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Abstract
Transparent semiconducting thin films of titanium oxide (TiO2) were deposited on glass
substrates by the sol–gel method and spin-coating technique. The physical properties of the
prepared films were studied as a function of the number of spun-cast layers. The
microstructure and surface morphology of the TiO2 films were characterized by X-ray
diffraction (XRD) and atomic force microscopy (AFM), with respect to the film thickness.
The XRD analysis reveals that the films are polycrystalline with an anatase crystal structure
and a preferred grain orientation in the (101) direction. The morphological properties were
investigated by AFM, which shows a porous morphology structure for the films. The optical
properties of the films were characterized by UV–visible spectrophotometry, which shows
that the films are highly transparent in the visible region and their transparency is slightly
influenced by the film thickness, with an average value above 80%. The dependence of the
refractive index (n), extinction coefficient (k), and absorption coefficient () of the films on
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the wavelength was investigated. A shift in the optical band gap energy of the films from 3.75
to 3.54 eV, as a function of the film thickness, has been observed.
Key words: thin films; sol gel, titanium oxide; physical properties; nanomaterials.

1. Introduction
Titanium oxide (TiO2) thin films have attracted much attention due to their optical, physical,
chemical, and electronic properties, including excellent transmittance of visible light,
photocatalytic activity, high dielectric constant, high refractive index, and high chemical
stability [1–3]. These properties strongly depend on the micro-/nano-structure and
crystallinity of TiO2. A variety of TiO2 films have been developed for several applications,
such as solar cells [4], photocatalysis [5,6], gas sensors [7], and antireflective coatings [8]. It
is well known that TiO2 is a n-type semiconductor with a wide indirect energy band gap
[9,10]. TiO2 generally crystallizes in three structures, the tetrahedral anatase structure (space
group I41/amd, density = 3.894 g/cm2), the rutile structure (space group P42/mnm, density =
4.25 g/cm2), and the orthorhombic brookite structure (space group Pcab, density = 4.12
g/cm2). The anatase and rutile structures belong to different space groups but both have a
tetragonal crystal lattice. Rutile is the most stable form of TiO2, whereas anatase and brookite
are metastable and transform to the rutile phase upon heating [11–15]. The phase
transformation from anatase to rutile structure depends on the growth process of the films,
which is likely to be affected by defect concentration, grain boundary concentration, and
particle packing [16, 17]. The characteristics of TiO2 films depend on their crystal structure,
orientation, and morphology, therefore control of the phase structure of the films during
growth is important.
Various techniques have been used for the deposition of TiO2 films, such as sol–gel
deposition [18-20], spray pyrolysis [21], pulsed laser deposition [22], e-beam evaporation
[23], chemical vapor deposition [24], and reactive magnetron sputtering [25]. The sol–gel
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process has many advantages, such as large-area coating, low-temperature processing,
controllable film morphology (porous or dense film), composition control, and low cost,
therefore it is one of the most important techniques for the preparation of functional TiO2
films. The characteristics of sol–gel deposited TiO2 thin films may be controlled by the sol–
gel processing conditions, including the choice of solvent, the solvent concentration, and the
post-deposition heat treatment [26]. It is remarkable that a TiO2 film, obtained by annealing at
400 – 700 °C, showed a predominantly anatase phase structure, which could change with the
number of coatings [27]. This work aims at investigating the characteristics of TiO2 thin films
that were synthesized by the sol–gel method and post-annealed at 600 °C under ambient
atmosphere. We evaluate the effect of the film thickness on their structural, morphological,
optical, and electrical properties.

2. Experimental
2.1 Preparation of TiO2 thin films
The TiO2 sol was prepared using titanium (IV) isopropoxide (C12H28O4Ti), 2-methoxyethanol
(C3H8O2) (99.8%, Sigma Aldrich), and diethanolamine (MEA) (99%, Merck) as the solute,
solvent, and sol stabilizer, respectively. Titanium (IV) isopropoxide was first dissolved in 2methoxyethanol, and then the resulting solution was magnetically stirred at 80°C. At the same
time, MEA was added to the solution drop by drop. The molar ratio of MEA to titanium (IV)
isopropoxide was kept at 1.0. After 1 h, a transparent TiO2 sol was formed. In the sol, the
titanium concentration was 0.5 mol/L. The TiO2 sol was aged for 24 hours at room
temperature. Before deposition, glass substrates were successively cleaned with acetone,
ethanol, and deionized water in an ultrasonic bath. TiO2 thin films were deposited on the glass
substrates by spin coating at room temperature, with a rate of 3000 rpm for 30 s. After each
spin-coating step, the films were heated on a hot plate at 300 °C in air for 15 min to remove
organic contaminations. The procedure from coating to drying was repeated six times, in
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order to increase the thickness of the films. All samples were post-annealed in air at 600 °C
for 1 h.

2.2 Characterization
The crystallographic structure of the films was studied by X-ray diffraction (XRD), using a
Bruker D 8 advance X-ray diffractometer with Cu Kα (k = 1.5418 Å) radiation, for 2 θ values
in the range of 10 – 90°. The surface morphology of the films was characterized via atomic
force microscopy (AFM) in tapping mode conﬁguration by a Nanoscope III microscope. The
optical transmittance, T, and reflectance, R, of the films were measured by a UV–vis–NIR
(Lambda 950) spectrophotometer, equipped with an integrating sphere, in the wavelength
range 400 – 2500 nm. The transmittance and reflectance measurements were used to calculate
the refractive index and the film thickness, via the Manifacier equation [28]. The electrical
resistivity was measured by a S302-X Stand alone in a four point probe configuration. All
measurements were carried out at room temperature.

3. Results and discussion
3.1. Dependence of the structural properties of TiO2 thin films on thickness
Figure 1 shows the XRD patterns of TiO2 films with different numbers of layers. The
identified peaks are (101), (112), and (211) peaks. All the peaks correspond to the tetragonal
anatase phase of TiO2 with a space group I41/amd (JCPDS78-2486) and a preferred grain
orientation in the (101) direction. The crystallite sizes are estimated by applying Scherer’s
equation to the major peaks of the diffraction patterns and taking an average [29]:
θ

(1),

where D is the average crystallite size in angstroms (Å), K is a shape factor taken as 0.9, λ is
the wavelength of X-ray radiation (CuKα = 1.5406 Å), β is the full width at half maximum
(FWHM) after making the appropriate base line correction, and θ is the diffraction angle at
the position of the peak maximum [30]. Figure 3 shows the crystallite size of the films as a
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function of the number of layers. We notice that the crystallite size decreases by increasing
the number of layers, and therefore the film thickness. The decrease of the crystallite size can
be attributed to the nucleation process, due to the difference in the density of nucleation
centers in films with different thicknesses. An increased density of nucleation centers leads to
the formation of crystallites with smaller size.
3.2. Dependence of the morphological properties of TiO2 thin films on thickness
The TiO2 thin films prepared in this work were characterized in terms of their porosity.
Figures 2(a) and 2(b) show typical AFM images of two films with one and six layers,
respectively. We observe that the surface morphology and roughness of the films are
significantly different. The surface of the films is spongy and the porosity changes with the
number of layers. The obtained average surface roughness values (RMS) for the TiO2 samples
presented in Fig. 3 are very low, indicating a smooth surface.
3.3. Dependence of the optical properties of TiO2 thin films on thickness
Figure 4 presents the optical transmittance (T) and reflectance (R) spectra of TiO2 thin films
with different thicknesses. All samples have high transmittance in the visible range. The
average transmittance ranges from 80 to 92% with the number of layers and the reflectivity is
less than 30 % for all samples. As it can be seen, all spectra exhibit interference fringes. From
the transmittance and reflectivity curves we can calculate the band gap and the thickness of
the films, respectively.
3.3.1 Thickness calculation
The thickness of the TiO2 films was calculated using the reflectance data (Fig. 4). The
Manifacier equation was used to calculate the thickness of the films [28]:
d=

(

)

(

)

(2),
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where M is the number of oscillations between two extremes of the reflectance (M = 1
between two consecutive maxima or minima), λ1, n (λ1) and λ2, n (λ2) are the corresponding
wavelengths and indices of refraction at the reflectance extremes. The calculated thickness of
the films is shown in Fig. 7, where we can see that the thickness increases linearly with the
number of deposited layers.
3.3.2 Optical band gap calculation
As shown in Fig. 4, the films are transparent (over 83%) in the visible range with a sharp
absorption edge at ~350 nm. From the optical transmittance measurements we may calculate
the absorption coefficient of the films, α. The absorption coefficient is mainly influenced by
two factors (i) fundamental absorption and (ii) scattering losses. At shorter wavelengths, close
to the absorption edge, the contribution of the scattering losses is negligible compared to that
of fundamental absorption and the absorption coefficient is given by the equation [31]:
(

α=

)

(3),

In the high absorption region (α > 104 cm-1), the optical band gap energy may be determined
by Tauc’s relation [32]:
α=

(

)

(4),

where hν is the incident photon energy, Eg the optical band gap energy, and B is a constant.
Determination of the band gap energy, Eg, and its correlation with structural features are often
necessary to understand the performance of a thin-film material. We evaluated the band gap
energy of the TiO2 films from (αhν)1/2 versus photon energy, hν, plots (not shown here), in
accordance with Eq (3). For this, the plotted data have been fitted with a straight line and the
regression of each linear fit was better than 0.999. Eg was estimated from the intercept of
these linear fits with the photon energy axis. The optical band gap energy of the films is
shown in Fig. 5. The optical band gap is found to be between 3.75 - 3.54 eV, near the value of
3.85 eV, found by H. Oh et al. for TiOx with a thickness of 38 nm [33]. The optical band gap
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energy decreases with the film thickness. The decrease of the band gap cannot be due to the
change of the crystallite size, since the latter decreases with the film thickness, but rather to
oxygen defect band states formed in the band gap. The values of the optical band gap energy
are in good agreement with those published by other authors [34,35]. However, they are still
higher than the optimum range for solar energy conversion.
3.3.3 Calculation of the Urbach energy
The variation of the absorption coefficient with the Urbach energy is given by the following
equation [36]:
α = α0 exp (

)

(5),

where α0 is a constant and Eu is the Urbach energy.
We calculated the Urbach energy for the TiO2 films from the plots of Ln(α) vs. hν. The value
of Eu is calculated from the slope of the linear region of these curves. Fig. 5 shows the value
of Eu as a function of the film thickness. The obtained values of Eu are in the range of
amorphous semiconductors (between 0.046 and 0.66 eV), as reported by Davis and Mott [37].
The results show an increase of the Urbach energy with the TiO2 film thickness, which
suggests the possibility of long range order, locally arising from the formation of a weak
crystalline phase, as it is shown from the XRD results. The increase of the Urbach energy is
attributed to the increase of the density of oxygen vacancy atoms within the TiO2 film [38,
39].
3.3.4 Calculation of the optical constants
The optical constants (refractive index, n, and extinction coefficient, k) of the TiO2 films were
determined from the following equations [40,41], via a Matlab-based program:
(

)

(

)

(6),

and
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α

(7),

Figure 6 shows the variation of n and k as a function of wavelength, λ, in the 400 – 2500 nm
range. The refractive index, n, of undoped TiO2 thin films prepared using sol–gel [42,43], ionassisted electron-beam evaporation [44], or plasma vapor deposition [45,46], has been
previously reported to present a fast decrease in the UV region, followed by a slower decrease
in the visible and IR regions of the optical spectrum. Depending on the elemental
composition, film crystalline structure and density, surface roughness, etc., refractive index
values between 2.6 and 3.0 for λ = 300 nm and 1.9 and 2.1 for λ = 800 nm are common for
TiO2 films. A similar behavior was found for the wavelength dependence of the extinction
coefficient, k, with values usually reported to vary between 0 and 0.3. The results presented in
Fig. 6 agree with the results reported in the literature. Due to the amorphous structure of the
films developed in this work, the value of the refractive index at λ = 632.8 nm is smaller than
the characteristic value for the anatase phase of TiO2, which is reported to be ~2.5 [47]. The
increase of the refractive index of the TiO2 films with the number of layers, shown in Fig. 6,
is due to film densification and pore filling.
3.3.5 Calculation of the relative density and porosity of the thin films
The relative density, D, is a parameter which can reflect the degree of crystallization of
thin films. The relative density can be calculated using the equation [48]:
(8),
where n is the refractive index of the samples and

is the refractive index of single

crystal anatase TiO2 [49]. From Fig. 7, we observe that the relative density increases with the
film thickness, indicating the crystalline quality of the TiO2 thin films gradually improves.
The porosity of the TiO2 films is calculated using the following equation [50]:
Porosity =(1-

)×100(%)

(9),
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where nd is the refractive index of pore-free anatase TiO2 (nd = 2.52 [49]), and n is the
refractive index of the samples. The porosity of TiO2 thin films with different number of
layers were shown in Fig.7. We note that the porosity of the films decreases with the number
of layers. This is due to film densification and pore filling in films with increasing thickness
[51].
3.4. Dependence of the electrical properties of TiO2 thin films on thickness
The electrical resistivity of the TiO2 films was measured by the Van der Pauw method and its
dependence on the number of layers is shown in Fig. 8. From this Figure, we observe that the
resistivity increases with the thickness of the films. The resistivity ranges between 4.35×1011
Ω.cm and 2×1012 Ω.cm, which is similar to the resistivity values reported by Alam and
Cameron [52].

Conclusions
TiO2 thin films were prepared by the sol–gel method on glass substrates. The structural,
morphological, optical, and electrical properties of the films were studied as a function of the
number of layers. The X-ray diffraction patterns of the TiO2 films reveal the existence of a
TiO2 single-phase with the anatase crystal structure. The XRD patterns consist of a (101)
main peak, which is due to TiO2 crystals that grow along the c-axis. The morphological
properties of the films show a porous morphology. The density of the films increases with the
number of layers, while their porosity decreases. Both the optical transmittance and film
thickness increase with the number of layers. The crystallite size and optical band gap
decrease with the number of layers. The decrease in the crystallite size is attributed to the
difference in nucleation center densities in films with different thicknesses. The decrease in
the optical band gap is attributed to the formation of a non-stoichiometric material with
increased oxygen vacancies by increasing the film thickness. These oxygen vacancies also
increase the Urbach energy. The refractive index of the films increases with the number of
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layers, while the extinction coefficient decreases. The electric resistivity increases with the
thickness of the films, ranging between 4.35×1011 Ω.cm and 2×1012 Ω.cm.
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Figure captions

Fig. 1 The X-ray diffraction patterns of TiO2 thin films with different numbers of layers.
Fig. 2 AFM images of TiO2 thin films with one and six layers.
Fig. 3 Crystallite size and surface roughness of TiO2 thin films as a function of the number of
layers.
Fig. 4 Transmission and reflectance spectra of TiO2 thin films with different number of
layers.
Fig. 5 The optical band gap and Urbach energy of TiO2 thin films as a function of the number of
layers.
Fig. 6 The refractive index (n) and extinction coefficient (k) of TiO2 thin films with different
numbers of layers.
Fig. 7. Thickness, porosity, and relative density of TiO2 thin films as a function of the number
of layers.
Fig. 8 Electric resistivity for TiO2 thin films as a function of the number of layers.
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Figure 2
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Figure 3
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Figure 4
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Figure 6
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Figure 7
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