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Structural and vibrational investigations of Nb-doped TiO2 thin films
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A B S T R A C T

Acid-catalyzed sol–gel and spin-coating methods were used to prepare Nb-doped TiO2 thin film. In this
work, we studied the effect of niobium doping on the structure, surface, and absorption properties of TiO2

by energy-dispersive X-ray spectroscopy (EDX), X-ray diffraction (XRD), X-ray reflectometry (XRR), X-ray
photoelectron spectroscopy (XPS), Raman, and UV–vis absorption spectroscopy at various annealing
temperatures. EDX spectra show that the Nb:Ti atomic ratios of the niobium-doped titania films are in
good agreement with the nominal values (5 and 10%). XPS results suggest that charge compensation is
achieved by the formation of Ti vacancies. Specific niobium phases are not observed, thus confirming that
niobium is well incorporated into the titania crystal lattice. Thin films are amorphous at room
temperature and the formation of anatase phase appeared at an annealing temperature close to 400 �C.
The rutile phase was not observed even at 900 �C (XRD and Raman spectroscopy). Grain sizes and electron
densities increased when the temperature was raised. Nb-doped films have higher electron densities and
lower grain sizes due to niobium doping. Grain size inhibition can be explained by lattice stress induced
by the incorporation of larger Nb5+ ions into the lattice. The band gap energy of indirect transition of the
TiO2 thin films was calculated to be about 3.03 eV. After niobium doping, it decreased to 2.40 eV.
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1. Introduction

TiO2 is by far one of the most studied compounds in the world
because its semiconductor properties combined with an outstand-
ing resistance to corrosion in aqueous environments make it the
perfect material for photovoltaic, photocatalytic, and fuel cell
applications [1–3]. It is presently considered as an alternative
catalytic support for cathode catalysts in polymer electrolyte
membrane fuel cells (PEMFCs) because it is stable in a fuel cell
operation atmosphere, commercially available at low cost, and
stable in water and can be synthesized with a controlled size and
structure [4–7]. However, its low electrical conductivity presents a
strong drawback for its use in fuel cells. Therefore, it is important to
explore possibilities for synthesizing TiO2 with better electrical
conductivity [8–10]. At room temperature, TiO2 occurs in three
* Corresponding author at: Frank Laboratory of Neutron Physics, JINR, Joliot-Curie
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commonly known polymorphic crystal forms: anatase, rutile, and
brookite. Among these three phases, rutile is the most stable one
thermally. When heated, anatase (at �550 �C) and brookite (at
�750 �C) undergo a structural phase transition above 600 �C and
are converted into rutile. At high temperature, the anatase phase of
titania is usually stabilized by cation addition. It is desirable for fuel
cell catalysts due to its better catalytic activity for oxidizing organic
compounds compared to the rutile and brookite structures.
However, the indirect allowed band gap of anatase is slightly
larger than that of rutile: they are 3.2 and 3.02 eV, respectively. In
order to decrease this gap, extrinsic doping of anions or cations is
performed. For instance, nitrogen-doped TiO2 is known to have a
reduced band gap of 2.6 eV because N p states contribute to the
band-gap narrowing by mixing with O 2p states [11]. In such a case,
N-doped TiO2 has a photocatalytic activity in the visible range of
the solar spectrum [12]. Doping by metallic ions has also been
considered to improve the lifetime of excitons at the surface of TiO2

nanoparticles. In the case of Nb doping, it has been shown that
Nb-doped anatase exhibits an improved electrical conductivity,
making such a compound promising for use as a transparent
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conducting oxide. By doping it is indeed possible to add localized
states in the gap so that the Fermi level shifts in energy without
changing the band edges [13,14].

The incorporation of Nb into titania yields changes in the
electronic structure that have been extensively discussed in the
literature. In particular, Nb5+ ions embedded into the anatase
titania crystalline structure hinder its phase transformation to
rutile and inhibit grain growth. To compensate the excessive
charge of Nb5+ in substitution for Ti4+, two mechanisms have been
proposed. A first possibility is offered if one Ti4+ cation vacancy is
created for every four Nb5+ (Eq. (1)). Alternatively, reducing Ti4+ to
Ti3+ for every Nb5+ incorporated is also possible (Eq. (2)) [15–18].
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Another important consequence of the multivalent cation
doping is an increase in the electrical conductivity of TiO2, which is
low at ambient temperature.

In this paper we report the preparation of TiO2 thin films by
using the acid-catalyzed sol–gel method and the spin-coating
technique to deposit the films on silicon substrates. The effect of
niobium doping on the structure, surface, and absorption
properties of TiO2 was characterized by several techniques,
including in situ X-ray diffraction (XRD), X-ray reflectivity (XRR),
X-ray photoemission spectroscopy (XPS), energy dispersive X-ray
analysis (EDX), and UV–vis spectroscopy. The main attention was
paid to the evolution of a TiO2 structure with the niobium doping
under various annealing conditions.

2. Experimental

2.1. Sample preparation

2.1.1. Preparation of NbxTi1 � xO2 support
In this work we chose two different percentages of niobium

content, 10 and 5% (x = 0.1 and x = 0.05, respectively). TiO2 was
prepared by an acid-catalyzed sol–gel method in a non-aqueous
medium. Typically, 1 g of titanium isopropoxide (Acros, 98%) and
1.24 g of hydrochloric acid (Aldrich, 37%) were added to 10 g of
isopropanol (Acros, 99.6%) and stirred for 10 min. Subsequently, an
appropriate amount of niobium (V) ethoxide (Aldrich, 99.95%) was
added to the solution to achieve Nb concentrations of 5 and 10%
relative to Ti.

2.1.2. Preparation of thin films
Four to five drops of TiO2- and Nb-doped TiO2 solutions were

spun (using a SussMicroTec RC8 spin coater) onto silica-coated
silicon substrates (2.5 cm � 2.5 cm) at a rate of 4000 rpm for 60 s.

2.2. Characterization methods

The in situ XRR and XRD measurements were carried out
using Cu Ka radiation (wavelength of 1.54 Å) on a PANalytical
Empyrean system working at 40 kV and 30 mA. The white beam
from a copper anode was monochromatized and collimated by
reflection on a mirror so as to obtain a parallel beam. The full
width at half maximum of the direct beam was typically 0.06�

with peak intensity of the order of 50 � 106 cts/s. The size of the
incident beam was about 10 mm � 100 mm.

The angular resolution of the XRR instrument was 0.008�. Data
fitting was performed with a Matlab-based Reflex15 simulation
Matlab routine with the Matrix technique. XRD data were collected
with a step size 0.08� and a count time 5 s per step. The structure
was refined by the Rietveld method using the material analysis
using diffraction (MAUD) package with the EXPGUI graphical user
interface.

The samples were mounted in a DHS1100 temperature
attachment from Anton-Paar GmbH. The annealing temperatures
ranged from 25 to 900 �C in steps of 25 �C. The thermal treatment
applied to all the samples was a heating ramp of 60 �C/min and the
holding temperature for 1 h, with the whole process being carried
out under atmospheric air.

The UV–vis spectra of the thin films were recorded in the
reflectance mode on an Ocean Optics HR4000 spectrometer. The
scan range was from 200 to 1100 nm with a 0.23 nm interval, and
the averaging time at each point was 7 s. For the elemental analysis
of the Nb-doped TiO2 thin film, EDX analysis was performed using
a JSM-66510LV (JEOL) instrument. Raman scatterings were
measured using a Jobin Yvon T64000 spectrometer coupled to a
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ig. 1. EDX analysis results of (a) TiO2- and (b) Nb-doped TiO2 deposition on
ilicon substrate. For TiO2 film the oxygen content is composed of oxygen in the
lm itself and silica with which Si is coated. For Nb-doped TiO2 films, the actual
tios are quite similar to the nominal values: 21.3 and 19 for x = 0.05; 9.4 and 9 for

 = 0.1.



Fig. 2. In situ XRD patterns of TiO2(a) and Nb0.1Ti0.9O2 (b) at various annealing temperatures in the 100–900 �C range. The initial state is amorphous for both films; the
diffraction peaks of anatase phase appear at about 375 �C.
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with the 514.5 nm polarized green line selected. High-temperature
measurements were carried out using a Linkam TS1500 heating
stage with temperature range of
25–900 �C. The measurements were done under a microscope
(Olympus BX 40) with a magnification of 50�. The scan range was
100–2300 cm�1. Each measurement was repeated twice and the
duration of acquisition was 60 s.

Surface compositions and the composition distribution along
the depth of the thin films were characterized by XPS at the
National Synchrotron Radiation Research Center in Taiwan. The
binding energies were calibrated using the Au 4f7/2 feature at 84 eV
as a standard. The XPS etching area was 5 mm � 5 mm. The
sensitivity factors were Ti 2p = 1.8, O 1s = 0.66, and Nb 3d = 2.4. The
atomic concentration of each element was calculated by deter-
mining the relevant integral peak intensity. The Shirley method
[19] of background removal was used in the least squares fitting.

3. Results and discussion

3.1. EDX analysis

Fig. 1 shows the results of the EDX analysis of the content
elements of thin films. In particular, attention was focused on the
Nb and Ti contents. Bar graphs in the inset of Fig. 1 indicate the Si,
O, Ti, and Nb elemental percentages of the substances. In the pure
TiO2, we observed the presence of 83.19 at.% Si, 13.5 at.% Ti, and
3.32 at.% O (Fig. 1(a)). The presence of silicon is attributed to the
substrate while the oxygen signal comes from both TiO2 and SiO2

as the silicon substrate was silica coated.
With regard to the NbxTi1 � xO2 films, in the EDX spectra there

are signals of Si, O, Ti, and Nb and some Cl impurity. For x = 0.05 we
find 0.12 at.% of Nb and 2.56 at.% of Ti with a Ti:Nb ratio equal to
21.3 instead of a nominal value of 19. For x = 0.1, we find 0.27 at.% of
Nb and 2.54 at.% of Ti with a Ti:Nb ratio equal to 9.4 instead of a
Fig. 3. In situ XRD profiles of the anatase (10 1) peak of (a) TiO2 and (b) Nb0.1Ti0.9O2

thin films. The crystal (anatase) phase appears above 350 �C.
nominal value of 9. Thus the actual ratios are quite similar to the
nominal values.

3.2. XRD characterization

XRD measurements confirm that the fabricated films are
amorphous. To promote the crystallization, films were annealed
step by step up to 900 �C. The crystallization was monitored in situ
during the annealing process. The evolution of the X-ray diffraction
patterns for the TiO2- and Nb- (x = 0.1) doped TiO2 thin films is
shown in Fig. 2. Scattering patterns were collected at a grazing
incidence of 0.3� to take advantage of the finite thickness of the
film. We observe that the onset of the phase transformation for
both films occurs between 350 and 375 �C, where the anatase
peaks appear. The peak intensities increase further when the
temperature is raised to 900 �C. We observe that in our thin films
the rutile phase is not formed (at �550 �C), which can be attributed
to the preparation procedure. The same feature was reported in
[20], which states that the phase transformation from anatase to
rutile occurs at 1000 �C when HCl is used as a catalyst in sol–gel
formation. It is also important to notice that the temperature at
which the phase transformation occurs is strongly dependent on
the temperature ramp used. Steady-state measurements per-
formed as a function of time by Kirsch et al. [21] show that for
Fig. 4. Evolution of the grain sizes at various annealing temperatures. Up to 800 �C,
the grain size of Nb0.1Ti0.9O2 is smaller than for pure TiO2 because doped Nb hinders
the growth of the TiO2 grains.



Table 1
Particle sizes of anatase phase at various temperatures.

Temperature (�C) 400 500 600 700 800 900
Particle size (nm) TiO2 17.28 20.29 21.92 27 32.36 37.48

Nb0.1Ti0.9O2 – 13.1 16.59 21.68 31.15 38.71
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mesoporous titania the kinetics of formation of anatase can be
described by an Avrami law.

The evolution of the anatase (10 1) diffraction peak is shown in
Fig. 3. The initial amorphous state is crystallized as an anatase
phase above 350 �C. Analysis of diffraction intensities undoubtedly
shows that Ti is substituted by Nb in the doped films. This
substitution is expected to induce slight strain in the titania lattice
that may prevent the growth of large TiO2 crystallites [22].

XRD was used to evaluate the average grain size of Nb-doped
TiO2 support by the Scherer equation. Fig. 4 shows the grain size
evolution for TiO2- and Nb- (x = 0.1) doped TiO2 thin films in the
range of 100–900 �C. Up to 800 �C, the grain size of Nb0.1Ti0.9O2 is
smaller than that of pure TiO2. This is consistent with the fact that
Fig. 5. XPS spectra of (a) Ti 2p, (b) O 1s, and (c) Nb 3d of prepared thin films. The intensity
mainly as Nb5+ while Ti exists mainly as Ti4+.
Nb hinders the growth of the TiO2 grains. Above 800 �C, the grain
size of Nb0.1Ti0.9O2 increased rapidly. This may be the possible
signature that Nb atoms become segregated from TiO2 when the
temperature becomes high enough. The average grain sizes at
various temperatures are presented in Table 1.

3.3. XPS analysis

The chemical composition and surface oxidation states of Nb-
doped thin films were analyzed by X-ray photoelectron spectrosco-
py. Fig. 5 shows typical XPS spectra for amorphous TiO2- and
Nb-doped TiO2 films. One can clearly recognize the Ti 2p region
located between 454 and 468 eV, the O 1s region located between
 in the XPS spectra was normalized by the base line. The films indicate that Nb exists



Table 2
XPS data fitting results.

Samples Experimental (at.%)

Ti O Nb

TiO2 19.6 80.4 –

Nb0.05 Ti0.95O2 18.2 79.7 2.1
Nb0.1 Ti0.9O2 22.6 72.3 5.1
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527 and 535 eV, and the Nb 3d region between 206 and 213 eV. It
must be noted that in all spectra a peak at around 281.5 eV was found
(not shown in this work), corresponding to carbon impurities
probably arising from the background of the XPS test or the residual
precursors. The bindingenergy of all the spectrawas calibrated to the
C 1s photoemission. Shirley-type background subtraction was
applied to the photoemission lines, which were fitted using a
combination of Gaussian–Lorentzian line shapes (CasaXPS).
Fig. 6. Raman spectra of (a) TiO2, (b) Nb0.05Ti0.95O2, and (c) Nb0.1Ti0.9O2 thin films at vario
phase crystallizes into the anatase structure above 400 �C (Eg peak at 159 cm�1).
Fig. 5(a) shows two broad peaks of Ti 2p from undoped and
Nb-doped TiO2. The binding energies close to 459 and 465 eV
correspond to 2p3/2 and 2p1/2 of Ti+4, respectively [23–27]. Peaks of
doped TiO2 exhibit a small shift compared to those of pure TiO2,
due to substitution of the Nb+5 in the TiO2 lattice and the possible
formation of Nb��O��Ti bonds in the film. Compared to Nb 5 mol%
(459.1 eV), peaks of Nb 10 mol% doped titania (459.3 eV) shifted to
lower binding energy.

Fig. 5(b) shows the O 1s core-level spectra of pure and doped
TiO2. The chemical shift and peak intensity of O 1s are similar in
pure and Nb 5 mol% doped TiO2 film. The peak at 530.9 eV for the
pure sample is due to O2� ions in the TiO2 lattice (Ti��O��Ti),
whereas the peak at 532.7 eV can be attributed to the surface
hydroxyl groups (Ti��OH) on the titania [28]. The main contribu-
tion is attributed to OH groups belonging to hydroxyl groups or
adsorbed H2O and the minor contribution to the remnant Ti��OH
bonds formed during sol–gel synthesis.
us annealing temperatures. The initial state is amorphous for films; this amorphous



Fig. 7. Evolution of the (a) Raman shift and (b) linewidth of Eg mode versus annealing temperature. The blue shifts of the low frequency Eg modes for Nb-doped thin films
appeared due to the incorporation of substitutional niobium dopants.
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The O 1s XPS spectra show dramatic changes with a major
contribution from TiO2 bonds, as can be seen in Fig. 5(b). Because
the O 1s feature in metal oxides is strongly affected by the local
electronic structure of metal–oxygen bonds, the spectral change is
an indication that the increased niobium content in Nb0.1Ti0.9O2

induced a perturbation in the local electronic structure.
The XPS peak intensity of Nb0.05Ti0.95O2 film is weaker than that

of Nb0.1Ti0.9O2 (Fig. 5(c)) due to the lower doping level. The binding
energies from 207.5 to 207.7 eV and from 210.2 to 210.4 eV should
be assigned to 3d 5/2 and 3d 3/2 of Nb5+, respectively. The chemical
valence of doped Nb in the films is +5. The Nb5+ may be induced by
the oxygen vacancies since no Nb2O5 phase was observed from the
XRD measurement. This means that charge compensation is
achieved by the formation of Ti vacancies according to Eq. (1).

The atomic percentages of the elements Ti, Nb, and O at the top
surface of the Ti��Nb��O oxide films are shown in Table 2.

3.4. Raman measurements

We can observe well-defined Raman bands between 100 and
1200 cm�1 that are characteristic of the anatase phase. Fig. 6
shows in situ Raman spectra of TiO2 thin films. The samples were
investigated in the 50–900 �C temperature range. Raman spectra
measured at temperatures between 100 and 300 �C confirm that
the films are amorphous (we did not observe an Eg peak at
159 cm�1 until 400 �C). This amorphous phase crystallizes into the
anatase structure above 400 �C. Bands of anatase appear at
159 cm�1 (Eg), 210 cm�1 (Eg), 393 cm�1 (E1g), and 623 cm�1 (Eg) in
all films. With increasing temperature, we observed the crystalli-
zation and growth of the anatase phase. Peaks at about 238, 292,
420, 598, and 960 cm�1 come from the silicon substrate. Raman
experiments confirm that TiO2 thin films do not exhibit any
structural phase transition from anatase to rutile, in agreement
with our X-ray analysis. Additionally, bands of niobia phases are
not observed, indicating that there is no phase separation or
formation of NbOx at the surface of TiO2 particles.

The Eg mode is strongly dependent on the annealing treatment
and arises from the extension vibration of the anatase structure.
The evolution of the Eg Raman mode (the peak position, linewidth,
and shape) can be attributed to the phonon confinement, strain,
non-stoichiometric defects, and anharmonic effects of lattice
potential due to the annealing temperature [29,30]. The
symmetric shape of Eg modes up to 800 �C indicates a strong
anharmonic effect, while at 900 �C their more asymmetric
broadening shows that a pronounced phonon confinement effect
is dominant.

The frequency and linewidth of the Eg modes (strongest band)
for TiO2- and Nb-doped TiO2 thin films annealed at various
temperatures are shown in Fig. 7. The frequency and linewidth are
obtained by fitting the data to Lorentzian and Gaussian line shapes.
Comparing the Raman spectra for the three thin films, we observe a
blue shift of the low frequency Eg modes for Nb-doped thin films.
This is attributed to the incorporation of substitutional niobium
dopants.

With increasing annealing temperature, the intensity of the Eg
mode of undoped TiO2 increases and is accompanied by a slight
shift to a higher wavenumber (blue shift) and linewidth broaden-
ing. These results suggest that the size effect has a greater influence
on the Eg mode than the anharmonic effect. The particle sizes of
undoped TiO2 grow with the upshift of the Eg mode frequency
during annealing.

The red shift and broadening of the Eg mode of Nb-doped TiO2

during annealing clearly point to the fact that anharmonic effects
have a greater influence on the frequency and line-width up to
800 �C than size effects. At 900 �C, size effects become dominant
over anharmonic effects in Eg Raman mode. This effect may be
explained by the fact that Nb atoms segregate from the TiO2 lattice.

3.5. XRR characterization

Fig. 8 shows the X-ray reflectivity curves of annealed TiO2 and
Nb-doped (x = 0.05, 0.1) TiO2 films at various temperatures ranging
from 50 to 700 �C. The data are plotted on a logarithmic scale so
that the intensities can be clearly observed. The intensity
oscillation of the XRR curves originated from the film thickness.

XRR curves exhibit two very clear temperature-dependent
features at the same time:

- Kiessig fringes (oscillations) which are characteristic of the finite
thickness of the film. Their amplitudes are related to the contrast
of electron density between the film and the underlying
substrate

- A critical q-value, qc, which is connected with the total reflection
cut-off.



Fig. 8. XRR curves of (a) TiO2, (b) Nb0.05Ti0.95O2, and (c) Nb0.1Ti0.9O2 thin films at various annealing temperatures. The evolution of the amplitude of Kiessig fringes shows the
densification of the films. The Kiessig fringes are well contrasted at 400 and 500 �C. Below 400 �C, the fringes, although weak, persist up to quite large values of q, thus showing
that the surface of the film is quite smooth.
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These two parameters are clearly temperature-dependent. As
shown in Fig. 8, the amplitude of Kiessig fringes is quite weak at
50 �C. It increases slightly until a temperature of 400 �C is reached.
After that, it becomes more pronounced when the temperature is
raised. This observation is concomitant with the increase of the
critical qc of the film at a low q wave vector transfer [31]. Both
observations are consistent with the densification of the films. The
Kiessig fringes are well contrasted at 400 and 500 �C. Below 400 �C,
the fringes, although weak, persist up to quite large values of q,
thus showing that the surface of the film is quite smooth. This is
confirmed by the X-ray reflectivity curve-fitting results. At 600 and
700 �C, the amplitude of the Kiessig fringes dropped due to an
increase of the surface roughness (Fig. 8). Further increases in
temperature induce the appearance of a layer in the film and some
important surface roughness (not shown here).

The electron density and thickness obtained by fitting
reflectivity data for the three films are plotted in Fig. 9. The film
thickness decreases rapidly when the temperature is raised to
300 �C. In this temperature range, the thickness decreases because
the films are mainly losing water molecules and isopropanol
molecules. Between 400 and 700 �C, the thickness is almost
constant during the transformation of the amorphous phase into
the anatase one. Above 700 �C, the change is mainly due to the
sintering of the TiO2 film.

Below 600 �C, the electron density of Nb-doped TiO2 films is
higher than that of pure TiO2 thin film. In particular the
x = 0.1 niobium-doped film displays the highest electron density.
Between 300 and 400 �C, the electron density increases steadily as
a consequence of the transformation from the amorphous to the
anatase phase. This transformation is the result of the densification
of the gel phase into a crystalline phase by condensation of an OH
pendant group at the surface of TiO2. This is accompanied by a
decrease of the film thickness due to the sintering of the film which
is visible over the entire range of temperatures. Surprisingly it can
be seen that at elevated temperatures (T > 700 �C), the electron
density of TiO2 becomes higher than that of the Nb-doped TiO2.
This might be related to the segregation of Nb atoms from the TiO2

lattice.



Fig. 9. Evolution of (a) electron density and (b) thickness versus annealing temperature. The step-like increase in electron density and slightly smoother decrease of the film
thickness are fully consistent with the fact that below 300 �C the TiO2 gel is losing water molecules as a result of water evaporation and syneresis.

Fig.10. UV–vis absorbance spectra of (a) TiO2, (b) Nb 5 mol%, and (c) Nb 10 mol% doped TiO2. (Inset graph: energy band gap calculation by extrapolation). The band gaps for all
films are about the same and equal to 2.40 eV before annealing. After annealing at 900 �C, the gaps of pure and Nb doped TiO2 changed to about 3.03 and 2.4 eV, respectively.
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Table 3
Band gap calculation results.

Samples TiO2 Nb0.05Ti0.95O2 Nb0.1Ti0.9O2

Eg (eV) Before annealing 2.42 2.41 2.40
After annealing 3.03 2.34 2.47
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The step-like increase of the electron density and slightly
smoother decrease of the film thickness are fully consistent with
the fact that below 300 �C, the TiO2 gel is losing water molecules as
a result of water evaporation and syneresis. Around 400 �C, the
steep change in electron density is a clear consequence of the
phase transformation of amorphous titania into the anatase
crystalline form. This aspect is confirmed by studying the X-ray
pattern at a wide angle, as shown in Fig. 3.

3.6. UV–vis results

The UVabsorptionpropertyofTiO2films isanimportant factorfor
photocatalysis. The UV spectra of TiO2 and Nb- (x = 0.05, 0.1) doped
TiO2 films before (T = 25 �C) and after (T = 900 �C) calcinations are
shown in Fig. 10. Spectra were recorded in reflectance mode and
transformed mathematically into the normalized Kubelka–Munk
function [32]. As we know, heteroatom doping in TiO2 materials
introduces defects such as oxygen vacancies, interstitial cation, and
band gap variance. A single higher absorbance of TiO2film appeared
at 340–358 nm, whereas Nb-doped TiO2 film shows two optical
absorption thresholds at 349–351 nm (ultraviolet region) and
440–443 nm (visible region). Broad absorption around 440 nm
corresponds to niobium doping in the film. At 900 �C, the absorption
spectra of the TiO2 thin film showa blue shift in the absorption edge.
Otherwise, the absorption spectra of the niobium 5 mol% doped
TiO2 shifted to higher absorbance (red shift) at 900 �C. The red shift
is ascribed to the fact that Nb doping can narrow the band gap of the
TiO2. For niobium 10 mol% doped TiO2, the shift in the band gap is
less pronounced in the absorbance spectra.

The fundamental absorption, which corresponds to electron
excitation from the valence band to the conduction band, can be
used to determine the value of the indirect optical band gap. It has
been reported that the band-gap electronic transition of anatase
TiO2 is indirect [33]. The incident photon energy hn and absorption
coefficient a are related through the well-known equation:

ahn ¼ Cðhn � EgÞ
1
2 (3)

where C is the proportionality constant and Eg is the optical band
gap.

The indirect optical band gap values of thin films are calculated
by extrapolating the straight line portion of the (ahn)1/2 versus hn
graph (Fig. 10). The value of the band gap is obtained by looking at
the intercept with the hn axis. It is found that the band gaps for all
films are about the same and are equal to 2.40 eV before annealing.
This value is smaller than 3.2 eV, which is reported for bulk TiO2

anatase [34]. After annealing at 900 �C, the gap of pure TiO2

increased to about 3.03 eV as a result of the phase transformation
of the amorphous state into anatase. On the contrary, the band gap
of Nb-doped films remained close to 2.4 eV after annealing
(see Table 3).

4. Conclusions

In this work, the structural and dynamic properties of Nb-doped
TiO2 (NbxTi1 �xO2) thin films under various temperatures in the
range of 25–900 �C were studied. The films were prepared by the
acid-catalyzed sol–gel method and the spin coating technique; the
Nb contents were 5 and 10 mol% (x = 0.05, 0.1).
The EDX spectra show that the Nb:Ti atomic ratios of the
niobium-doped titania films are quite similar to the nominal
values. The XPS experimental results suggest that charge
compensation of our thin films is achieved by the formation of
Ti vacancies according to Eq. (1). When the niobium content
reached 10 mol% it induced a perturbation in the local electronic
structure.

No niobium phase was observed by XRD and Raman measure-
ments, confirming that niobium is incorporated well into the
titania crystal lattice. Thin films were amorphous at room
temperature and the formation of anatase phase appeared at an
annealing temperature close to 400 �C. Syneresis and the phase
transformation of titania from the amorphous phase to the anatase
phase were evidenced. No formation of rutile phases was observed
until 900 �C. Generally, grain sizes and electron densities increased
with increasing temperature (according to the XRR and XRD
results). Nb-doped films have higher electron densities and lower
grain sizes due to niobium doping. Grain size inhibition was
explained by lattice stress induced by the larger Nb5+ ions
incorporated into the lattice. Above 700 �C, we observed that
the grain sizes of Nb-doped TiO2 increased sharply, the electron
densities were lower than in undoped TiO2, and the Raman red
shift changed to a blue shift. These phenomena could be explained
by the effect of niobium segregation from the crystal lattice.
However, we have not detected any niobium phase from XRD and
Raman results at high temperatures.

The Nb-doped TiO2 thin films exhibit a stronger absorption in
the near UV and visible-light region and a red shift in the band-gap
transition. Nb doping is incorporated into the crystal lattice and
extends the absorbance spectra of TiO2 into the visible region,
which leads to a reduction in the band gap. After niobium doping,
the band gap decreases to 2.40 eV. This value is very interesting for
promoting photocatalytic degradation of pollutants in the visible
range of the solar spectrum.

Consequently, our obtained experimental results show the
evolution of the critical structure for a TiO2 thin film as changes
with Nb doping and annealing temperatures. These results could
be very useful in the future for potential applications of
structurally modified TiO2 thin films.
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