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Abstract Ti;_Nb,O, (x = 0-0.06) films were prepared
on quartz substrates by sol-gel spin coating and character-
ized by a variety techniques. The effect of Nb doping on the
structural and optical properties of Ti;_Nb,O, films were
mainly investigated by X-Ray diffraction (XRD), Raman
spectroscopy, Field-emission scanning electron microscopy
and UV-vis transmittance spectroscopy. XRD and Raman
study showed that the Nb doping inhibited the grain growth.
The grain size decreased from 39.4 to 23.4 nm as the doping
concentration increased from 0 to 0.06 in atomic percent.
The UV-vis transmittance spectroscopy analysis revealed
that the films exhibited 55-65% transmittance in the visible
region and the band gap of films became wider with
increasing Nb doping concentration.

1 Introduction

TiO, is an important commercial material in the early
twentieth century, which is largely used as optical filter [1,
2], gas sensor [3], photo catalyst, dye sensitized solar cells
[4] and coating materials [S]. One particular area of interest
is used as coating materials in optical thin films because its
high transmittance and high refractive index in the visible
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region with good chemical durability in hostile environ-
ments. TiO, crystallizes in three forms: anatase (tetrago-
nal), rutile (tetragonal) and brookite (orthorhombic) [6].
Formation of a particular phase depends upon the nature of
starting material, composition, doping element, preparation
method and annealing temperatures. Rutile is found to be
most stable phase. Anatase phase can form at temperature
below 800 °C and transform into stable rutile phase at
higher temperature [7]. Physical and chemical properties of
the films obtained depend on films structure, composition
and presence of impurities [8].

TiO, films have been prepared by various techniques
such as electron beam evaporation [9], chemical vapor
deposition [10], pulsed laser deposition [11], sputtering
[12] and sol-gel process [13]. The generally used vacuum
techniques are suitable for small area substrates. Films
obtained by these methods are needed expensive equip-
ment, and the films are non-stoichiometric and non-uni-
form. Contrary to vacuum techniques, sol-gel process is an
industrially promising technique for preparation of thin
films on large area substrates. It has several important
advantages such as high purity, low cost, easy doping and
the possibility of having a homogeneous mixture of two
cations in the liquid state.

In this study we report the deposition of Nb-doped TiO,
films on quartz substrates by spin-coating technique from
precursor solution. We have studied the structural and
optical properties of these films with different doping
concentration.

2 Experimental

TiO, sol was prepared from tetrabutyl titanate and Nio-
bium (V) ethoxide in ethanol. Acetylacetone (acac) was

@ Springer



464

J Mater Sci: Mater Electron (2011) 22:463-466

added as a chelating agent to decrease the reactivity and
stabilize the sol. Acetic acid was added to initialize
hydrolysis by esterification reaction with ethanol. In this
case, molar ratio of composition of the pure TiO, sol was
1:0.3:0.2:34 of Ti(OC4Hg)s/acac/acetic acid/ethanol.
Nb(OC,Hs)s was used as the precursor for Nb. The con-
centration of the metal ion was varied between x = 0 and
x = 0.06, where x is the atomic percent of the metal ion
defined as x = [M/(M + Ti)]. In each case, the Nb-doped
sol was aged for 12 h before coating. TiO, films were
prepared by spin-coating onto quartz substrates. Just after
coating, the precursor films were dried at 100 °C for
10 min and then 400 °C for 10 min. Finally, dried gel films
were annealed at temperatures 700 °C for 2 h in air.

The structure and morphology of the films were char-
acterized by X-Ray powder diffraction (Rigaku RINT2400
with Cu Ko radiation), Micro-Raman spectrometer (Jobin-
Yvon LabRAM HR800 UV, YGA 532 nm), and Field-
emission scanning electron microscopy (Hitach, S-4800),
respectively. Optical transmittance was carried out using a
UV-visible spectrophotometer (Tu-1901) in the range of
300-800 nm. The thickness of the films was about 200 nm
measured by Surface Profiler.

3 Results and discussion

X-Ray diffraction patterns for the films with varying dop-
ant concentration annealed at 700 °C are depicted in Fig. 1.
As shown, the peaks of anatase phase can only be
observed. The experimental peak positions were compared
with the standard JCPDS files (JCPDS 21-1272) and the
corresponding miller indices were indexed. The grain size
was evaluated using the full with at half maximum
(FWHM) of the intense (1 0 1) diffraction peak of anatase
TiO, according to the Scherer equation. The results are
given in Fig. 2. Compared with those of pure TiO, films,
for doped TiO, films average anatase grain sizes decreased.
It is found that the introduction of Nb can be inhibited the
anatase grain growth. In general terms, the grain growth
hindering observed when our samples were doped with Nb
was very similar to that found by other authors. The Nb>*
radius (0.70 A) is slightly bigger than Ti*" radius (0.68 A)
and this means that Nb°" induces slight stress in TiO,
lattice, which may hinder the growth of the TiO, crystal-
lites, as was found by Sharma and Bhatnagar [14].

Figure 3 shows the Raman spectra of Nb-doped TiO,
films with different doping concentrations. The spectra
shows symmetric modes of vibration A, + 2B, + 3E; of
tetragonal anatase phase identified at 141 (E,), 200 (E,),
397 (Bip), 513 (Ajp), 519 (By,) and 637 cm™! (E,). The
observed band positions are in agreement with the previous
reports for anatase phase [15]. The Raman spectra of the
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Fig. 1 X-ray diffractograms of Nb-doped TiO, films: (a) x = 0,
(b) x = 0.02, (¢) x = 0.04, (d) x = 0.06, where x = Nb/[Nb + Ti]
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Fig. 2 The variation of grain size with different Nb-doped TiO, films
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Fig. 3 Raman spectra of TiO, films with different Nb-doped
concentration: (a) x = 0, (b) x = 0.02, (¢) x = 0.04, (d) x = 0.06,
where x = Nb/[Nb + Ti]
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Fig. 4 Variation of FWHM of the Raman band at 144 cm™' with
grain size for the films with different doping concentration. ((@) x = 0,
(b) x = 0.02, (¢) x = 0.04, (d) x = 0.06, where x = Nb/[Nb + Ti])

films doped with different doping concentration showed a
broadening of the band with increasing doping concentra-
tion. However, no shift in peak position was observed. The
FWHM of the main anatase peak (144 cm™ ') increased
from 12.44 to 1536 cm™' as the doping concentration
increased from O to 0.06 in atomic percent indicating a
structural change, which has been shown in X-Ray studies.
Figure 4 shows the variation of the FWHM of the Raman
band (144 cm™") with grain size. It can be observed that
the FWHM decreases following a first order exponential
function which is given by equation:

FWHM = A e~ P00 4y,

Fig. 5 SEM micrographs of
Nb-doped TiO, films: a x = 0,
b x =0.02, c x = 0.04,

d x = 0.06, where x = Nb/
[Nb + Ti]

where D is the grain size in nm, Yy, = 12.7468,
Xxo = 16.6998, A; = 12.4878, t; = 0.2361. This expression
can be used to calculate the grain size from the Raman
band. The results of Raman spectra show that the incor-
poration of different Nb concentration influenced the grain
growth of the films, and those were similar to the XRD
results.

Figure 5 presents the SEM micrographs of TiO, films.
All the films had similar microstructures. The surface of
films was continuous, smooth and very uniform. The
microphotographs confirm that sizes of anatase grains
decreased with the Nb doping. SEM microphotographs
show that the anatase grain sizes decreased from ca. 40 nm
for pure TiO, films to ca. 20-25 nm for doped TiO, films,
also. The result was similar to the XRD and Raman results.

In order to understand the effect of Nb doping on the
optical properties of titanium dioxide films, optical trans-
mittance was performed in the UV—visible region. Fig. 6
shows the transmission spectra of undoped and Nb-doped
TiO, films in the wavelength range 300-800 nm. The wavy
nature in the region 400-800 nm in transmission spectra
was due to interference effect and a fast decrease in
transmittance can be related to the excitonic transition [16].
All the films exhibit 55-65% transmittance in the visible
region and start absorbing in between 350 and 400 nm.
With increasing Nb concentration the absorption edge
shifted towards lower wavelength side indicating the
increase in the band gap of the films.

The optical band gap (E,) of the films was calculated
using the Tauc equation. The absorption coefficient () was
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4 Conclusions

The effect of Nb doping (up to 0.06 in atomic percent) on
the structural and optical properties of titanium dioxide
films prepared by sol—gel spin coating technique has been
examined. The surface of films was continuous, smooth
and very uniform. All the films exhibit 55-65% transmit-
tance in the visible region and start absorbing in between
350 and 400 nm. XRD and Raman study show that the Nb
doping inhibited the anatase grain growth. The mechanism
will be discussed in our later work.
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estimated from the transmittance spectra using Newton-
Raphson method. The band band gap was estimated by
extrapolating the straight line portion of the (ahv)"? versus
hv plot (as shown in Fig. 7). The band gap of the undoped
film was 3.49 eV and it increased to 3.56 eV with
increasing Nb concentration. The widening of the band gap
can be explained by the Burstein-Moss (BM) effect [17], in
which the lowest states in the conduction band were
blocked, and transitions can take place only to energies
higher than Fermi energy. Thus, the band gap became
widening with increasing Nb doping concentration. The
observes values were higher than the band gap of both bulk
and thin film TiO, in the anatase phase. The reported
values were 3.18 eV [18] for bulk material and in the range
3.2-3.23 eV for thin films [19]. The higher band gap
observed in our case can be associated with the nano-
crystalline nature of the films.
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