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Abstract

The aim of this study was to investigate the influence of the annealing temperature on the structural and optical
properties of TiO, thin films, deposited by chemical bath deposition method (CBD) onto glass substrates. The
X-ray diffraction (XRD) experiments show that the well-known anatase phase was observed for some annealing
temperature. The best conditions of crystallization were found upon annealing at temperatures higher than 400
°C in the air. The surface morphology of the deposited films characterized by the Field-Emission Gun Scanning
Electron Microscope (FEGSEM) consists of granular texture with a clear identified grain at the surface. The size
of the grains is more than 100 nm and increases with annealing temperature. The UV-Vis-NIR spectroscopy
shows that our films exhibit a high value of optical transmission which is around 80%. The indirect band gap of
the deposited films was found to range between 3.17 and 3.44 eV depending on the annealing temperature. The
Urbach energy increases with the annealing temperature.
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Introduction

Much attention has been paid these last decades to the study of titanium dioxide. In this respect, particular
interest has been attached to the environmental applications of such material that is gaining in popularity day
after day. Indeed, extensive studies and investigations are being conducted for various applications, explicitly
photo-induced water splitting [1], dye-sensitized solar cell [2], environmental purification [3], many other
electric, optical and catalytic applications [4-9] and nanoparticle TiO, materials have been used in various
electrochemical and photoelectrochemical applications [10, 11]. Furthermore, TiO, has become an attractive
electrode material for electrochemical sensors and biosensors applications, due to its good biocompatibility,
high conductivity and low cost [12, 13]. The chemical and physical properties of the prepared materials depend
strongly on the method used for their fabrication. Many approaches have been tested for the preparation of TiO,
thin films, including electron beam evaporation [14-16], magnetron sputtering [17], mist plasma evaporation
[18], pulsed laser deposition [19], self-assembly process [20], laser chemical vapor depositing [21, 22], cathodic
electrodeposition [23-24], sol gel [25] metal organic chemical vapor deposition [26]. Non vacuum methods are
very attractive and seem to be preferred since they do not require a high capital investment. Among, these
techniques, sol gel (spin-coating and dip-coating) are some of the most popular approaches: They are simple,
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cost effective, easy to scale-up and suitable for a large area processing. In our previous works [27, 28], we have
demonstrated the high crystalline quality of TiO, thin films prepared with sol gel method.

In this contribution, we present our recent results on TiO; thin films prepared with another traditional method
frequently used and identified as cost effective and highly efficient; chemical bath deposition. The influence of
annealing temperature on the structural and optical properties will be presented and discussed.

2. Experimental procedure

For the synthesis of TiO, thin films, the peroxo-titanium precursor was prepared in the aqueous acidic medium
by mixing TiOSO, powder and H,O, with constant stirring for 25 min to get a red clear solution [23]. The
obtained solution was kept in the bath at room temperature with constant stirring. The glass substrate was
cleaned in an ultrasonic bath with an acetone and ethanol solution, then it is rinsed with bidistilled water and
finally purged with nitrogen gas. The glass substrates were immersed vertically in the solution. After 12h
deposition time, the substrates were withdrawn from the solution, sufficiently rinsed with the bidistilled water
and purged with nitrogen gas at room temperature (25°C). The films were then dried at 100 ‘C for 1 h and
subsequently annealed at 350, 400, 450 and 500 "C in air during 1 h.

The optical measurements were performed using a Cary 50 (Varian) UV-Vis-NIR spectrophotometer equipped
with unpolarized light and operating at normal incidence in the wavelength range from 300 nm to 850 nm. A
glass substrate cleaned with the same procedure described above was used as reference.

The morphological investigations of the prepared films were achieved with a high-resolution Ultra 55 Zeiss
FEG scanning electron microscope (FEGSEM) operating at an acceleration voltage of 10 KV. The film
thickness was measured with a Dektak 6 M stylus profiler.

Energy dispersive X-ray spectroscopy (EDS) analysis was used to determine the chemical composition of the
prepared films and realized in FEGSEM using a PGT spirit energy dispersive spectrometry system (EDS).

The crystalline structure was determined by an X-ray diffractometer (Siemens D5000 XRD unit) in 20 range
from 20° to 80" by 0.07° s™' increasing steps operating at 40 KV accelerating voltage and 40 mA current using
CuKa radiation source with A= 1.5406A.

3. Results and discussion
First, it is worth noting that all the prepared films were firmly adhesive on the substrate. No peel off was noticed
from the substrates after annealing. The thickness of the prepared TiO, films was roughly about 200 nm (Figure

1(a)).

3.1. Structural and morphological characterizations

Figure 1(b) shows the XRD patterns of TiO, films annealing at different temperatures 350, 400, 450 and 500°C.
As seen, TiO, film annealed at 350°C was amorphous. The crystallization process begins after annealing at
400°C. Indeed, XRD patterns of TiO, films obtained after annealing at 400, 450 and 500°C for 1 h in air,
present an obvious diffraction peak at 25.3° assigned to (101) crystallographic plane of anatase. These results
show that the crystallization of TiO, improves by increasing the annealing temperature.

The grain sizes of TiO, films were calculated by the Scherrer equation (1) [29]:

0.894

(B — B c0S O, @

Where D is the crystal dimension perpendicular to the reflecting plane, A = 1.5406A is the wavelength of CuKa
radiation source, 8y is the angle of bragg diffraction, Bixs is the instrumental broadening, B is the full width at
half maximum (fwhm) of the diffraction peak and (B’ons ~ B%ns)"” is the fwhm of the diffraction peak after
correcting for broadening caused by the diffractometer. The obtained grain size from the calculation using Eqg. 1
for the annealed films at temperatures of 400, 450 and 500°C are respectively 33 nm, 40 nm and 47 nm.
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Figure 1: (a) The film thickness measurement using stylus profiler, (b) XRD pattern of TiO, films annealed at
different temperatures: 350, 400, 450 and 500°C.

At room pressure, TiO, occurs in three crystalline polymorphs: rutile (tetragonal, a=0.4593nm, ¢=0.2959 nm),
anatase (tetragonal, a=0.3785 nm, ¢=0.9514 nm), and brookite (orthorhombic, a=0.5436 nm, b=0.9166 nm,
¢=0.5135 nm) [25-26]. The anatase and brookite phases are known to be thermodynamically less stable than the
rutile phase, so they can easily be converted into the other phases at high temperatures [25-26]. Only anatase
and rutile, which possess tetragonal structures, have been observed in thin film up to now [25-26]. Anatase TiO,
is a low temperature stable phase, which transforms into rutile structure at high temperatures above 800°C [30,
31]. In addition, amorphous TiO; films are often observed when the substrate temperature during deposition is
low [32]. The band structure calculations revealed that rutile and anatase TiO, have respectively direct and
indirect band gap [33]. Although a wide range of band-gap energies have been reported for both rutile and
anatase TiO, samples by optical measurements, anatase TiO, is known to have higher band-gap energy than that
of rutile TiO, [33-35].

In Figure 2 (a)—(d) we present the FEGSEM images of the TiO, thin films annealed at different temperatures of
350, 400, 450 and 500°C.

Figure 2: SEM images of TiO; thin films annealed at different temperatures: (a) 350°C, (b) 400°C, (c) 450°C
and (d) 500°C.
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The films cover the whole substrate and show a crack free, rough surface, no pinholes and granular texture with
clearly identified grain at the surface. It is also seen that the sizes of the grains are more than 100 nm and
increase with annealing temperature. The results of the XRD investigations reported above, revealed grain sizes
less than 100 nm determined from the FEGSEM images. This can be explained by the fact that the grains consist
of a set of domains in which size is ranging from 33 nm to 47 nm. The energy dispersive X-ray (EDX) analysis
in Figure 3 reveals the existence of Ti and O elements on the surface of annealed films as well as other chemical
species coming from the glass substrate. Unfortunately no quantitative analysis was performed on our samples.

40 Si L
; TiO,-500°C

10 - Na

keV
Figure 3: The energy dispersive X-ray (EDX) analysis of TiO, thin film annealed at temperature of 500°C.

3.2. Optical properties

Figure 4 shows the optical transmission spectra of TiO, films annealed at different temperatures of 350, 400,
450 and 500°C. As it is seen, the optical transmission of TiO, films in the visible wavelength region is enhanced
to nearly 80% by increasing annealing temperature. This is attributed to the increase of structural homogeneity
and the decrease of the defect density [36].

The optical band gap of TiO, film can be determined from the sharply falling transmission region. According to
Tauc equation below [37], the absorption coefficient has the following energy dependence (equation (2)):

1

e B(hv-E,) @)
hy

Where B is a constant which does not depend on hv, and for most semiconductors it is in the range of 10°-10°
r-1

cm™ eV T [38]; ris the power coefficient whose value indicates the type of predominant electronic transitions;
it takes the following values of 1/2, 2, 3/2 or 3 respectively for allowed direct, allowed indirect, forbidden direct
and forbidden indirect electronic transitions [39, 40]. The best fit of (ahv)" versus hv gives the value of r=1/2 in
the case of our annealed films and that of the most oxide.
The band gap is determined by plotting, (ahv)" versus, hv, and extrapolating the linear region of the plot toward
low energies. This graphic method is approximate for determining semiconductors band gap because it assumed
that the refractive index is constant in the energy range considered [41]. By neglecting the reflectivity, the
absorption coefficient (a ) can be determined from the TiO, film transmission, T, using equation (3) below:
1

In(=

o )
d

3)

Where d is the thickness of the film [42].
In Figure 5 we present a comparison of the (a.hv)™ versus hv plots of TiO, films annealed at different
temperatures. The results denote that the band gap can be tuned by varying the annealing temperature. However
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lower optical band gap can be obtained for higher annealing temperature. The indirect optical band gap values
(Ey) are 3.44; 3.37; 3.30 and 3.17 eV for TiO, films annealed at 350, 400, 450 and 500°C, respectively. The
allowed indirect transitions have been previously found for different Anatase TiO, films [43, 44].

The inset in Figure 5 presents the dependence of the optical band gap of TiO, films on the annealing
temperature. From the graph, it is clear that the optical band gap increases almost linearly with the reduction of
the annealing temperature. The optical band gap of TiO, film is obviously affected by the defects and the film
crystallinity [44]. From Figure 5 and based on the XRD results of the structural analysis, in terms of the grain
size gains with the increasing of the annealing temperature, it is apparent that the optical band gap decreases
with the increase of grain size and thus the decrease of defects density. Similar results were observed by other
authors and explained by the fact that free electrons are trapped into the defects and the grain boundaries [45].
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Figure 4: The Optical transmission spectra of TiO, thin films annealed at different temperatures: 350, 400, 450
and 500°C.
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Figure 5: The comparison of the (c.hv) ¥ versus hv plots of TiO, thin films annealed at different temperatures.
The dependence of TiO, film band gap on the annealing temperature is shown in the inset.
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Urbach energy of samples is calculated by using the empirical Urbach rule given by equation (4) [46, 48]:

E

a= aOeE“ 4

Where a is the absorption coefficient, E is the photon energy and E, is the Urbach energy. For the calculation
of Urbach energy, Ina is plotted against E. The reciprocal of the slope of linear portion, below optical band
gap, gives the value of E, [47, 48]. The Urbach energy curves of entire samples are displayed in Fig. 4 and the
values of E, at different temperatures are inserted in Tablel. We notice that the width of Urbach tail increases
with the film annealing temperature; this is most probably due to the decrease of order with the annealing
temperature. Furthermore the observed high Urbach energy for TiO, annealed at 500°C is attributed to the
presence of large number of oxygen vacancies inTiO, [49]. This interpretation is supported by many previous
studies, in which impedance spectroscopy measurements are used to characterize the gas-sensing behavior of
undoped titanium dioxide (TiO,) polycrystalline thin films [50] and to show bistable resistive switching of
anatase TiO, films [51]
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Figure 6: Determination of Urbach energy of TiO, thin films annealed at different temperatures.

Table 1: Urbach energy of TiO, thin films at different annealed temperatures.

T(°C) 350 | 400 | 450 | 500
E(meV) | 373 | 350 | 361 | 806
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Conclusion

This study deals with the preparation and characterization of Anatase TiO, thin films, using a cost effective
method: Chemical Bath Deposition. It has been shown that homogenous and firmly adhesive layers can be
prepared easily. The obtained films consist on homogeneous granular surface with nano-sized particles of few
tens of nanometers. Increasing annealing temperature has lead to the improvement of the crystalline quality of
the films, the reduction of the band gap value and increase the urbach energy.
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