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Abstract: - The influence of annealing temperature on the structure, optical and electrical property of TiO2 thin 
films with (101) preferential orientation were deposited on glass substrates by sol–gel technique has been 

studied. As-deposited films were amorphous, and the XRD studies showed that the formation of anatase phase 

was initiated at annealing temperature close to 400 °C. The grain size of the film annealed at 550 °C was about 

22 nm. The transmission spectra, recorded in the UV visible range reveal a relatively high transmission 

coefficient (~70%) in the obtained films. The transmittance data analysis indicates that the optical band gap (Eg) 

is closely related to the annealing temperature, an indirect band gap ranging from 3.43 eV to 3.04 eV was 

deduced. The electrical resistivity measurement that were carried out in function of the annealing temperature 

showed a sharp decrease in resistivity was found to be 0.0802 .cm. 
 

Keywords: TiO2 Thin films, Annealing, DRX, Anatase, Optical property, Resistivity 

 

I. INTRODUCTION 
 Among available techniques, sol-gel. Technique has emerged as one of the most promising technique 

as this method produces samples with a good homogeneity at low cost. In addition, sol gel processing is 

particularly efficient in producing thin, transparent, multi-component oxide layers of many compositions on 

many substrates, including glass. This is especially attractive for enterprises engaged in flexible on-demand 

fabrication as well as for small- and mid-sized companies that refrain from the high investment costs required 

for vacuum based technologies [1]. TiO2 is a wide band gap semiconductor material which has been under 

extensive investigations due to its applications in a variety of fields such as dye-sensitized solar cell [2], gas 

sensors [3], photocatalysts [4-5], waveguiding [6], antireflective coatings [7], dielectric [8], etc. Titanium 

dioxide (TiO2) belongs to the family of transition metal oxides [9]. In nature, TiO2 is known to occur in the 

structures of rutile, anatase, and brookite (brookite is a minority product of most synthesis) [10]. A fourth 
polymorph, having the α-PhO2 structure (orthorhombic), has recently been synthesized under high-pressure [11]. 

In nature, TiO2 is known to occur in the structures of rutile, anatase, and brookite (brookite is a minority product 

of most synthesis) [10]. A fourth polymorph, having the α-PhO2 structure (orthorhombic), has recently been 

synthesized under high-pressure [11]. The structures of rutile, anatase and brookite can be discussed in terms of 

(
6

2TiO ) octahedrals are interconnected differently for each phase, leading to different structures and 

symmetries [9]. Many important applications of TiO2 depend on its structural, electrical and optical properties 

because of their excellent properties, e.g. chemical and physical stability, high refractive index, good 

transmission in VIS and NIR regions, high dielectric constants, high electrical resistance and interesting 

catalytic properties. For as-deposited films that are mostly amorphous, post-deposition annealing is the key 

factor to modify microstructure of the films.  Films with dense structure are good in solar cell applications 

where as porous films are better for gas sensors. Rutile phase has good stability and high refractive index which 

makes it suitable for protective coatings on lenses [12]. The anatase phase which has better response with 

ultraviolet photons is used for photocatalysis [13] where as amorphous TiO2 films are utilized in biomedical 
fields due to its blood compatibility [14].  In this work, we study the effect of annealing level on the structural, 

optical and electrical properties of TiO2 films synthesized by sol-gel method. 

 

II. EXPERIMENTAL DETAILS 

 The sol-gel solution is prepared in the following way: 2 cm3 of titanium isopropoxide were considered 

to which 0.7 cm3 of isopropanol were added drop by drop. The solution was left under closed stirring during 10 

minutes. Then, 2.2 cm3 of acetic acid were poured, stirred during 15 minutes. 5.2 cm3 of methanol were added 

and stirred during 1 hour. The glass substrates were immersed in the prepared sol-gel solution with a speed of 12 
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cm/min and dried at 100°C during 15 min. Finally, the obtained samples have been annealed under oxygen O2 

flux at temperatures from 400 to 550 °C for 20 min.  

 The structural characterization of the films was carried out by X-ray diffraction technique using an X-

ray diffractometer (PHILIPS XPERT-PRO) with CuKα radiation. The optical transmittance was measured on a 

Shimadzu 3101 PC UV–visible spectrophotometer. The electrical resistivity of the films was measured in a 

coplanar structure obtained with evaporation of two golden stripes on film surface. 

From the XRD pattern the grain size of TiO2 thin films were estimated for all the observed planes by using the 
Scherer’s formula [15]. 





cos
)(

k
D nm                                                                                                                   (1) 

where k varies from 0.89 to 1.39. But in most of the cases it is closer to 1. Hence for grain size calculation it is 

taken as one, λ is wavelength of X-ray, β is the full-width at half of the peak maximum in radians and θ is 

Bragg’s angle 

The microstrain () developed in the TiO2 thin films was calculated from the equation as [16] 
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where β is full-width at half-maximum of the (101) peak and D is the average grain size. 

The refractive index (nf) of the films was calculated using the envelope method, described in reference [17]. 
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TM and Tm are, respectively, the maxima and minima of the envelope in the transmittance spectra, and ns is the 

refractive index of the glass which can be calculated from the transmittance Ts of the glass using Eq. (6) [18]. 

The transmittance of the glass was 90% in the wavelength range 300–900 nm. 
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The thickness of the film was calculated using the following relation [17]: 
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where n1 and n2 are the refractive indices at the two adjacent maxima (or minima) at 1 and 2. The titanium 
oxide film thickness was found to be 0.17 µm. 

The measured films thicknesses of our films were between 177 nm and 230 nm. The absorption coefficient  of 
TiO2 films was determined from transmittance measurements. The films’ absorption coefficient was calculated 

using the following expression [17]: 

 
d

T/1ln
                                                                                                                       (8) 

where T is the transmittance of the film at each wave length and d is the thickness of the film 

The band gap Eg was calculated using the Tauc equation [18,19]; 

   hEhk
n

g                                                                                                           (9) 

where k is a constant, hν is the photon energy (eV), and the value of n can be 1/2 or 2 depending on whether it is 

direct or indirect transitions. 

The porosity of the TiO2 films, defined as the ratio of the film density f to the bulk density b, is calculated 
using the following relation [20]: 
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where nb is the refractive index of pore free anatase TiO2 which is having a refractive index of 2.52 at 550 nm 

[21].  
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The absorption coefficient of films shows a tail for sub-band gap photon energy his tail is so-called Urbach tail. 

The latter, which is closely related to the disorder in the film network, is expressed as [22]. 











uE
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                                                                                                         (11) 

where 0 is a constant and Eu is the Urbach energy. 
 

III. RESULTS AND DISCUSSION 

 The XRD patterns of the films annealed at different temperatures are shown in Fig. 1. As seen, the 

obtained diffraction patterns show predominant peak at 25.30° which can be assigned to the (101) plane of 

anatase TiO2 is found to begin at approximately 400°C. At 550°C a very sharp exothermic peak is observed due 

to the formation of anatase phase [23]. No peaks related to either the rutile or brookite phases were observed in 

the XDR patterns.  The films as deposited were amorphous in nature. With the increase of annealing 
temperature there is an increase in intensity and sharpening of this peak, which is caused by improving 

crystallinity of the films.  

The obtained grain size values are reported in Table 1. The grain size of the films annealed at 400 °C was about 

13.51 nm and increased to 21.72 nm after annealing at 550 °C. This trend is climbed by many authors [21,23]. 

20 30 40 50 60 70 80

300

600
20 30 40 50 60 70 80 90

300

60020 30 40 50 60 70 80

300

600
20 30 40 50 60 70 80

300

60020 30 40 50 60 70 80

200

400 550 °C

450 °C

500 °C

400 °C

A (200)

as deposited

A (101)

A (101)

A (101)

A (101)

In
te

n
si

ty
 (

a
rb

. 
U

n
it

.)
 

2(degree)
 

Fig. 1. X-ray diffraction patterns of TiO2 thin films on glass substrates before and after annealed at different 

temperatures 

 
Table 1. Structural parameters of TiO2 thin films annealed at different temperatures 

Parameter Standard pattern Measured pattern 

  Annealing temp. (°C) 

 TiO2–anatase (21–1272) as-deposited 400 450 500 550 

2 (°) 25.45 

Amorphous 

nature 

25.30 25.31 25.45 25.34 

d (nm) 3.521 3.517 3.516 3.497 3.511 

D (nm) -- 13.510 15.352 18.262 21.721 

ε × 10-3 -- 6.346 5.850 4.678 4.388 

Data have been estimated with respect to the most intense anatase [24] peak (1 0 1) at 2 =25.453°, d–inter 
planar distance, D–grain size, ε–microstrain. 

 

 The calculated values are given in Table 1. It is clear that when the annealing temperature is increased 

the strain decreased considerably. This type of microstrain changes may be due to the predominant 

recrystallization process in the polycrystalline thin films. 

 Fig. 2 illustrates the three-dimensional (3D) atomic force microscopic (AFM) images of TiO2 thin films 

deposited on glass substrates annealed at 550 ◦C for 20 mn. It is clearly observed from the micrography that the 

nanoparticles, with varying particles size from 20 to 160 nm, which is larger than the average crystalline size of 

21.72 nm, calculated using the Scherrer formula according to the XRD.  
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 Figure 2 shows the UV-vis transmittance spectra of TiO2 films heat treated at different temperatures. 

As can be seen, an increase in the annealing temperature improves the films optical transmission.  Obviously, 

the films are fully transparent in the visible region and a sharp fall in the UV region 300-400 nm.  
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Fig. 2. UV–vis transmittance spectra of TiO2 thin films on glass substrates before and after annealed at different 

temperatures. In inset, the absorption edge derived from transmittance data vs annealing temperature. 

 

 With increasing the annealing temperature, the absorption edge shifts towards lower energy side, 

indicating the decrease in the band gap. Indeed, a quantitative analysis of the absorption edge shifts (showed in 

inset of Fig. 2) leads to a very good agreement with those of the band gap energies depicted in Fig. 5.  

The fringes visible in Fig. 2 result from the multiple interference of the light reflected from the two optical 

interfaces: (1) air-thin film and (2) thin film-substrate. In order to determine the thickness and refractive index 

parameters of the thin film (see Table 2). 

 

Table 2. Thickness, refractive index and band gap of TiO2 films determined using optical transmission spectra 

Annealing temp. (°C) Thickness (nm) Refractive index n at 550 nm Band gap Eg (eV) 

As-deposited 232.49 1.63 3.42 

400 205.56 1.67 3.37 

450 203.04 1.79 3.36 

500 194.13 1.89 3.14 

550 177.82 2.05 3.04 

 

 The refractive index of the films increases with simultaneous decrease of optical band gap In Table 2. It 

is clear that the refractive index of the films increases with increasing annealing temperature and is presumably 

due to the increase in film packing density (decrease in porosity), crystallinity of the films, and also to oxygen 
deficiency [25]. The dependence of refractive index on the film porosity could be easily explained by the well 

known Lorentz-Lorenz relation [26].  
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Fig. 3. Variation of the refractive index at 550 nm and porosity of TiO2 films as a function of annealing 

temperature. The data corresponding to the as-deposited samples are taken at 25 °C. 

 

 Figure 3 depicts the variations of the porosity and the refractive index of the TiO2 films as a function of 

annealing temperature. There, we found that the porosity of the films gradually decreases with increasing 

annealing temperature: a behaviour which provides a direct evidence for the correlation between the porosity 

and the refractive index of the TiO2 films. This observation supports our above explanation that one of the 

reasons for the decrease in band gap with annealing temperature can be the densification of the films.  
The optical gap and the Urbach tail energy are estimated from the absorption coefficient variation, as described 

in Fig. 4a and b shows a typical variation of (hv)1/2 and ln drawn as a function of photon energy respectively. 
Fig. 4a is used to extrapolate the optical band gap, while Fig. 4b is used to deduce the Urbach band tail width.  

 

 
Fig. 4. Typical variation of (h)1/2 and ln drawn as a function of photon energy used respectively for: (a) 

optical band gap and (b) Urbach tail width determination 

 

 It is worth noticing that the as deposited films (amorphous) are characterized by a high optical energy 

gap value of 3.43 eV. The thermal annealing at 400-550 °C the crystalline structure of TiO2 films in the anatase 

phase is almost improved and Eg decreases drastically to the value of 3.04 eV. On the other hand, it is worth 

mentioning that previous investigations have also reported a decrease in the optical band gap of the TiO2 films 

with annealing temperature might be the result of the change in film density and increase in grain size [27]. Fig. 
5 shows the change in optical band gap with the grain size.  
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Fig. 5. The variation of optical band gap with grain size of the films. 

 

 Fig. 6 shows the variations of the optical gap together with the Urbach tail energy as a function of 

annealing temperature. The variation of the film disorder as a function of annealing temperature is represented 

in Fig. 6. As seen the films become more organized with increasing the annealing temperature due to the 

reduction of the disorder. On the other hand the increase in the optical band gap corroborates well with the 

disorder reduction in films' network. This indicates clearly that the optical gap in the obtained films is governed 
by the disorder. As depicted in the insert in Fig. 6, showing the bands bending in a semiconductor, an increase in 

the band tail width causes the reduction in the optical gap.  
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Fig. 6. Variation of optical band gap and Urbach energy with of TiO2 films as a function of annealing 

temperature. 

 
 We conclude from the XRD analysis that films are composed with microcrystallites embedded in 

amorphous phase. This amorphous phase is the origin of the disorder measured in the film network. Bearing in 

mind that the disorder is defined as the deviation of the bond length and angle from their standard values in the 

crystalline material, therefore with increasing the annealing temperature the amorphous phase becomes more 

organized due to the reduction of the disorder. 

 Fig. 7 shows the variation of the resistivity, ρ, of TiO2 thin films as a function of annealing temperature. 

The obtained results indicate that the resistivity of the samples decreases with the increase in annealing 

temperature and reached its minimum value of 0.0802 .cm with a films annealed at 550 °C. This resistivity 
behaviour is due, on the one hand, to the increase in the regular sites of the Ti atoms in the films network. Since 

TiO2 is an n-type semiconductor, the concentration of Ti4+ in TiO2 films forms a donor level between the band 

gap of TiO2 which results in the reduction of recombination of photogenerated electrons and holes [28,29]. 

Consequently, Ti4+ ions have more concentration in films obtained with high annealing temperature regarding 

the O2- ions, which results in an increase in the free electron concentration; there after there is a decrease in 
film’s resistivity [28,29].  
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Fig. 7. The dependence of film resistivity on annealing temperature. 

 

On the other hand, the increase in the conductivity (decrease of resistivity) with annealing temperatures can be 

also explained as follows: the grain size increases with annealing temperature which leads to a decrease in grain 

boundaries and hence resistivity [30]. 

 

IV. CONCLUSION 
 Titanium oxide thin films were deposited on glass substrates by sol–gel technique and then submitted 

to an annealing treatment in the range of temperatures 400-550°C. Annealing effect on the structural, optical and 

electrical properties of TiO2 films was investigated. XRD studies reveal that the material in the thin form is 

polycrystalline (anatase) with a preserve their (101) preferential orientation. The grain size was calculated to be 

22 nm. The indirect band gap raised from 3.04 to 3.43 eV. So, the films had a transmittance of more than 70% in 

the visible region. Hence, the decrease in resistivity allows the correlation between the results obtained by X-ray 

diffraction and optical properties of TiO2 thin films synthesized by sol-gel method. 
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