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Abstract: Titanium dioxide (TiO2) thin films have been deposited on microscopic glass substrate by spray pyrolysis technique.
The effect of deposition parameters such as substrate temperature, molarity (precursor concentration) and solution spray rate on the
structural, surface morphological and optical properties of the films have been studied. The prepared films were characterized by X-ray
diffraction (XRD), scanning electron microscope (SEM) with EDS and UV-Vis spectroscopy. The XRD patterns indicated that the films
have amorphous and polycrystalline structure and the size of the crystallites have been changed from 9 to 48 nm. The optical band gap
of the TiO2 films is determined to be about 3.40 to 3.65 eV to the change of deposition conditions.
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1 Introduction

TiO2 is a promising, multifunctional semiconducting
material and receiving much attention due to the ability of
depositing films at lower temperature with atmospheric
pressure and the non toxicity of the liquid precursors. The
interest on titanium dioxide is mainly for its special
properties like chemical stability [1, 2], photocatalytic
potential [3], high dielectric constant (εr = 60 – 100) [4,
5], increased electrical conductivity [6], favourable band
gap [7] and high refractive index (2.6 – 2.9) [8]. Over the
past decades TiO2 films have been studied largely for
their numerous applications, including catalysis, optical
coatings, gas sensors, smart windows [9 – 11], dye
sensitized solar cell [12], organic and inorganic absorber
[13] and electrochromic devices [14]. Recently n-type
TiO2 thin films are also used for buffer layer material in
solar cells. The applications of titania have been found to
depend strongly on the crystalline structure, morphology
and particle size [15, 16].

It is a relatively complex material and exhibited three
polymorphic states: anatase (tetragonal), rutile
(tetragonal) and brookite (orthorhombic). The parameters
that affecting the phase of the films which are the

deposition method, deposition temperature, annealing
temperature, deposition rate, deposition pressure,
precursor type, reaction atmosphere, impurities present
and type of the substrate. The anatase phase is obtained
for the low temperature range of about 350 C and in the
temperature between 400 and 800 C rutile phase was
observed. At higher temperature, only the rutile phase is
present whereas another possible phase brookite was just
present at higher pressure with temperature. It has been
found that the anatase structure with higher photocatalytic
activity than rutile.

Many research groups have been synthesized the TiO2
thin films by various methods such as molecular beam
epitaxy [17], pulsed laser deposition [18], spin coating
[19], chemical vapor deposition [20], reactive evaporation
[21], vacuum evaporation [22], sputtering [23], chemical
bath deposition [24], electrodeposition [25] and spray
pyrolysis [26]. Among them spray pyrolysis is a simple,
low cost and easily available technique for producing
large area deposition with sufficient thickness in single
step [27]. In this letter the preparation and
characterization of TiO2 thin films which are deposited on
glass substrates using the spray pyrolysis technique is
presented. The influence of the spray parameters like
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substrate temperature, molarity and spray rate on the
structural, surface morphological and optical propertiesof
the films is also investigated.

2 Experimental details

Titanium dioxide (TiO2) thin films were deposited on
microscopic glass substrates using spray pyrolysis
technique. A detailed description of the microcontroller
based spray pyrolysis technique is given elsewhere [28].
The precursor solution was prepared by dissolving
titanium tetra isopropoxide in 50 ml ethanol. To find the
optimization of deposition parameters for the films
(substrate temperature, precursor concentration and
solution spray rate), three sets of films were prepared
namely ‘set 1’, ‘set 2’ and ‘set 3’. For all the sets, the
deposited films under similar conditions:
nozzle-to-substrate distance = 20 cm; carrier gas = air;
carrier gas pressure = 1.0 kg/cm2. ‘Set 1’, in order to
study the effect of substrate temperature on the physical
properties of the thin films, the substrate temperature was
varied in the range of 375 – 475 C, with a step of 25 C.
After optimizing the substrate temperature, ‘Set 2’ was
prepared by varying the precursor concentrations from
0.05 – 0.15 M. In the ‘set 3’, to study the deposited films
with different spray rate solution, the spray deposition
was carried out at different rates in the range of 1 – 4
ml/min. Before deposited the films, the glass substrates
were first cleaned with a water bath, followed by dipping
in con.HCl, acetone and ethanol successively. Finally the
substrates were rinsed in deionised water and allowed to
dry in hot air oven. To prepare TiO2 thin films with the
conditions of spray deposition parameters are given in
Table 1.

Table 1 Spray deposition parameters of TiO2 thin
films.

Effect of substrate
temperature (Ts)

Effect of variation
of molarity (M)

Effect of
spray rate (R)

Volume of spray
solution (ml)

50 50 50

Substrate
temperature
(C)

375, 400, 425, 450,
475

475 475

Molarity (M) 0.1 0.05, 0.075, 0.1,
0.15

0.1

Spray rate
(ml/min)

3 3 1, 2, 3, 4

Carrier gas
pressure

1.0 1.0 1.0

Nozzle-to-
substrate distance
(cm)

20 20 20

Thickness of the films was measured using stylus
method (Mitutoyo SJ 301). For the structural study was
performed employing X-ray diffraction (XRD) by JEOL
JDX-803 diffractometer using CuKα (λ=1.5406 )
radiation with 2θ in the range 20 - 60. The average
crystallite size was calculated using Scherrer’s formula

[29]:

D =

Kλ
βcosθ

−−−−−−−−−−−−−− (1)

where, K=0.94 is the shape factor,λ is the X-ray
wavelength of CuKα radiation,θ is the Bragg’s angle and
β is the full width at half maximum of the peak. The
lattice strain (ε) was calculated using the relation,

ε=
βcosθ

4
−−−−−−−−−−−−−−− (2)

The values of dislocation densities (δ ) were calculated
using the relation,

δ =

15ε
aD

−−−−−−−−−−−−−−−− (3)

The microstructural parameters such as crystallite size,
micro strain and dislocation density of the films with
various conditions have been summarized in Table 2.

The surface morphology of the films was studied by
scanning electron microscopy (SEM) using JEOL
JES-1600 with the magnification of 2K. Optical
measurement of the films was carried out using a
Varian-Cary 500 Scan UV-Vis-NIR double-beam
spectrophotometer in the wavelength range of 300 – 1000
nm. The direct optical band gap (Eg) of the prepared films
was obtained by optical absorption measurements and
plotting (αhν)2 versus photon energy (hν) and using the
relation [30]:
(αhν)2 = A (hν - Eg) ————– (??)
where, A is proportionality constant and Eg is the direct
transition band gap.

3 Results and discussion

3.1 Structural properties

3.1.1 Effect of substrate temperature (Ts)

Figure 1 shows the XRD patterns of the TiO2 films
deposited with different substrate temperatures. The films
prepared at Ts<400 C are mainly amorphous in nature.
The previous works stated that the amorphous nature of
TiO2 films obtained at lower temperatures around 300 C
[31, 32]. As the substrate temperature increased (Ts>400
C), the amorphous phase was partially crystallized into
anatase TiO2 phase. On increasing the temperature upto
475 C, the crystallinity of the film was further increased
as confirmed from the intensity count of the peak. The
presence of diffraction peak 25 is a highly preferential
grain orientation along (??) axis with tetragonal crystal
structure which indicated that the TiO2 exists in the form
of anatase phase. Hence we conclude that the crystalline
formation is influenced by the substrate temperature. The
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observed 2θ values were compared with standard data
[33].

The structural parameters such as crystalline size,
dislocation density and micro strain were determined
from the appropriate equations and the values were shown
in Table 2. With increasing the substrate temperature, the
size of the crystallites (16.55 to 48.69 nm) is also
increased [34]. From the table, it was generally observed
that the strain and dislocation density in the film
decreases as the crystallite size increases which is a
well-known phenomenon [35].

Figure 1 XRD patterns of TiO2 thin films deposited at
various substrate temperatures.

3.1.2 Effect of variation in molarity (M)

Figure 2 depicted the XRD patterns of TiO2 films with
various molarity. The films prepared with lower and
higher precursor concentration of 0.05 and 0.125 M
indicated an amorphous in nature. As the precursor
concentration of 0.075 had formed the anatase phase as
evident from the sample. It was found that the initiation of
the crystalline phase occur at this concentration. The
lower concentration (0.05 M) was insufficient for the
crystallization of TiO2 and at higher concentration (0.125
M) the temperature was insufficient for the crystallization.
The solution concentration is great impact on the
crystallization. The well defined reflections of the films
could be indexed in terms of the anatase phase lattice was
identified the precursor concentration of 0.1 M. The films
had tetragonal crystal structure and oriented along (??)
plane. Upon increasing the precursor concentration from
0.075 to 0.1 M, the crystallite size increased from 30.65
to 48.69 nm due to particle residence time [36].

Figure 2 XRD patterns of TiO2 thin films prepared at
different molarities.

3.1.3 Effect of spray rate (R)

The XRD spectra of the films deposited at different spray
rates are shown in Figure 3. The films prepared with a
spray rate of 1 ml/min did not show any peaks of
crystalline phase, which indicating the amorphous
structure. The thermally activated transformation from an
amorphous to anatase phase was depended on
experimental parameters. The films prepared with spray
rates of 2, 3 and 4 ml/min indicate a polycrystalline
structure of anatase TiO2. Among them R=3 ml/min is the
best spray rate for the highest structural order the degree
of preferred orientation of the films varied largely with
the deposition rate. Increasing the spray rate higher than 3
ml/min would lead to deterioration of intensity of (??)
peak. Thus it was clear that the crystalline formation is
influenced by the deposition rate. Crystallinity seems to
be increased as the film thickness increases with
increasing the spray rates from 1 to 4 ml/min. The size of
the crystallites in the (??) plane of TiO2 thin films is
calculated for different spray rates and given in Table 2.
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Figure 3 XRD patterns of TiO2 thin films prepared at
different spray rates.

Table 2 XRD results for Microstructural parameters
of TiO2 thin films.

2θ (degree) Crystallite
size (nm)

Dislocation density
(δ )
x1014 lines/m2

Micro Strain (ε)
x10−4

(a) Effect
of substrate
temperature
(Molarity = 0.1
M, Spray rate = 3
ml/min)
375 C - - - -
400 C 25.2564 16.55 36.509 20.937
425 C 25.2692 24.95 16.061 13.891
450 C 25.2706 27.60 13.128 12.561
475 C 25.3484 48.69 4.219 7.119
(b) Effect of
variation of
molarity (Ts =
475 C, Spray rate
= 3 ml/min)
0.05 M - - - -
0.075 M 25.4865 30.65 11.271 9.811
0.10 M 25.3484 48.69 4.219 7.119
0.125 M - - - -
(c) Effect of spray
rate (Ts = 475 C,
Molarity = 0.1 M)
1 ml/min - - - -
2 ml/min 25.7852 13.18 42.628 27.488
3 ml/min 25.3484 48.69 4.219 7.119
4 ml/min 25.1275 9.17 61.634 39.483

The SEM images of the films deposited at (a) Ts =
400 C and (b) Ts = 475 C have been shown in Figure 4. It
was observed that the homogeneous surface exists in the
films and the morphologies of the films changed with the
substrate temperature. As increasing the substrate
temperature from 400 C (Fig. 4(a)) to 475 C (Fig. 4(b)),
the particles were densely packed, smooth without any
cracks, pinholes or voids. This strongly indicated that the
high mechanical stability of the films. The poor
crystallinity of the films grown at low temperatures is
probably due to the lack of thermal evaporation for the
nucleation of deposited atoms. Figure 5 shows the EDAX
spectrum of the TiO2 films prepared at optimized
parameters (Ts = 475 C, M = 0.1, R = 3 ml/min). The

ratio of the atomic percentage of Ti and O was 35 at% and
65 at%, respectively. It was evident that the presence of
the elements almost in the stoichiometric ratio.

Figure 4 SEM image of TiO2 films prepared at (a) Ts =
425 C and (b) Ts = 475 C.

Figure 5 EDS spectrum of TiO2 thin films prepared at Ts
= 475C, Molarity = 0.1 M, Spray rate = 3 ml/min.

3.2 Optical properties

Figures 6 – 8 shows the optical band gap of the films in
various deposition parameters is determined from the plot
of (αhν)2 versus hν . The band gap energy was
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determined by extrapolating the linear portion of the
curve. The results of the optical properties of the films
have been summarized in Table 3. These results indicated
that with increasing the substrate temperature, the band
gap values of films is decreased. This is due to the
improvement in crystalline quality of TiO2 thin films.
This observation is fairly agrees with the XRD and SEM
analysis. When increasing the molarity and spray rate
leads to the increasing the optical band gap of films. The
observed band gap values are good agreement with
reported values between 3.2 – 3.9 eV [37]. Thicknesses of
the films prepared at different substrate temperatures were
measured and values were given in Table 3. From the
table, it was observed that the thickness of the films
decreased from 1045 nm to 655 nm with increase in
substrate temperature. Such a decrease in thickness with
increase in Ts for films fabricated using chemical spray
pyrolysis has been reported earlier [38].

Figure 6 (αhν)2 versus photon energy (hν) of TiO2 thin
films deposited at different substrate temperatures.

Figure 7 (αhν)2 versus photon energy (hν) of TiO2 thin
films prepared at different molarities.

Figure 8 (αhν)2 versus photon energy (hν) of TiO2 thin
films prepared at different spray rates.

Table 3 Optical band gap values of TiO2 thin films.

Eg (eV) Thickness (nm)
(a) Effect of Ts
375 C 3.60 855
400 C 3.55 820
425 C 3.50 768
450 C 3.50 705
475 C 3.40 655
(b) Effect of M
0.05 M 3.60 480
0.075 M 3.50 577
0.10 M 3.40 655
0.125 M 3.45 735
(c) Effect of R
1 ml/min 3.65 524
2 ml/min 3.55 590
3 ml/min 3.40 655
4 ml/min 3.50 708

4 Conclusion

In this work, to find the deposition parameters for the
preparation of TiO2 films by spray pyrolysis technique
were investigated. The substrate temperature, molarity
and spray rate of solution such as 475 C, 0.1 M and 3
ml/min, respectively were optimized for TiO2 films. The
XRD studies indicated that the films were polycrystalline
in nature with preferred grain orientation along (??) plane
and exhibited tetragonal crystal structure. Optical band
gap energy of the films revealed that the films can be
fabrication of optical devices and solar cells.
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