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ABSTRACT  
 
 Titanium dioxide thin films have been synthesized by sol-gel spin coating technique on glass substrate. The 
prepared thin films have been submitted to different annealing temperature ranging from 300 upto 500 ºC. The 
effects of annealing temperatures on the structural and optical properties of thin films were investigated.  The 
films were characterized by different techniques: X-ray diffraction (XRD), UV-visible spectroscopy, scanning 
electron microscope (SEM) and transmission electron microscopy (TEM). The characterization studies revealed 
that the films are crystallized into nano-structured anatase phase. The crystallite sizes obtained from XRD 
annealed at 300, 400 and 500 ºC are found to be about 159.34, 76.95 and 17.61 nm respectively. The crystallite 
size of TiO2 thin films decreased with increasing annealing temperature. The mentioned data were confirmed by 
TEM, which revealed the presence of TiO2   nano-particle of about (~3-4 nm). The optical measurement showed 
the direct band gap at 4.27, 4.28 and 4.37 eV for 300, 400 and 500 ºC, respectively. The TiO2 thin films have 
higher transparency in the visible range at 500 ºC.  SEM image of films annealed showed nano-crystalline 
structure of TiO2 particles and they are approximately in spherical forms.  
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Introduction 
 
 TiO2 films are extensively studied because of its interesting chemical, electrical and optical properties. The 
interest in TiO2 was mainly due to its non-toxicity and good stability in various environments (Mathews et 
al.,2009). TiO2 is a high band gap semiconductor that it is transparent to visible light and has excellent optical 
transmittance. For photovoltaic applications, TiO2 photo-catalyst is effective in solar light or light from visible 
region of the solar spectrum need to be developed as future generation photo-catalytic material (Peng et al., 
2012). TiO2 has high refractive index and good insulating properties, and as a result it is widely used as 
protective layer for very large scale integrated circuits and for manufacture of optical elements. Such as dye-
sensitized photovoltaic cells as well as antireflective coatings, gas sensors, electro-chromatic displays, and 
planar waveguides. Additionally, dispersibility of TiO2 is very advantageous in enhancing their UV screening 
efficiency (Camurlu et al.,2012). The high dielectric constant of TiO2 allows its considerations an alternative to 
silicon dioxide for ultra thin gate oxide dielectrics used in memory and logic devices. The dielectric properties 
of TiO2 have been of great interest for applications in the telecommunications industry due to its unusual high 
dielectric constant and low dielectric loss (Singh et al., 2007). 
 Several methods have been used to prepare titanium dioxide films, including chemical vapor deposition 
(CVD), pulsed laser deposition, reactive sputtering and sol-gel deposition. The sol-gel technique has emerged as 
one of the most promising techniques as this method produces samples with good homogeneity at low cost. The 
films deposited by this method give a film with high dielectric constant which is suitable for metal oxide 
semiconductor capacitor (Kumar et al., 2010). The sol-gel process is one of the most potential technologies for 
the preparation of TiO2 photo-catalyst (Chaure et al., 2005). The sol-gel process can be accomplished using 
different deposition routines. The preparation of TiO2 thin films by spin coating of sol precursor onto 
microscopic glass slides, coated glass substrates have been recently reported. This method of film preparation is 
preferred rather than other sol-gel variants because of its compatibility with current practices of silicon 
technology. The material generally can be formulated in one of three main crystallographic phases i.e rutile, 
anatase and brookite (Aziz et al., 2009). 
 In the present work, nano-structure TiO2 thin film using sol-gel technique, was successfully prepared by a 
simple spin coating sol-gel method. The influence of annealing temperature on the structural and optical 
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properties of TiO2 thin films was investigated. The deposition of TiO2 thin films was characterized using XRD, 
FESEM, TEM and UV-VIS spectrophotometer techniques. 
 
Experimental: 
 
Materials: 
 
 The following chemicals were obtained from Merck (NJ, USA). The chemicals include titanium tetra-
isopropoxide (TTIP), acetic acid (AcOH), isopropanol (PrOH) and nitric acid (HNO3) (65%). 
 
Thin film preparation: 
 
 Nano-structure pure TiO2 thin films were prepared by a modified sol-gel method using titanium tetra-
isopropoxide (TTIP), acetic acid (AcOH), and isopropanol (PrOH). At first 20 ml titanium tetra-isopropoxide 
was mixed with 4 mL acetic acid which acts as a modifier and 400 mL distillated water. This mixture has a low 
condensation rate which enhances the possibility of obtaining stable and clear sol for spin coating process. The 
reaction was allowed to continue for 1 h. under vigorous stirring. In the second step, 4 mL isopropanol (PrOH) 
were added which reacts with acetic acid to generate water in-situ by homogeneous estrification reaction: 
 
PrOH +AcOH → PrOAc +H2O  
 
 In this case, each molecule of the modified alkoxides is coordinated with uniform distribution of reactant 
water molecules, thus enabling uniform hydrolysis to take place. After complete mixing of the solution, 6 mL 
nitric acid (HNO3) (65%) were added as stabilizer. The mixture was stirred for 7 h before use, the solution 
obtained is clear and white and is stable for more than 6 months. The resultant homogeneous solutions of the 
prepared samples were aged for four day in room temperature (RT) before dispersed on the on substrate (the 
glass substrates were carefully cleaned) then it dispersed on the surface of the substrate and spun at 3500 rev. 
/min for 30 seconds under suction. The films obtained are first dried at 80 ºC for 15 min. At least 15 successive 
coatings were required to provide suitable effective film thickness. Then subjecting the films to slow heating 
rate of 30 ºC/10 min and sintered at temperature ranging from 300 up to 500 ºC then holding at certain selected 
temperature for 1 h in the furnace. 
 
Characterization of the TiO2 Films: 
 
 X-ray diffraction (XRD) patterns of the prepared samples were recorded with X’pertpro (Panalytical, 
Holland) thin film X-ray diffraction using monochromatized CuK1 (= 1.5418º A) and a power of 45 KV and 
40 mA. The crystallite size (G) is determined from the Scherrer’s equation; 
 
G = K / D cos             (1) 
 
 Where K is the Scherer constant Eq. 1, in the present case K = (0.9),  is the wavelength and D is the full 
width (in radians) of the peak at half maximum (FWHM) intensity.  
 Prior to any crystallite size (C.S.) estimation from Eq. 1, we operated corrections of measured FWHM (Ds) 
for all XRD peaks in order to accommodate systematic instrumental broadening. Such data corrections utilized 
peak widths Dq were made using strain free quartz powders (CS sample = 5 - 10 µm) as reference for FWHM 
(Dq) with quartz XRD patterns recorded under the identical conditions. Then the used peak widths were 
calculated from:  
 
D = (Ds2 –Dq2)1/2           (2) 
 
 Micro-strain and crystallite size contributions to D were separated using the Win-Fit program, using 
standard samples for estimation of instrumental broadening. The final sample crystallite sizes G were obtained 
by Fourier analysis, using the corrected profile. The diffraction peak used was the most intense diffraction peak 
of, assigned to the (101) reflection from the anatase phase, appears at � = 25º. 
 Scanning electron microscopy (SEM) images were taken with a Jeol (Tokyo, Japan) JSM 5600 LV (low 
vacuum) microscope equipped with an Oxford Instruments (Oxford, England) 6587 energy dispersive 
spectroscopy (EDS) microanalysis detector. Samples were coated with a Pd/Au thin film in order to avoid 
charging effects. 
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 All analysis have been made using a JEOL JEM-1230 equipment operating at 120 kV (Japan) with attached 
CCD camera. Such equipment is installed at the electron Microscope Division of National Research Centre 
(NRC- Dokki) Egypt. 
 Transmittance and reflectance spectra were done by V-570 UV-VIS spectrophotometer (Jasco, Japan) in 
wavelength range (0.2 -2.5 μm). The refractive index (n), absorption and extinction coefficients (α and K) for all 
investigated samples are calculated. The film thickness was calculated from the envelope of the transmittance 
spectra which have maxima and minima extremes due to interference, also it was measured by using the tally-
step instrument with an experimental error ± 3.5%, in the National Research Centre (NRC-Dokki) Egypt. 
 
Results: 
 
 XRD patterns of TiO2 samples dried at 80 ºC for 15 min and then annealed for 3hr at temperature ranging 
from RT up to 500 ºC are shown in Fig. 1. 
 

 
 
Fig. 1: XRD patterns of TiO2 thin films, deposited at (a) room temperature and annealed at different heat 

treatment temperature for one hour, (b) 300, (c) 400 and (d) 500 ºC, all  prepared by spin coating sol-gel 
technique. 

 
Discussion: 
 
 Fig. 1 shows the XRD patterns of the prepared TiO2 thin film at RT, annealed at 300, 400 and 500 ºC, and 
sintered for one hour. It was found that all the films were polycrystalline with anatase single phase. It was 
observed that the films annealed at 300, 400 and 500 ºC exhibited characteristic peaks assigned to different 
orientation plans at (101), (200) and (211) for anatase. At RT very small peaks appeared due to the kinetic 
energy of the impinging particle is high enough to initiate crystallization.   
 The intensity of the peaks increased slightly with the increase of annealing temperature (Hassan et al., 
2008). No phase other than anatase, such as rutile was found the XRD patterns examined. This indicates that at 
300, 400 and 500 ºC the constituent crystallites of the film samples were anatase. The crystallite size of anatase 
TiO2 thin films decreases with increasing calcinations temperature. The average crystallite size calculated of the 
XRD peaks of TiO2 sintered at 300, 400 and 500 ºC using scherrer's formula was about 159.34, 76.95 and 17.61 
nm.  
 Fig. 2. Shows the scanning electron microscopy (SEM) images of TiO2 thin films, after sintering for one 
hour at 300, 400 and 500 ºC. The surface morphology of the films shows good uniformity and cracks free, 
indicating good adhesion and regularity among the 15 layers of the prepared films. The particles are 
approximately in spherical form. The bigger crystalline size at 300 ºC, by increasing the temperature from 300 
upto 500 ºC, the size becomes smaller and the agglomeration become dissignificant, which explained the effects 
of heat treatment on particle size of the anatase TiO2 particles as shown in Fig.4 (a-c). The SEM result is in 
agreement with the crystallite size results obtained from XRD patterns that indicate a decrease in nano-particles 
size with increasing annealing temperature.     
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Fig. 2: SEM micrographs of TiO2 thin films, sintered at different heat treatment temperature for one hour at: (a) 

300, (b) 400 and (c) 500 ºC. 
 

         
      (a)     (b) 
 
Fig. 3: SAED (a), and TEM (b) micrographs for nano-sol TiO2 
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Fig. 4: Transmission spectra of the TiO2 thin films obtained dipped for 15 layers and Annealed at temperatures 

of 300 (a), 400 (b) and 500 ºC (c). 
 

 
Fig. 5: (αhν)2 versus energy curves of TiO2 films: (a) annealed at 300, (b) 400 and (c) 500 ºC. 
 
 The Transmission Electron Microscopy (TEM), and selected area electron diffraction (SAED) micrographs 
of the precursor used solution has been depicted in Figure (3). The average crystallite size of the as-prepared 
TiO2 nano-particles is about (~3-4 nm) with uniform distribution, and has a spherical-like shape. In addition; the 
SAED micrograph shows that the TiO2 nano-particles have a polycrystalline rings indication for formation of 
anatase nano-crystals phase. 
 Fig. 4. shows the UV–VIS spectra TiO2 thin films for different annealing temperatures in wavelength range 
250-2500 nm. The transmission percent of the titanium dioxide thin films increases with the increase in 
annealing temperature. This can be linked with the formation of anatase stage and with the decrease in the grain 
size (Assim et al.,2008). The optical band gap of the film was calculated by the following relation (Mott& 
Davis, 1979). 
 
(Αhυ) = A (hυ - Eg)

 n  
 
where A is an energy-independent constant between 107 and 108 m-1, Eg 

is the optical band gap and n is a 
constant, which determines type of optical transition, in fact,  for allowed direct transition n is equal to 1/2. 
However n may also be equal to 3/2 for forbidden direct transition, 2 for indirect allowed transition and 3 for 
indirect forbidden transitions. It is well known that TiO2 is direct band gap semiconductor, where n = 1/2. The 
(αhv )1/n  vs. hv curves were plotted for different n values and the best fit was obtained for n = 1/2, respectively 
(Habibi et al.,2007). The film at various annealing temperatures shows a direct allowed transition for n = 1/ 2. 
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As  seen  from Fig. 2, the optical band gap was determined by extrapolating the linear portion of the plots to 
(αhv )2 = 0. The optical band gaps of the thin film were found to be 4.27, 4.28 and 4.37 eV at 300, 400 and 500 
ºC annealing temperatures, respectively. The optical band gap increases with the increase the annealing 
temperature (Habibi et al.,2007; Yang et al.,2008). 
 
Conclusions: 
 
 Anatase TiO2 thin films were successfully prepared using spin coater sol-gel technique.  Titanium 
tetraisopropoxide was used as a precursor material. The effect annealing temperature on the structural and 
optical properties of the prepared films was examined. The crystallite sizes obtained from XRD annealed at 300, 
400 and 500 ºC are found to be about 159.34, 76.95 and 17.61 nm respectively. The crystallite size of the 
annealed films calculated from XRD decreased with increasing annealing temperature giving a nano-phase. The 
TEM was used to confirm the presence of the nano-phase obtained from XRD, by detecting TiO2 nano-particles 
(~3-4 nm). According to SEM micrographs, all films fabricated are uniform, and their density and crystallinity 
decreased with increasing annealing temperature. The deposited TiO2 thin films have higher transparency in the 
visible range by annealing at 500 ºC. The optical measurement showed the direct band gap at 4.27, 4.28 and 
4.37 eV for 300, 400 and 500 ºC, respectively. The optical band gap increased with increasing the annealing 
temperature. 
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