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Abstract 
This work focuses on the sol-gel spin coating technique of TiO2 nanostruc-
ture synthesis and its characterization. Though various methods have been 
used to fabricate TiO2 nanostructure, much effort has not been exerted to 
achieve better photoresponsive and narrowly dispersed TiO2 nanostructure 
using the sol-gel spin coating method. Therefore, it is imperative to realize 
the synthesis of TiO2 nanostructures, and investigate their properties. In this 
work, TiO2 is synthesized by sol-gel spin coating technique using titanium 
tetraisopropoxide, isopropanol, acetic acid and deionized water as starting 
materials and deposited on borosilicate glass substrates. The effects of an-
nealing temperatures (300˚C, 400˚C and 500˚C) on the structural and optical 
properties of the films were investigated by different techniques: Scanning 
Electron Microscopy (SEM), optical microscopy and UV-visible spectropho-
tometry. The optical characterization showed the direct band gap at 3.7 eV, 
3.6 eV and 3.4 eV for 300˚C, 400˚C and 500˚C, respectively, and the optical 
transmittance and reflectance spectra showed a greater performance at 500˚C. 
The grain sizes obtained from SEM annealed at 300˚C, 400˚C and 500˚C are 
found to be about 6.0 nm, 5.0 nm and 4.0 nm respectively. The grain size of 
TiO2 nanostructure films decreased with increasing annealing temperatures. 
The results clearly indicated that the sol-gel spin coating synthesis of TiO2 
nanostructure and post-thermal treatment at 500˚C cooled naturally at room 
temperature result in better photoresponsive and narrowly dispersed TiO2 
nanostructure films with higher photoresponsive and good optical properties. 
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1. Introduction 

TiO2 nanostructure films fabricated by sol-gel spin coating have excellent optical 
properties suitable for application in solid-state photovoltaic solar cells. Optical 
characteristics of TiO2 films under visible light though are very weak but they 
strongly depends on preparation methods. The main problem is that photores-
ponse under visible light is much lower than that under UV irradiation. There-
fore, the development of new and optimized photoresponsive TiO2 nanostruc-
ture for the existing optical properties exhibiting activity upon visible light with 
surface characteristics of improved performance, and of the high chemical and 
physical stability are crucial for broader scale utilization of photovoltaic systems 
in commercial applications.  

Several methods have been used to prepare TiO2 other metal oxide nano-
structure films, including chemical vapor deposition (CVD) [1], pulsed laser 
deposition [2], reactive sputtering [3], chemical bath deposition (CBD) [4] [5] 
and sol-gel spin coating [6] [7]. The sol-gel spin coating has emerged as one of 
the new commercially viable nano-TiO2 fabrication methodologies as this me-
thod produces samples with a uniform synthetic strategy needed for high-efficient 
UV-Vis optical response. In this work, TiO2 is synthesized by a sol-gel spin 
coating technique and deposited on borosilicate glass substrates, using titanium 
tetraisopropoxide, isopropanol, acetic acid and deionized water as starting mate-
rials. By careful control of relative proportion of fixed precursor mate-
rials/solvent weight ratio of 1:3 and pH = 9.5 with nitric acid, in order to obtain 
a stable and clear sol of TiO2 colloidal suspension in the nanometer range, which 
was dispersed on the surface of the thoroughly cleaned borosilicate glass sub-
strates, and then spun at 4000 rev/min for 30 seconds under suction.  

The effects of annealing (300˚C, 400˚C and 500˚C) on the optical and struc-
tural properties of the films were investigated by different techniques: Ul-
tra-violet visible spectrophotometry, scanning electron microscopy (SEM) and 
optical microscopy. The films were characterized by measuring the optical 
transmittance, reflectance spectra, energy band gap, porosity, refractive index, 
optical conductivity and extinction coefficient. The surface morphology of the 
films was viewed using AP200 MTI optical microscope. Jeol (Tokyo, Japan) JSM 
5600 LV (low vacuum) scanning electron microscope (SEM) were used for 
structural characterization.  

2. Theoretical Consideration 

From the optical transmittance measurements, the absorption coefficient of the 
films, α was calculated, and the absorption coefficient is given by the Equation 
(1) 

1ln
T

d
α

 
 
 =                             (1) 

where T is transmittance and d is film thickness. 
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Meanwhile, refractive index n was calculated by the Equation (2) 

1
1

n R
R

=
+
−

                            (2) 

where n is the refractive index and R is the reflectance of the film. 
The optical band gap of the film was calculated by the following relation [4]: 

( ) ( )n
gh A h Eα ν ν= −                        (3) 

where Eg is the energy band gap, α is the absorption coefficient, hν  is the pho-
ton energy, A is the absorbance and n is either 2 for a direct band gap material 
or ½ for indirect band gap material. 

From the optical transmittance measurements, we may calculate the extinc-
tion coefficient of the films by the following relation [4], 

4π
k αλ
=                              (4) 

where k is the extinction coefficient, λ  is the wavelength of the thin film, and 
α  is absorption coefficient of the film. 

The optical conductivity of the film was calculated the following relation [8]: 

4π
ncασ =                             (5) 

where σ  is the optical conductivity of the nanostructure film, α  is absorption 
coefficient of the film, n is the refractive index and c is the speed of light.  

The thickness of the TiO2 nanostructure was calculated using the gravimetric 
method [7], 

   
A BM Md

Aρ
−

=                          (6) 

where AM  is the mass of substrate after deposition, BM  is the mass of sub-
strate before deposition A is the area of the films and ρ  is the density of the film. 

The grain size of the synthesized TiO2 nanostructure was calculated using the 
intercept technique [8]. 

1 ag
b

=                             (7) 

where a is the number of intersections and b is the actual length of the line. But 
actual length is the ratio of the measured length by the magnification. 

The porosity of nanoporous TiO2 nanostructure thin films can be calculated 
from the following relation in Equation (8) 

( ) ( )2 2Porosity % 1 1 1 100dn n= − − − ×                 (8) 

where nd is refractive index of pore-free anatase (nd = 2.52), and n is refractive 
index of porous TiO2 thin films. 

The absorbance (A), transmittance (T) and reflectance (R) satisfy the law of 
conservation of energy by the equation [4]: 

1A R T+ + =                           (9) 
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3. Experimental Procedure 
3.1. Synthesis of TiO2 Nanostructure 

At first, 15 mL of the aqueous solutions of titanium tetraisopropoxide 
(Ti[OCH(CH3)2]4 98+% purity, Fisher Scientific, USA) was slowly added to 30 
mL of acetic acid (HCOOH 99.9% purity, Fisher Scientific, USA) in a three-neck 
flask, and the mixture was stirred for 5 minutes to avoid agglomeration. The 
mixture of deionized water (4 mL) and isopropanol (CH3CH(OH)CH3 99.9%, 
solution BDH Ltd Poole, England) (15 mL) was added dropwise to the solution, 
and then stirred vigorously for another 10 minutes. After complete mixing of the 
solution, 4 mL of nitric acid (HNO3) as added to the solution as stabilizer and 
the mixture further subjected to vigorous stirring for 20 minutes. TiO2 colloid in 
the nanometer range was formed from the hydrolysis and condensation reac-
tions of titanium alkoxide precursors. In the presence of water, titanium alkox-
ide hydrolyzed and subsequently polymerized to form a 3-dimensional TiO2 
network which was dispersed on the thoroughly cleaned borosilicate glass 
substrates, and spin at 4000 rpm for 30 seconds at room temperature. After the 
spin-coating step, the films were subjected to post thermal treatment at 300˚C, 
400˚C and 500˚C in air for 1 hour, and then cooled at room temperature natu-
rally.  

( )
( ) ( )

24

4

TTIP isoPrOH AcOH Ti OR 4H O

  2Ti OH 4ROH hydrolysis

+ + → +

→ +
            (10) 

( ) ( )2 2 2 242Ti OH TiO TiO 2H O 2H O condensation→ + ⋅ +         (11) 

3.2. Characterization Technique 

After the preparation of the samples, different characterization techniques were 
used to investigate their structural and optical properties. The optical transmit-
tance, T, and reflectance, R, of the films were measured by a UV-Vis (Lambda 
950) spectrophotometer, equipped with an integrating sphere, in the wavelength 
range 400 - 800 nm. Porosity, optical conductivity, refractive index and extinc-
tion coefficient were calculated from the data obtained. The surface microstruc-
ture of the films was viewed using AP200 MTI optical microscope at magnifica-
tion 1000 × Jeol (Tokyo, Japan) JSM 5600 LV (low vacuum) scanning electron 
microscope (SEM) was used to get the surface morphology of the samples.  

4. Results and Discussion 
4.1. Optical Studies 

UV-vis transmittance spectra of TiO2 nanostructure films for annealing temper-
atures at 300˚C, 400˚C and 500˚C in the wavelength range 300 - 800 nm are 
shown in Figure 1. As can be seen, all the spectrums exhibit interference fringes, 
which are due to the multiple reflections at the two film edges, i.e. at the film/air 
and the film/substrate interfaces. This indicates that the film surface is relatively  
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Figure 1. Transmittance-Wavelength plot of TiO2 nanostruc-
ture annealed at 300˚C, 400˚C and 500˚C. 

 
smooth, uniform and exhibits a good transparency in the visible region [5] [6]. 
The excellent surface quality and good homogeneity of the film were confirmed 
from the appearance of interference fringes in the transmission spectra. The am-
plitude of interference spectra and the transmission percent of the TiO2 films 
increase with the increase in annealing temperature. This can be due to the for-
mation stage of anatase and with the increase in the grain size [2]. The results 
obtained are synonymous to the previous studies by Le et al. [9]. 

Figure 2 shows the absorption coefficient-photon energy plot for the annealed 
TiO2 nanostructure films at 300˚C, 400˚C and 500˚C temperatures range. As 
seen from Figure 2, the optical band gap was determined by extrapolating the 
straight-line part of the plot to the photon energy axis. From the result, it reveals 
that there is a gradual increase in the absorption coefficient with increasing 
photon energy for different annealing temperature [1] [10]. The bandgap energy 
of the synthesized TiO2 nanostructure thin film decreases with the increase in 
annealing temperature which was found to be 3.7 eV, 3.6 eV and 3.4 eV for 
300˚C, 400˚C and 500˚C, respectively as shown in Table 1. This decrease was 
correlated with grains size decreases with temperature, and this can be linked 
with the formation of anatase stage [11]. These results obtained are in agreement 
with the previous studies by Ximello-Quiebras et al. [12], and also near the value 
of 3.85 eV, found by Oh et al. [13] for TiOx with a thickness of 38 nm. The de-
crease 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 [1] [10]. However, they 
are still higher than the optimum range for solar energy conversion.  

Figure 3 shows the reflectance-wavelength plot of TiO2 nanostructure an-
nealed at 300˚C, 400˚C and 500˚C in the wavelength range 300 - 800 nm. The 
reflectance is considerably high in the wavelength range of 410 - 500 nm, and a 
gradual fall in the reflectance in the wavelength range of 510 - 600 nm was ob-
served. In TiO2 nanostructure annealed at 500˚C, the band gap absorption onset  
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Figure 2. (αhv)2-photon energy plot of TiO2 nanostructure 
annealed at 300˚C, 400˚C and 500˚C. 

 

 
Figure 3. Reflectance-Wavelength plot of TiO2 nanostructure 
annealed at 300˚C, 400˚C and 500˚C. 

 
Table 1. Variation of grain size, energy bandgap with different temperatures. 

Temperature (˚C) Grain size (nm) Energy Bandgap (eV) 

300 

400 

500 

6 

5 

4 

3.7 

3.6 

3.4 

 
shifted 420 nm from 500 nm for the TiO2 annealed at 300˚C, extending the ab-
sorption up to 420 nm, as shown in Figure 3. The optical absorption of TiO2 
annealed at 500˚C in the visible light region was primarily located between 400 
and 500 nm. TiO2 annealed at 500˚C had increased optical response compared 
to the case of TiO2 nanostructure film annealed at 300˚C in the visible region. 

The reflectance percentage of the titanium dioxide thin film decreases with the 
increase in annealing temperature. This can be linked with the formation of 
anatase stage and with the decrease in the grain size [11]. 
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Figure 4 shows the porosity-wavelength plot of synthesized TiO2 nanostruc-
ture films after annealed at 300˚C, 400˚C, and 500˚C for an hour. The result 
shows that the porosity of the synthesized TiO2 nanostructure film gradually de-
creases with increasing wavelength, and increases with increasing temperature, 
which agrees with the result in other literature. The density of the TiO2 nano-
structure film increases as the porosity decreases. Higher porosity was observed 
at 500˚C. 

Figure 5 shows conductivity against photon energy plot of TiO2 thin film for 
different annealing temperatures. The optical conductivity of the titanium dio-
xide nanostructure films increases as the temperature increases from 300˚C to 
500˚C, and the optical responsiveness of the transparent nanostructure films 
were steady at a very low energy. This can be linked with the formation of ana-
tase stage and with the decrease in the grain size [11]. 
 

 
Figure 4. Porosity-wavelength plot for TiO2 nanostructure an-
nealed at 300˚C, 400˚C and 500˚C. 

 

 
Figure 5. Optical conductivity-photon energy plot for TiO2 na-
nostructure annealed at 300˚C, 400˚C and 500˚C. 
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The refractive index of synthesized TiO2 nanostructure thin films was calcu-
lated from measured UV-visible transmittance spectrum. The evaluation me-
thod used in this work is based on the analysis of UV-visible transmittance spec-
trum of a weakly absorbing film deposited on a non-absorbing substrate. From 
the result, it shows that there is a increase in the refractive index in the wave-
length range 400 nm to 510 nm, and considerable attenuation is observed in the 
range 500 nm to 600 nm. It is noted that the refractive index and the density of 
nanostructure thin films of titanium oxide increases with increasing annealing 
temperature; due to phase transition (anatase, anatase-brookite), which increases 
grain sizes and/or the density of layers. The refractive index of the synthesized 
TiO2 nanostructure shows better curve as the temperature increases from 300˚C 
to 500˚C as shown in Figure 6. This can be linked with the formation of anatase 
stage and with the decrease in the grain size [11]. 

The extinction coefficient of titanium dioxide thin films is shown in Figure 7. 
The extinction coefficient is high at the photon energy 4.0 eV and low at the 
photon energy range of 3.4 - 4.0 eV. The steady fall in the extinction coefficient 
may be due to the absorption of light at the grain boundary. The curve of syn-
thesized TiO2 nanostructure is steady at a lower extinction coefficient which 
agrees with the extinction coefficient of TiO2 in other literature [1] [14]. The ex-
tinction coefficient of the titanium dioxide nanostructure films increases with 
the decrease in annealing temperature. This can be linked with the formation of 
anatase stage and with the decrease in the grain size [1] [15]. 

4.2. Structural Analysis 

Figure 8 shows optical microscope morphology of TiO2 nanostructures at mag-
nification 1000×, after post thermal treatment for one hour in an oven at 300˚C, 
400˚C and 500˚C, and the cooled naturally in the air. It was observed that the 
surface morphology of the nanostructure films show good uniformity, high ho-
mogeneity, smooth and cracks free, indicating good adhesion and regularity  
 

 
Figure 6. Refractive index-Wavelength plot of TiO2 nano-
structure annealed at 300˚C, 400˚C and 500˚C. 
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Figure 7. Extinction coefficient-photon energy plot for 
TiO2 nanostructure annealed at 300˚C, 400˚C and 500˚C. 

 

 
Figure 8. Optical microscope images of TiO2 nanostructures annealed at 300˚C, 400˚C 
and 500˚C. 
 
among the layers of the prepared films. 

The particles are approximately in spherical form. The bigger crystalline size 
was observed at 300˚C. By increasing the annealing temperature from 300˚C up 
to 500˚C, it was found that the size becomes smaller and the agglomeration be-
comes increasingly attenuated. The effects of annealed treatment on the micro-
structure of the TiO2 nanostructures were studied in a scanning electron micro-
scope (SEM), and the obtained SEM micrographs are shown in Figure 9. Highly 
dense and well-aligned TiO2 interpore structures constructed by near uniform 
grains of elliptical shapes were formed. It was observed that the grain size de-
creased with the increase in the annealing temperature. Smaller grain sizes were 
observed in the nanostructures at elevated temperature as shown in Table 1. 

Grain boundaries are clearly seen in the SEM micrographs. Similar nano-
structure surface has been observed by Le et al. [9]. At 300˚C, the grain size was 
around 6 nm; at 400˚C, the grain size decreased to 5 nm. Smaller grain sizes 
were observed at elevated temperature. 

At 500˚C, the grain size had already increased to around 4 nm. The pore den-
sity decreased in this temperature range of 300˚C - 500˚C, which meant better 
densification could be achieved. This result is consistent with what was obtained 
in the densification study in the literature [1] [10] [15]. 
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Figure 9. SEM Images of TiO2 nanostructures annealed at 300˚C, 400˚C and 500˚C. 

5. Conclusion 

TiO2 nanostructure film has been successfully synthesized by a tandem sol-gel 
spin coating method. TiO2 colloidal suspension was formed by the hydrolysis 
and polymerization reactions of the titanium tetraisopropoxide precursors, and 
dispensed on borosilicate glass substrates. The synthesized TiO2 nanostructure 
films have higher transparency in the visible range (of 400 nm to 500 nm) by 
annealing at 500˚C. The surface morphologies were observed by the SEM, and 
the surface morphologies showed good uniformity, and density decreases with 
increase in annealing temperature. The grain size decreases as temperature in-
creases from 300˚C to 500˚C. At 300˚C, the grain size was around 6 nm; at 
400˚C, the grain size increased to 5 nm. Smaller grain sizes were observed at 
elevated temperature. At 500˚C, the grain size had already increased to around 4 
nm. The bandgap energy of the synthesized TiO2 nanostructure thin film de-
creased with the increase in annealing temperature which was found to be 3.7 
eV, 3.6 eV and 3.4 eV for 300˚C, 400˚C and 500˚C annealing temperatures re-
spectively. The optical absorption, transmittance and reflectance spectra showed 
a greater performance at 500˚C. The bandgap of TiO2 nanostructure decreases as 
temperature increased. The prepared films may have a suitable application in the 
area of opto-electronic devices. 
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