a polaronic phenomenology. They show a

low concentration of oxygen vacancies (i.e., 3%), and
this generates localized electron states. In contrast, oxygen
loss leads to complex changes in the optical and elec-
tronic properties that cannot be explained simply by an
increase in the carrier concentration. The optical proper-
ties and the properties of the electronic bands associated
with the defect states of annealed TiO2−x thin films, e.g.,
their localization, are reflected in a shift of the absorp-
tion to lower frequencies, i.e., to the near IR. The DS
shift from the visible to the near infrared in the annealed
sample, in which the MIR band disappears by merging
into the Drude term, seems to be naturally explained by a
progressive delocalization of the electrons with increasing
oxygen content, eventually giving a more metallic sample.
We therefore demonstrate that, by controlling the growth
conditions and/or the UHV annealing process, the light
absorption of TiO2 in the UV and visible range can be
pushed into the visible and near-IR spectral region.
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