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Abstract: Titanium oxide (TiO2) thin films have been deposited on to glass substrate by spray pyrolysis 
deposition technique (SPDT). The surface morphological, structural, electrical and optical properties of the as-
deposited TiO2 thin films have been investigated as a function of substrate temperature (Ts).  The scanning 
electron micrographs of as-deposited films showed uniform surface of TiO2 thin films. Elemental analysis 
clearly showed that the grains were typically comprised of both Ti and O in the thin films.  Strong diffraction 
peaks (101) and (200)  at 25° and 48° respectively indicating TiO2 in the anatase phase .The peaks were found to 
shift slightly from their standard positions at higher Ts, and there was some deviation in the lattice parameters. 
The crystallite size is found to be around 13 nm. The optical transmission of the thin films was found to increase 
from 73 to 89 % and the band gap energy shifts from 3.64 to 3.40 eV with increase of Ts. The room temperature 
dc electrical resistivity varies from 42 to 27 ohm.cm for the thin films grown at different Ts. Copyright © 2015 
IFSA Publishing, S. L. 
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1. Introduction 
 

The increasing demands for microelectronics and 
microstructural components in different branches of 
science and technology have greatly expanded the 
sphere of research of thin films [1-2]. Transparent 
and conducting oxides (TCOs) such as zinc oxide 
(ZnO), titanium oxide (TiO2), nickel oxide (NiO), 
indium oxide (In2Ox), aluminum oxide (Al2O3), tin 
oxide (SnO2) etc. are used for a variety of 
applications including architectural windows, solar 
cells, flat-panel displays, smart windows, polymer-
based electronics etc. [3-8]. From these materials, 
TiO2 shows unique characteristics in chemical 
inertness, stability to heat treatment and mechanical 
hardness. Compact TiO2 thin films deposited on 
conducting glass are used in new types of solar cells: 

liquid and solid dye-sensitized photo electrochemical 
devices among other uses [9-10].  

TiO2 photocatalyst films having an anatase crystal 
structure with different thicknesses were prepared by 
the low-pressure metal– organic chemical vapor 
deposition (LPMOCVD) to examine the effect of 
growth conditions on photocatalytic activity [11]. 
Film thickness was linearly proportional to the 
deposition time. Structure of the film was strongly 
dependent on the deposition time. The optimum 
thickness of TiO2 catalyst film grown by LPMOCVD 
may locate between 3 and 5 μm. M/TiO2 (M = metal; 
Ag, Cu) thin films on quartz glass were prepared by 
radio frequency (rf) magnetron co-sputtering process 
and the calcination effects on their optical and 
structural properties were investigated [12]. These 
films were amorphous below 300 oC, and these were 
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anatase phase at 300–700 °C. The crystallite size of 
the anatase phase and the agglomerates of primary 
particles of the M/TiO2 thin films increase with 
increasing calcination temperature. Preparation of 
TiO2 films with superior optical and structural 
characteristics was attempted using a conventional 
RF magnetron sputtering by modifying deposition 
variables, such as the substrate temperature (Ts) and 
the gas composition in the sputtering ambient [4]. 
TiO2 thin films with higher refractive index and 
better homogeneity were obtained with substrate 
heating between 200 °C and 400 °C. TiO2 thin films 
were prepared by chemical spray pyrolysis from 
aqueous solutions and it was shown that it had three 
different kinds of polymorphous crystalline forms: 
rutile, anatase, and brookite [13]. The rutile phase is 
always formed at higher temperatures, while the 
anatase phase is formed at lower temperatures and 
transformed into rutile phase above Ts of 800 ºC and 
the refractive index lies in the range between  
2.01–2.29. TiO2 thin films prepared with and without 
lithium (Li) and niobium (Nb) were uniform, crack-
free, stoichiometric, and amorphous when deposited 
at 300 °C and below; and were polycrystalline 
anatase when deposited at 400 °C. Films prepared 
around 200 °C were very porous, but the porosity 
was decreased as the Ts increased [14]. Optical 
absorption spectra revealed an indirect band gap of 
3.0 eV for amorphous and anatase films and a direct 
band gap of the same value in rutile. Dark dc 
conductivity of undoped films was lower than  
10-10 (Ohm.cm)-1. The presence of Nb and Li 
increased the conductivity by 2–3 orders of 
magnitude, similar to the effect of hydrogen 
annealing. TiO2 thin films were obtained using the 
MOCVD method [15], film thickness increased with 
deposition time as expected, while the transmittance 
varied from 72 to 91 % and the refractive index 
remained close to 2.6. It is observed that there are 
many techniques, including solgel, sputtering, 
MOCVD, evaporation and chemical vapour or spray 
deposition, by which the TiO2 films may be deposited 
on to glass substrates [12-16]. In this study, TiO2 thin 
films were prepared by the spray pyrolysis deposition 
technique (SPDT) which is particularly attractive 
because of its simplicity, fast, inexpensive, and 
suitable for mass production [16]. So, the aim is to 
grow TiO2 thin film by SPDT and to study the effect 
of the Ts on the structural, optical and electrical 
properties of TiO2 thin films.  
 
 

2. Experimental Details 
 

TiO2 thin films were deposited using homemade 
spray pyrolysis set up from aqueous solution of 
titanium chloride (TiCl4). 0.1M of TiCl4 was added 
with 50 ml water and 50 ml ethanol for precursor 
solution for TiO2 thin film. The distance between 
substrate to spray nozzle was 25 cm and air pressure 
was 1 bar. To enhance the solubility of prepared 
solution, a few drops of HCl were added. The 

transparent solution thus obtained and subsequently 
diluted by ethanol, served as the precursor. The 
solution was sprayed onto the organic solvent and 
ultrasonically cleaned glass substrates heated at five 
different Ts, namely 250, 300, 350, 400 and 450 °C. 
Ts was recorded using a cromel-alumel 
thermocouple. The flow rate of the solution during 
spraying was adjusted at about 1 ml/min and was 
kept constant throughout the experiment and the 
spray time was 5 min. For each concentration the 
reproducibility of the thin films was verified by 
repeating the experiments several times. The main 
reaction which leads to the formation of TiO2 may 
takes place as follows: 

 

TiCl4  +  O2 (g)    →      TiO2 (s) +  2Cl2 (g)↑ . 
 

The surface morphology of the films was examined 
by a HITACHI S-3400N model scanning electron 
microscope (SEM), the elemental analysis was 
performed by an electron dispersive spectrometer 
attached to the SEM, X-ray diffraction (XRD) 
patterns were recorded by a Philips PW3040 X’Pert 
PRO X-ray diffractometer. The optical transmission 
spectra for as-deposited thin films were obtained in 
the ultraviolet (UV) UV-visible (UV-vis.) and near 
infrared regions (300-1100 nm) using a UV-VIS 
spectrophotometer (Model: 1201V, Shimazdu, 
Japan). Electrical resistivity of the thin films was 
measured at room temperature by Vander Pauw 
technique. The temperature dependence of the 
electrical conductivity was also measured. 
 
 

3. Results and Discussion 
 
3.1. Surface Morphological and Elemental 

Analysis 
 
SEM images were recorded to examine the 

surface morphology of the as deposited TiO2 thin 
films and these images are shown in Fig. 1 (a, b, c, 
d). The surface of the thin film is uniform and 
homogeneous. SEM images show that there are no 
remarkable grains and impurity for the TiO2 thin 
films. SEM images reveal that sprayed particles 
(atoms) are absorbed onto the glass substrate into 
clusters as the primary stage of nucleation. It was 
observed that the coating was transparent and 
homogeneous without any visual cracking over a 
wide area. Multiple coating increased thickness, but 
did not affect the uniformity of the thin film. SEM 
micrographs reveal the formation of particles with 
different shapes and sizes. So, the SEM surface 
studies of TiO2 films exhibit a smooth and 
homogeneous growth on the entire surface. EDX 
analysis revealed the presence of titanium (Ti) and 
oxygen (O) and confirm the formation of TiO2 thin 
films through the chemical oxidation route free from 
impurities (Table 1). This implies that the prepared 
samples are made up of Ti and O. 
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Table 1. Quantitative results of TiO2 thin films from EDX 
analysis. 

 

Ts (oC) 
Element (Atom %) 
Ti O 

250 55.23 44.63 

400 67.34 32.22 

450 60.12 39.34 
 
 

3.2. X-ray Diffraction Analysis 
 

XRD patterns for TiO2 thin films synthesized at 
different Ts are shown in Fig. 2. XRD patterns of 

TiO2 thin films indicate that the sample prepared at 
Ts of 250 °C was amorphous where these prepared at 
Ts viz, 300, 350, 400 and 450 °C were crystalline 
nature and there was no indication of other crystalline 
by-products. These diffraction patterns show that the 
TiO2 thin film contains only anatase, which is well 
known as the most suitable structure for the 
photocatalysis. The diffraction peaks observed at 2θ 
values of 25.25, 38.05, and 48.5° correspond to the 
diffraction lines produced by (101), (004), and (200) 
planes of the tetragonal structure with anatase phase 
and the diffraction data were in good agreement with 
data of 2θ and peak respectively [17-18]. 

 
 

 
 

 
(a) 

 

 
(b) 

 
(c) 

 
(d) 

 
Fig. 1. SEM images of TiO2 thin films at Ts (a) 250; (b) 350; (c) 400; and (d) 450 ºC. 

 
 
The (101) surface of TiO2 thin film is 

energetically the most stable and the predominant 
crystal face found in polycrystalline samples. Strong 
diffraction peaks at 25° and 48° are indicating TiO2 
in the anatase phase [19]. The intensity of XRD 
peaks of the sample reflects that the formed are 
crystalline and broad diffraction peaks indicate the 
size of crystallite is very small. XRD data of TiO2 
crystallite size was obtained by Debye-Scherrer’s 
formula [20]. The crystallite sizes (D) and the lattice 

constants (a = b, c) are calculated from the XRD 
patterns and these values are given in Table 2. No 
trace of rutile was found in the as-deposited films 
regardless of deposition temperature. The increase of 
Ts increases the intensity of the peaks, it is due to the 
crystallinity of the TiO2 improves progressively. It is 
noticed that no additional XRD peaks corresponding 
to Ts> 250 oC. The values of average crystallite size 
(D) is in the range 12.74–13.05 nm for Ts of 300 to 
450 oC. This means that the homogeneity of the thin 
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film is improved with substrate heating during the 
film deposition.  
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Fig. 2. XRD patterns of TiO2 thin film synthesized  
at various Ts. 

 
 

Table 2. XRD data for the TiO2 thin films at various Ts. 
 

Ts (°C) D (nm) a, c (Å)
250 - - 
300 12.7417 3.7870, 9.5194
350 12.8498 3.7829, 9.0856 
400 12.8702 3.8072, 8.9276
450 13.0451 3.8035, 8.9640

 
 
3.3. Optical Properties  
 
3.3.1. Transmittance and Optical Band Gap 
 

Transmission spectra were taken in the range of  
300 to 1100 nm for TiO2 thin films and are shown in 
Fig. 3. It is seen from the graph that the value of 
transmittance is high in the visible and IR region, it is 
minimum at wavelength ~ 400 nm. Films prepared at Ts 
of 250 ºC exhibit a transmission of > 65 %, again it is 
found > 75% in the visible and infrared regions for 
TiO2 thin films prepared at Ts of 400 ºC.  

An average of 75 to 85 % transmittance is 
observed in the wavelength range of 800-1100 nm 
and below 600 nm transmittance decreases gradually. 
The transmittance increases from 10 to 15 % with Ts, 
and shows the highest transmittance of about 88 % 
for the thin films grown at Ts of 400 °C. The shift in 
the fundamental absorption edge is due to the 
structural changes as revealed by XRD analysis. The 
transmittance of the films is also influenced by a 
number of effects, which include surface roughness 
and optical in homogeneity in the direction normal to 
the film surface. The increase in transmittance may 
be due to the transition of the TiO2 films from 
amorphous to polycrystalline structure and relatively 

high transmittance may be attributed to less scattering 
due to the decrease in the degree of irregularity in the 
grain size distribution [22]. 
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Fig. 3. Optical transmittance vs. wavelength of films  
at various Ts. 

 
 
The optical band gap of semiconductors is 

determined using the Tauc formula [23]. Fig. 4 shows 
the (αhν)2  as a function of hν for the TiO2 thin films 
deposited at various Ts. The α was found in the order 
of 105 m-1 which may be suitable for a transparent 
conducting film.  

In Fig. 4, it is observed that α first increases 
slowly in the low energy region and then increases 
sharply near the absorption edge so the value of the α 
depends on Ts.  
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Fig. 4. Variation of (αhυ)2 with (hυ) TiO2 thin  
for TiO2 thin films at various Ts. 

 
 
The Eg of the TiO2 thin films decreases when Ts 

increases. At Ts of 250 °C the Eg was found to be  
3.62 eV and a minimum value 3.40 eV was observed 
at Ts of 400 °C. The value of the Eg for Ts of 450 °C 
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is same as that of 400 oC. It can be seen that a band 
gap tuning of 0.22 eV occurs when Ts is changed by 
about 150 °C.by increasing of Ts. It may be due to the 
surface morphology and structure of the TiO2 thin 
films no change and no disorderness. The observed 
band gap values are in good agreement with reported 
values between 3.2 and 3.9 eV [16]. 

 
 

3.3.2. Refractive Index and Extinction 
Coefficient 

 
The of refractive index, n for TiO2 thin films 

decreases with Ts, as shown in Fig. 5. N of TiO2 thin 
film has been obtained to be 2.75 at Ts of 250 °C and 
it became lowest 2.55 at Ts of 400° C. This value is 
lower than the reported value 2.80 of TiO2 thin film 
[24] and it is lower than that of bulk TiO2 and this 
low value of refractive index may probably be due to 
the smaller density of the films which is suggested by 
Arai [25]. 
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Fig. 5. Variation of refractive index with Ts. 

 
 

It is observed that refractive index decreases as Ts 
increases. It may be due to the decrease of impurity 
in the film. The variation of extinction coefficient, k 
with wavelength is shown in Fig. 6. It is observed 
that k increases with the increase of Ts. The rise and 
fall in k is directly related to the absorption of light. 
The k about 0.05 in the range of wavelength  
500-1100 nm is very close to the reported value of 
TiO2 thin films prepared by DC magnetron sputtering 
method [24]. 

 
 

3.4. Electrical Properties 
 

The variation of the resistivity, ρ of TiO2 thin 
films as a function of Ts is shown in Fig. 7. It is 
observed that ρ of the as-deposited TiO2 thin films is 
decreased with increasing Ts. This behavior indicates 
the semiconducting nature of the TiO2 thin films. The 
decrease of resistivity means increase of conductivity 
with temperature which may due to the increase of 
carrier mobility or due to increase of carrier 

concentration for neutral defects and stochiometric 
changes of the films. The conductivity of the 
prepared TiO2 thin films increases as Ts increases as 
shown in Fig. 7. 
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Fig. 6. Variation of extinction coefficient  
with wavelength at various Ts. 
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Fig. 7. Electrical resistivity vs. Ts of TiO2 thin films. 

 
 

It may be due to increase in the free path of 
carrier concentration. At high temperature the 
mechanism of impurities thermal activation becomes 
the dominant one. The increase in σ is due to the 
increase in the crystalline nature as the temperature 
increases. Consequently, Ti4+ ions have more 
concentration in the films obtained at high Ts. 
Regarding the O2- ions, which results in an increase 
of the free electron concentration after there is a 
decrease in the resistivity of the films [26-27]. On the 
other hand, the increase in the conductivity with 
temperature can also be explained as follows: the 
grain size increases with temperature which leads to a 
decrease in grain boundaries and hence resistivity 
[21, 28]. This is clearly understood from Fig. 2 where 
one can see a single phase structure of TiO2 thin film. 
The single phase structure enhances the electron 
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mobility thus improve the conductivity [29]. So the 
high electrical conductivity has been found for TiO2 
thin films deposited at Ts of 400 oC. 

The activation energy (ΔE) is calculated from the 

slope of the curves lnσ vs. (1/T) in Fig. 8 and the 
variation of ΔE with different Ts is shown in Fig. 9. 
The low value ΔE may be associated with the 
localized levels hopping due to the excitation of 
carriers from donor band to the conduction band. So 
the low value of ΔE indicates that the prepared 
sample is stoichiometric. 
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Fig. 8. Electrical conductivity (lnσ) vs. inverse of absolute 

temperature of TiO2 thin films at various Ts. 
 
 

250 300 350 400 450
0.005

0.010

0.015

0.020

0.025

0.030

A
ct

iv
at

io
n 

E
ne

rg
y 

(e
V

)

T
s
 (oC)  

 
Fig. 9. Variation of activation energy versus Ts. of TiO2 

thin films. 
 
 
The Figure of merit is well-known as an index for 

evaluating the performance of transparent conducting 
films, and it is given by the equation F = (− ρlnT)−1 
where ρ is the electrical resistivity and T is the 
average transmittance in the wavelength range of 
800-1100 nm [17]. Fig. 10 shows the figure of merit 
values of TiO2 thin films deposited at various Ts. The 
figure of merit for the TiO2 thin films deposited at Ts 
of 250 - 400 °C were found to be 0.0666 -  

0.2238 Ω−1cm−1. The increase in the figure of merit of 
the TiO2 thin films is mainly due to the increase in 
the optical transmittance with increasing Ts. The 
experimental data suggest that Ts of 400 °C is the 
best Ts with other conditions for depositing high-
quality TiO2 thin films. 
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Fig. 10. Variation of figure of merit versus Ts. 

 
 

4. Conclusions 
 

Transparent and homogeneous TiO2 thin films 
have been prepared using TiCl4, ethanol and water by 
employing a simple and inexpensive spray pyrolysis 
deposition technique. Roughness of TiO2 thin film is 
decrease with increasing Ts. The XRD pattern of thin 
films shows a single anatase phase with a strong peak 
(101) and particle size 13 of nm. The average 
transmittance of the TiO2 film were about 75 % in the 
wavelength range of 600-1100 nm, the optical band 
gap 3.4 eV, and the lowest value of refractive index 
2.55 at Ts of 400 °C. 

The resistivity of TiO2 thin film decreases as Ts 
increases. The minimum resistivity is found to be  
27 Ω-cm for TiO2 thin film deposited at Ts = 400 °C. 
The highest figure of merit occurred for the film 
grown at 400 °C with an optical transmittance about 
85 % in the wavelength range of 800-1100 nm. 
Activation energy of TiO2 thin films varies in the 
range of 0.010 to 0.028 eV for different Ts. The 
results suggest that high-quality TiO2 thin film can be 
produced when deposited at a growth temperature of 
400 °C. The obtained experimental results indicate 
the suitability of this material as transparent and 
conducting window materials in thin film solar cells 
and gas sensor devices.  
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