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Abstract

Molybdenum doped TiO2 (MTO) thin films were prepared by radio frequency (RF) magnetron sputtering at room temperature and

followed by a heat treatment in a reductive atmosphere containing 90% N2 and 10% H2. XRD and FESEM were employed to evaluate

the microstructure of the MTO films, revealing that the addition of molybdenum enhances the crystallization and increases the grain size

of TiO2 films. The optimal electrical properties of the MTO films were obtained with 3 wt% Mo doping, producing a resistivity of

1.1� 10�3 O cm, a carrier density of 9.7� 1020 cm�3 and a mobility of 5.9 cm2/Vs. The refractive index and extinction coefficient of

MTO films were also measured as a function of film porosity. The optical band gap of the MTO films ranged from 3.28 to 3.36 eV,

which is greater than that of the un-doped TiO2 film. This blue shift of approximately 0.14 eV was attributed to the Burstein–Moss

effect.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Transparent conducting oxide films (TCOs) are electri-
cally conductive and optically transparent in thin layers.
Doped single-cation oxide films such as In2O3 and SnO2

have been employed in technological applications for over
50 years. The wide range of applications for transparent
conducting oxide films in electronic devices has generated
interest in understanding the growth and characterization
of these materials. These applications include flat-panel
displays, low-emissivity windows, solar cells, electrochro-
mic devices, electromagnetic-shielding coatings, antennas
for cars and radar protection for fighter planes, and heated
windows [1–4].

To date, tin-doped indiumoxide (ITO) is the most
successful TCO and is used as the industry standard
because of its high light transmission in the visible range,
high infrared reflection, and low electrical resistivity.
However, ITO has the drawback of being expensive.
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Indium, the film’s primary metal, is rare, and its price
strongly depends on market demand [5]. In addition, many
years of intense study have gone into improving the
properties of ITO, including the application of new
deposition techniques such as ion-beam-assisted deposition
[6] or pulsed laser deposition [7], improvements in the
crystal quality of ITO films [8,9], and the use of an ultra-
high-density ITO target [10]. However, as shown in Fig. 1,
the results of these efforts have not been promising [11].
Over the last few years, TiO2 has gained increasing

attention as a TCO material after a Nb-doped anatase
TiO2 film with excellent resistivity and transmittance,
comparable to those of ITO, was produced by Furubaya-
shi et al. [12]. The advantages of anatase TiO2 as a TCO
include its relative low effective mass, low cost and stability
in a hydrogen plasma atmosphere which is used to produce
solar cells. TiO2 is a wide band gap oxide that occurs in
three distinct polymorphs: rutile, anatase, and brookite.
Un-doped anatase is an anisotropic, tetragonal insulator
(a¼0.378 nm and c¼0.952 nm) with a band gap of 3.2 eV
[13]. As shown in a previous study, an un-doped semi-
conducting TiO2 thin film can be synthesized with an
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Fig. 1. Reported resistivities of binary transparent conducting oxide

materials [11].
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anatase structure on a LaAlO3 substrate using reactive
sputtering deposition. When water vapor was used as the
oxidizing species, n-type semiconducting behavior was
observed. The oxygen-deficient defects caused the metallic-
like behavior. The corresponding electrical resistivity is
approximately 0.2–3 O cm with a carrier concentration of
2–2.5� 1018 cm�3 and a mobility of 1–13 cm2/Vs. TiO2 can
also be made into an n-type semiconductor with a carrier
concentration of approximately 1019 cm�3 via impurity
chemical substitution or the introduction of Ti interstitials
[14–17]. Hitosugi et al. reported that polycrystalline Nb-
doped anatase TiO2 films fabricated on glass substrates by
pulsed laser deposition (PLD) and then subjected to post-
annealing in a pure H2 atmosphere exhibited an electrical
resistivity of 1.5� 10�3 O cm and an optical transparency of
approximately 60–80% [18]. More recently, research groups
in Japan have reported that Nb-doped anatase TiO2 films
epitaxially grown on various single-crystal substrates using
PLD, exhibit a low resistivity of approximately 3� 10�4 O
cm and a high transmittance of 95% in the visible region
[19,20]. In addition to adding metal ion impurities into the
TiO2 lattice, post-annealing treatment, such as vacuum
annealing [21,22] or annealing under a reductive atmosphere
[23,24], has also been successful in enhancing the properties
of TiO2 thin films. An annealing under a reductive atmo-
sphere, such as pure hydrogen, is a particularly attractive and
effective treatment that can produce a resistivity of 10�4 O
cm. However, relative to vacuum annealing, greater precau-
tions and production costs are required, making this process
impractical. The aim of this work is to investigate the
properties of TiO2 films doped with molybdenum under heat
treatment in a reductive atmosphere of 90% N2 and 10% H2.
The influence of the MoO3 concentration on the microstruc-
ture, electrical and optical properties of TiO2 thin films
presented in this work.
Fig. 2. X-ray diffraction patterns of un-doped TiO2 film and TiO2 films

doped with 1–10 wt% Mo.
2. Experimental procedure

Molybdenum-doped TiO2 films were prepared by a RF
magnetron sputter on glass substrate (Corning 1373) at
room temperature. A mixture of TiO2 (Aldrich, St. Louis,
USA, 99.99%) and MoO3 (Aldrich, St. Louis, USA,
99.99%) powders was sintered at 1200–1400 1C for 4 h as
the target for later deposition. The MoO3 doping concen-
trations varied from 1 to 10 wt%. The distance between
the target and the substrate was 7 cm. The vacuum
chamber was evacuated to a pressure of 10�6 Torr prior
to deposition operation. The sputtering were performed at
a gas pressure of 3 mTorr in a pure argon atmosphere, and
the RF power was 100 W. The sputtering time was 90 min,
producing a thickness of approximately 780715 nm.
After sputtering, the films were annealed at 600 1C for
1 h in a mixing gas containing 90% N2 and 10% H2.
An X-ray diffractometer (Panalyical, X’pert Pro) with

Cu Ka radiation (l=0.1542 nm) was used to evaluate the
crystal structure. The surface microstructure and morphol-
ogy of the films were characterized by field emission
scanning electron microscopy (FESEM, Philips, XL-
40FEG). The surface composition of the molybdenum-
doped TiO2 films were investigated using a VG ESCA
spectrometer with an Mg Ka X-ray source (hv=1253.6
eV). The pressure of the analyzer chamber was maintained
at 5� 10�8 Pa. Spectra were calibrated with respect to the
C 1s peak at 284.6 eV. The resistivity was measured with
the Van der Pauw method. Optical transmittance measure-
ments were performed in 300–900 nm radiation using a
UV/double-beam spectrophotometer. The wavelength
dependent refractive indices and extinction coefficients of
the Mo-doped TiO2 films were measured by a variable
angle spectroscopic ellipsometer (VASE, J.A. Woollan).
3. Microstructure characterization

The XRD patterns of the as-deposited samples do not
show any peaks, including that the un-doped TiO2 films
were amorphous. Fig. 2 shows the X-ray diffraction
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patterns of the MTO films sputtered at room temperature
and annealed at 600 1C for 1 h with MoO3 concentrations
ranging from 0 to 10 wt%. According to the XRD
patterns, all of the MTO films were composed of a well-
crystallized anatase phase, which correspond well with the
JCPDS data (file number 21-1272). No characteristic
MoO3 peaks were observed in the MTO thin films up to
10 wt%. This finding suggests the incorporation of Mo
ions into the TiO2 lattice. Moreover, (101) was the
predominant plane for the films prepared using this
method, indicating that the MTO films had a (101)
preferentially oriented texture. The relative intensity of
the (101) reflection increased with increasing Mo doping
concentration up to 3 wt% and then gradually decreased.
The particle size was evaluated using the full width at half
maximum (FWHM) of the intense (101) diffraction peak
of anatase TiO2 according to the Scherrer equation:

D¼ 0:94l=FWHMcos y ð1Þ

where D is the particle size of the thin films, y is the angle
of the peak intensity and l is the wavelength of the X-rays.
The FWHM (in radians) is inversely proportional to the
particle size and is related to the degree of crystallinity in
polycrystalline thin films [25]. The results are given in
Fig. 3. The average anatase particle size of the MTO films
was greater than that of the un-doped TiO2 films, suggest-
ing that the addition of MoO3 enhanced the crystallization
of the TiO2 thin films. The film doped with 3 wt% MoO3

has the greatest particle size: approximately 32 nm.
Fig. 4. FESEM photo images of the (a) un-doped, and the

Fig. 3. FWHM and particle size of MTO films as a function of Mo

doping concentration.
Fig. 4 shows the FESEM photomicrographs of un-doped
TiO2 and TiO2 doped with 3 and 10 wt% MoO3 annealed
at 600 1C. All of the films exhibit a uniform surface without
cracks. There is also a difference in the particle size between
these films. The particles of un-doped TiO2 films are very
small, with an average size of approximately 16 nm. In
contrast, the particles of the MTO films are larger, with an
average particle size of approximately 35 nm for 3 wt% and
25 nm for 10 wt% MoO3. These results are consistent and
correlate well with those of XRD measurements.
To further confirm the chemical state and surface

composition of MTO thin films, we performed X-ray
photoemission spectroscopic (XPS) measurements. In
Fig. 5, Mo 3d core levels are presented for MTO thin
films with different Mo doping concentrations. Based on a
fitting analysis using a Gausian/Lorentzian mixing func-
tion, a single doublet could not resolve the observed XPS
spectra of the films. It was necessary to deconvolute the
Mo 3d to estimate the Mo oxidation state distributed in
the MTO films. The deconvolution yielded two doublets
whose binding energies are almost constant regardless of
Mo doping concentrations. The doublet with a higher
binding energy (235.5 eV and 232.4 eV for Mo 3d3/2 and
3d5/2, respectively) corresponds to the Moþ6 oxo-species.
On the other hand, the doublet with a lower binding
energy (234.6 eV and 230.8 eV for Mo 3d3/2 and 3d5/2,
respectively) corresponds to the Moþ5 oxo-species, which
indicates that reduced molybdenum is present in the MTO
films. The observed values of the binding energy are
consistent with previous reports [26–28]. No Moþ4 peak
was observed, indicating that the main valences of molyb-
denum in the sample are þ6 and þ5. The areas of two
doublets increased with increasing Mo doping concentra-
tion. The relative intensities of the þ5 and þ6 oxidation
states of molybdenum for all of the samples were approxi-
mately 32–35% and 68–70%, respectively. In fact, the
spectra of the molybdenum with the þ5 oxidation state
were significantly enhanced in the annealed films relative to
films without annealing because the heat treatment was
performed at 600 1C in a reducing gas consisting of 90%
N2 and 10% H2. In Fig. 6, the binding energies of Ti 2p1/2
and Ti 2p3/2 were observed at approximately 464.4 eV and
458.6 eV, respectively, and did not shift to lower values
after Mo doping and annealing. This stability suggests that
the oxidation state of Ti was primarily þ4 [29]. To gain
information about the presence of oxygen defects in the
TiO2 films doped with (b) 3 wt% and (c) 10 wt% Mo.



Fig. 5. XPS core level spectra of Mo-doped TiO2 films for Mo 3d at (a) 3, (b) 5, (c) 7 and (d) 10 wt% Mo doping.

Fig. 6. XPS narrow scan in the Ti 2p region for Mo-doped TiO2 films at

various Mo doping concentrations.
Fig. 7. XPS core level spectra of the O 1 s region for Mo-doped TiO2

films at various Mo doping concentrations.
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deposited films we recorded the O 1s XPS spectra for
samples with various Mo doping concentrations. As
observed in Fig. 7, the XPS spectra of the O 1s core level
are asymmetric, indicating at least two chemical states.
After curve fitting, the peak centered at 530.1 eV is
attributed to the lattice oxygen of TiO2, and the other
peak at higher binding energy (531.5 eV) can be identified.
This peak should be attributed to the O2� ions in the
oxygen-deficient regions within the TiO2 matrix [30].
3.1. Electrical properties

The dependence of the electrical properties of TiO2 films
on the molybdenum doping concentration was measured
by the van der Pauw method at room temperature. Fig. 8
shows the typical variation of film resistivity (r), carrier
density (n), and Hall mobility (m) as a function of the Mo
doping concentration from 0 to 10 wt%. The resistivity of



Fig. 8. Electrical resistivity, carrier density and mobility of MTO films as

a function of Mo doping concentrations.

Fig. 9. Optical transmittance spectra of MTO films for different Mo

doping concentrations after heat treatment at 600 1C in a reductive

atmosphere.

Fig. 10. Refractive index of MTO films for different Mo doping

concentrations.
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the MTO films was observed to initially decrease with
increasing Mo concentrations up to 3 wt%. The carrier
density also increased with increasing Mo concentration
up to 3 wt%. This initial increase in carrier density resulted
in a decrease in the resistivity because of the donor
electrons from the Mo dopant. However, after reaching a
minimum (at 3 wt% of Mo), the resistivity of the films
increased with a further increase in the Mo concentration
up to 10 wt% due to an increase in the concentration of
the electron traps as a result of excess Mo doping. Above
the critical Mo concentration (approximately 3 wt%),
excess Mo atoms may occupy interstitial positions which
act as carrier traps rather than electron donors [31]. The
decrease in carrier density and increase in resistivity
beyond 3 wt% Mo is due to the increased disorder of the
crystal lattice, which causes phonon and ionized impurity
scattering and decrease the mobility [32]. The Mo ion is
completed surrounded by TiO2 before the critical Mo
concentration is reached and can act as a donor. However,
in an over-doped state, any given Mo ion is affected by
other Mo ions due to the excess of Mo. The interaction
between Mo ions suppresses their donor ability [33]. This
result is also correlated with the loss of crystallinity in
MTO films for higher dopant levels as observed in Fig. 2
[34,35]. It also suggested that ITO films with higher doping
levels exhibit an increase in resistivity due to an increase in
disorder as a result of the decreases in the mobility and free
carrier density, which is in agreement with the results
shown in Fig. 8. Fig. 8 also shows that the Hall mobility
decreased with increasing Mo concentration. The decrease
in mobility with increasing Mo dopant concentrations was
caused by ionized impurity scattering.
3.2. Optical properties

The transmittance spectra for MTO films deposited at
room temperature and annealed at 600 1C with different
Mo doping concentrations are displayed in Fig. 9. The
average transmittance for all films is approximately 55–
65% in the visible part of the spectrum. The major
transmission loss is due to reflection because of the high
refractive index of TiO2. The refractive index and extinc-
tion coefficient curves for annealed MTO films as a
function of wavelength are shown in Figs. 10 and 11. At
l=550 nm, the refractive index n ranges from 2.35 to 2.41.
The refractive index of the film is related to its density and
may be lowered by introducing non-scattering porosity.
The porosity and refractive index of MTO films are related
by the following equation [36]:

P¼
1�n2�1

n2
d�1

� �
� 100% ð2Þ

where n is the refractive index of the porous MTO thin
films, and nd is the refractive index of the pore-free anatase
TiO2 film (nd¼2.52) [37]. The relative porosity and
refractive index at 550 nm are shown in Table 1. The film



Fig. 11. Extinction coefficients of MTO films for different Mo doping

concentrations.

Table 1

Properties of molybdenum-doped TiO2 films.

Mo doping

concentration

(wt%)

Transmission

at 550 nm

(%)

Refractive index

at wavelength

550 nm

Porosity

ratio

(%)

Optical

band gap

(eV)

0 53 2.34 16.4 3.22

1 56 2.35 15.5 3.31

3 70 2.41 10.1 3.36

5 46 2.37 13.7 3.33

7 45 2.39 12.0 3.32

10 57 2.36 14.6 3.28

Fig. 12. Optical band gaps as a function of charge carrier density in

MTO films.
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doped with 3 wt% Mo has the highest refractive index of
2.41 and that without Mo doping has the lowest value of
2.32. The difference in the magnitude of the crystallization
and porosity of the film may explain the differences in the
refractive index. As can be observed in the XRD patterns
and FESEM images in Figs. 2 and 4, the film doped with
3 wt% Mo exhibited better crystallinity and a denser
microstructure, resulting in a higher packing density and
thus a higher refractive index. Previous researchers
reported that the refractive index of TiO2 films can be
increased by annealing, which enhance crystallization
[38,39]. From Fig. 11, all of the films exhibit very low
extinction coefficient in the visible region. The extinction
coefficient of the un-doped TiO2 film is greater than those
of the MTO films. The high porosity presented as micro-
structure defects in un-doped TiO2 film may contribute to
its higher optical absorption.

To evaluate the optical band gap of MTO films, the
Tauc model is applied in the high absorbance region of the
transmittance spectra [40]. The absorption coefficient, is
given by the relation

a¼
�lnðTÞ

d
ð3Þ
where T and d are the transmittance and the film thickness,
respectively. The absorption coefficient data were used to
determine the energy gap, Eg, by the relation

ahv� hv�Eg

� �1=2
ð4Þ

where hn is the photon energy. In this work, the direct band
gap of the MTO films was determined by plotting (ahn)

2

versus hn and extrapolating the linear regions of the plots to
zero absorption. The calculated optical band gaps are listed
in Table 1. The direct band gap increased up to 3 wt%
MoO3 and then decreased as MoO3 concentration
approached 10 wt%. This initial increase in the band gap
is due to an increase in carrier density as a result of Mo
doping. However, above the critical Mo doping, the carrier
density decreased with Mo doping due to the crystal
disorder caused by excess Mo, which leads the Mo atoms
to act as carrier traps instead of electron donors. The
apparent band gap widening can be explained by the
Burstein–Moss effect [41]. The filling of the electronic states
in the conduction band by electron accumulation, resulting
from Mo donors, increase the photon energy required for
inter-band transitions from the valence band to the higher
energy vacant states in the conduction band. This apparent
band gap widening corresponding to a blue shift, DEg, can
also be quantified by the Burstein–Moss formalism

DEg ¼
h2

2mn
3p2nD

� �2=3
ð5Þ

where h is Plank’s normalized constant, m* is the electron
effective mass in the conduction band and nD is the carrier
density. Fig. 12 shows a linear dependence of the optical band
gap on N2/3. From Fig. 12, an approximately 3.22 eV direct
intrinsic absorption edge was obtained by extrapolating N to
zero. A blue shift of approximately 0.14 eV is thereby
obtained, which is close to the experimental measurements
of the band gap for intrinsic absorption edges of anatase TiO2

films reported in the literature [42–44].
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4. Conclusion

Transparent and conducting TiO2 thin films doped with
molybdenum were produced on glass at room temperature by
RF magnetron sputtering. A heat treatment at 600 1C was
carried out to the as-deposited films in a reductive atmosphere
consisting of 90% N2 and 10% H2. The effects of Mo doping
concentration on the structural, electrical and optical proper-
ties were investigated. The addition of Mo was found to
improve the crystallization and increase the grain size of the
TiO2 film. As a result, the TiO2 film doped with 3 wt% Mo
showed an electrical resistivity of 1.1� 10�3 O cm with carrier
density of 9.7� 1020 cm�3 and mobility of 5.9 cm2/Vs. XPS
was used to identify the chemical composition of the MTO
films. The main oxidation states of Mo were þ5 and þ6 with
a peak intensity ratio of approximately 32–35% and 68–70%.
In contrast, the binding energy peak of Ti did not shift to a
lower oxidation state maintained its þ4 oxidation state. The
average transmittance of MTO films varied from 55 to 65% in
the visible spectrum due to the high reflection of TiO2. The
refractive index of the MTO films ranged from 2.35 to 2.41.
The TiO2 film doped with 3 wt% Mo exhibited a denser
microstructure and better crystallinity, producing a higher
refractive index and a lower extinguish coefficient. In contrast,
the un-doped TiO2 film presented a more porous microstruc-
ture, which lead to a lower refractive index and a higher
extinguish coefficient. The optical band gaps of the MTO films
were in the range from 3.28 to 3.36 eV for molybdenum
doping concentrations between 1 and 10 wt% and greater
than that of the un-doped TiO2 film. A blue shift of 0.14 eV
was observed due to the Burstein–Moss effect.
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