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Structural and optical properties of nano-spin coated sol−gel porous TiO2 films 
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Abstract: Three thicknesses of TiO2 films, 174, 195, and 229 nm, were deposited onto quartz substrates by spin coated sol−gel 
method. The prepared films were characterized by nano-crystalline structure with different crystallite sizes (19−46 nm) and relatively 
high porous structure. Optical constants were determined and showed the lowest refractive index of 1.66 for the as-prepared films 
that ever reported till now. Obtained results were discussed through current theoretical ideas. 
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1 Introduction 
 

Many theoretical and experimental investigations 
have been carried out on the electronic transport 
properties of semi-conducting oxide thin films. Titanium 
dioxide or titania, TiO2, is a high band gap 
semiconductor that exhibits high transparency to visible 
and near infra red (NIR) light. It has three crystalline 
phases: anatase (tetragonal), rutile (tetragonal), and 
brookite [1−4]. Both anatase and rutile are more common 
phases than the brookite and have wide commercial 
applications. 

Rutile is the most thermodynamically stable phase 
of TiO2. Its refractive index and density are high as 
compared to anatase phase [5]. Formation of a particular 
phase depends on the nature of the starting material, its 
composition, deposition method, and annealing 
temperatures. TiO2 is a cheap, harmless, white, and 
non-biodegradable material. Also, it has high refractive 
index, high dielectric constant, semiconductor properties 
and chemical stability. It is widely used in various 
applications such as optical filters [6], gas sensors [7], 
ceramic membranes [8], wave-guides [9], photo catalysts 
[11−14] and dye sensitized solar cells [15]. A number of 
methods have been employed to prepare TiO2 films 
including electron beam evaporation, sputtering, 

chemical vapor deposition, laser ablation, polymer 
technique and sol–gel process [16−21]. The sol–gel 
process is a liquid-deposit process using soft chemistry, 
giving homogeneous deposits. It is less demanding in 
terms of equipment and is thus less costly, and gives the 
opportunity to deposit films with large surface areas 
[22,23]. 
 
2 Experimental 
 

TiO2 provided by Millennium inorganic chemicals, 
SP-300N A Cristal Company, France, was used as the 
starting material. Three different thicknesses of TiO2 
films, 174, 195, and 229 nm, were prepared with a hand 
made spin coating at 2500 r/min for 30 s. Film thickness 
(d) was checked by an interferometric method [24]. The 
specimen of TiO2 films of 70 nm thickness for TEM 
examination was prepared on a quartz substrate covered 
by rock salt. TEM specimen was obtained by removing 
these films from quartz substrate through water 
immersing and subsequently, these films were picked up 
on 200-mesh copper grids of 3.05 mm diameter. 

The absorption edge and the refractive index of 
nano TiO2 films were determined by reflectance and 
transmittance spectra performed on the films deposited 
on quartz substrates by spin coating technique. The 
quartz substrate was rinsed with acetone and washed 
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thoroughly with deionized water. The optical 
measurements were performed by JASCO molel 
V-570UV-Vis-NIR double beam spectrophotometer in 
the wavelength range of 200−2500 nm, with a slit width 
of 3 nm, and a sampling interval of 2 nm. The structure 
and the optical measurements were performed at room 
temperature. Structure was analyzed using Philips-CM12 
transmission electron microscope (TEM). The 
reflectance was measured at the normal incidence with 
an aluminum reference mirror. The absolute values of 
measured transmittance, T, and reflectance, R, after 
correcting the absorbance and reflectance of the 
substrates, are given by [25,26] 
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where Ift and Iq are the intensities of the light passing 
through the film-quartz system and the reference quartz, 
respectively; Rq is the reflectance of quartz. In addition, 
if the intensity of light reflected from the sample mirror 
reaching the detector is Ifr and that reflected from the 
reflectance reference mirror is Im, then 
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where Im is the intensity of light reflected from the 
reference mirror, Ifr is the intensity of light reflected from 
the sample reaching the detector and Rm is the mirror 
reflectance. 

Reflectance and transmittance spectra were 
performed on thin film samples with single face. 
Extinction coefficient, k and refractive index, n were 
calculated using T, R and thickness, d, taking into 
account the experimental error of the film thickness to be 
±2% and of T and R to be ±1%. The error in the 
calculated values of n and k are estimated to be ±3% and 
±2.5%, respectively. 

In this work, we have investigated the structure and 
the optical properties of TiO2 film because of its various 
friendly applications. Both n and k of TiO2 film were 
determined from the absolute values of the measured 
transmittance and reflectance at normal light incidence 
after correcting the absorbance and reflectance of the 
substrate as given by Eqs. (1) and (2). 
 
3 Results and discussion 
 
3.1 Structural properties 

Structural properties of TiO2 film (70 nm thick) 
were studied using transmission electron microscope, 
(TEM). The selected area electron diffraction (SAED) 

pattern of the as-deposited TiO2 films is shown in Fig.1. 
The corresponding electron diffraction pattern confirms 
the polycrystalline nature of TiO2 film. The experimental 
data show that the TiO2 film has a tetragonal system 
(rutile system) with lattice constants of a=4.53 Å, c=2.92 
Å with d=2.153, 2.028, 1.656, 1.461 nm corresponding 
to Miller indices (111), (210), (211), (002), respectively 
[27]. The transmission electron microscopy shows nano- 
crystallites. The size of the observed nano-crystallites 
was 19−46 nm, as shown in Fig. 2. 
 

 
Fig. 1 SAED pattern for TiO2 film 
 

 
Fig. 2 TEM micrograph for TiO2 film 
 
3.2 Optical properties 
3.2.1 Spectral distribution of T and R 

The spectral dependences of T and R of the 
as-prepared TiO2 films of three different thicknesses, 174, 
195, and 229 nm, are shown in Fig. 3. The results 
indicate that T increases with the increasing of the 
incident photons wavelength, λ, and is independent of the 
film thickness. One can divide the spectral dependences 
of both T and R of the as-prepared TiO2 films as a 
function of λ into two main parts. The first one at     
λ<1000 nm is called high absorption region, and is 
characterized by drastic change of both T and R as a 
function of λ in which T+R<1 where the optical constants 
were determined. The second one is non absorption 
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Fig. 3 Dependence of transmission (T) and reflection (R) on 
wavelength (λ) for TiO2 films with thicknesses of 174, 195 and 
229 nm 
 
region at λ>1000 nm; both T and R are characterized by 
stability through the whole wavelength range of T+R=1 
where refractive index was determined. Figure 3 
announces that the percentage of transmission is 
approximately 95% in the visible and NIR region 
consequently, the high transmittance inferred that spin 
coated TiO2 films could be used for optical coating 
applications. The wavelength of the film absorption edge 
is 290 nm approximately. 
3.2.2 Absorption and extinction coefficient 

Both of T, R and thickness, d were used to 
determine the absorption coefficient, α, according to [28] 
 

2(1 ) exp( )T R dα= − −                          (3) 
 

Optical absorption coefficient (α) is given by 
 

21 (1 )ln R
d T

α −
=                              (4) 

 
The calculated absorption coefficient, α, versus 

photon energy, hυ, is depicted in Fig. 4. One can observe 
that α increases with the increasing of photon energy 
through the whole range of high absorption region while 
it decreases through the non-absorbing region. One can 
observe that both arrow and circle distinguish the end 
term of Urbach tail region (α≤104 cm−1) and high 
absorption region (α ≥ 104 cm−1). Extinction coefficient 
of TiO2 film was calculated by 
 

4π
k αλ
=                                      (5) 

 
The calculated values of extinction coefficient, k vs 

λ for TiO2 films are illustrated in Fig. 5. It could be 
noticed that k decreases with increasing of λ, and is 
thickness independent. 

 

 

Fig. 4 Absorption coefficient (α) vs photon energy (hν) 
 

 

Fig. 5 k vs λ for TiO2 films with thicknesses of 174, 195 and   
229 nm 
 
3.2.3 Optical band gap calculation 

An absorption edge of semiconductors corresponds 
to the threshold of charge transition between the highest 
nearly filled band and the lowest nearly empty band. 
According to inter-band absorption theory, the optical 
band the films of can be calculated using the following 
relation [29]:  

g

opt= ( )− rh A h Eα ν ν                           (6) 

where A is the probability parameter for the transition, 
also the constant A is a measure of the disorder of the 
material [30], A=4πσmin/nc∆E, where σmin is the 
minimum metallic conductivity, n is the refractive index, 
c is the light-velocity, and ∆E=∆Ec−∆Ev represents the 
band tailing [31]; 

gi

optE  is the optical band gap of the 
material, hυ is the incident photon energy; r is the 
transition coefficient. The reported value of r is 2 for the 
measurement of indirect band gap and 1/2 for direct band 
gap. Both direct and indirect band gaps of TiO2 films 
were found, and the indirect optical band gap is 
evaluated by extrapolating the straight line part of the 
curves (αhν)1/2 with energy axes (hυ) i.e (αhυ)1/2=0  
according to  
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gi( )  = ( )−h A h Eα ν ν                       (7) 

 
Due to phonon energy assisting the indirect 

transition [32], Eq. (7) could be written as 
 

opt1 2
phonongi( ) = ( )− ±h A h E Eα ν ν                  (8) 

 
where Ephonon is the  phonon energy assisting the 
indirect transition. 

Direct optical band gap was evaluated by 
extrapolating the straight line part of the curves (αhν)2 
with energy axes (hυ) i.e (αhυ)2 =0  according to 
 

opt2
gd( ) = ( )−h A h Eα ν ν                          (9) 

 
Relationship of both 2( )hα ν , 1 2( )hα ν , and hυ is 

depicted in  Fig. 6. It reveals the simultaneous existence 
of direct and indirect band gaps in TiO2 films. 
 

 
Fig. 6 (αhν)2 and (αhν)1/2 vs Photon energy 
 

Values of direct opt
gdE , indirect, opt

giE  optical band 
gaps and Ephonon were 3.721, 3.47 and 0.230 eV, 
respectively.  Furthermore, the value of indirect band 
gap was found to be lower than that of direct band gap. 
Simultaneous existence of a direct, opt

gdE  and indirect, 
opt
giE  optical band gaps were also reported in Refs. 

[33−40]. 
The characters [40−43] augmented our opt

gdE and 
opt
giE  results. One can observe that both values of 
opt
gdE and opt

giE  are different by ΔE: 
 
ΔE = opt

gdE − opt
giE =3.721−3.470=0.251 (eV) 

 
This difference may be attributed to spin orbital 

splitting [44]. 
The absorption tail of TiO2 films was analyzed 

according to [45] 

o
exp

⎛ ⎞
= ⎜ ⎟

⎝ ⎠c

h
E
να α                             (10) 

where αo is a constant and Ec is the band tail width. The 

absorption coefficient is governed by the so-called 
“Urbach rule”. 

Figure 7 shows the plot of ln α versus hν for TiO2 
films. The released straight line indicates that the 
absorption threshold characterizes an exponential 
absorption edge. 
 

 
Fig. 7 ln( α/cm−1) as function of photon energy 
 

The value of Ec for TiO2 films was 415 meV. To the 
best of our knowledge no such values of Ec and Ephonon in 
spin coated TiO2 films have not been previously 
reported. 

It is known that rutile is an oxygen-deficit 
semi-conducting transition metal oxide at room 
temperature when equilibrated in an atmosphere of low 
oxygen activity, and is non-conducting at room 
temperature when equilibrated in an atmosphere of high 
oxygen activity [46]. Due to the fact that “the ideal 
crystal does not exist”, at any temperature crystals 
contain various structural imperfections or defects. 
Urbach tail represents the localized states, due to defects 
in the structure with band tail width of 415 meV. The 
defect disorder of TiO2 has generally been considered in 
terms of oxygen vacancies, titanium interstitials and 
electrons. The oxygen deficiency introduces an excess of 
electrons included within bandwidth or the tail of the 
material. These defects are donor-type defects, therefore 
TiO2 has been considered an n-type semi-conductor 
[47−50]. So, an indirect transition can be seen as a 
phonon-assisted electronic transition from the maximum 
of the valence band to the minimum in the conduction 
band occurring between different points in k-space. Since 
the valence and conduction band extrema occur at a 
different k points in the Brillouin zone, the indirect gap 
excitation requires a phonon to conserve crystal 
momentum [51] and other optical constants were 
available elsewhere [44]. 
3.2.4 Refractive index and dielectric constant 

Both R and k at different λ were used to calculate 
refractive index, n according to [52] 
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The spectral dependences of both n(hν) and k(hν)  

are plotted in Fig. 8. n and k were determined for 
different film thicknesses. It could be noticed that both n 
and k are practically independent of film thickness. 
Therefore, the values used in the plots are the mean 
values of both n and k. From Fig. 8, one can observe that 
the tolerance of both n and k lies within the limits of 
experimental error. The interesting obtained value of n is 
1.66 through the wavelength range (300−1200 nm). This 
is the lowest value reported to the refractive index of the 
as-prepared spin coated TiO2 films. The porosity of the 
films is calculated according to [53] 
 

2

2
d

1Porosity = 1 100 / %
1

⎛ ⎞−
− ×⎜ ⎟⎜ ⎟−⎝ ⎠

n
n

                 (12) 

 
where nd is the refractive index of pore-free anatase (nd= 
2.52) [54] and n is the refractive index of the porous thin 
films (n=1.66). The calculated porosity was found to 
equal 67.19%. The lowest value of refractive index ever 
reported till now is 1.05 for SiO2 and is 1.67 for TiO2 
[55,56]. The current obtained value of n is so low, it is 
the lowest value of refractive index ever reported until 
now for the as- prepared TiO2 films while the lower 
value of refractive index ever reported until now of 
annealed TiO2 films is reported elsewhere [57]. 
 

 
 
Fig. 8 n and k as function of photon energy 
 

It was reported that the higher refractive indices 
give an evidence for the fine crystalline of the fabricated 
films and the correlation between the refractive index 
and the dielectric constant of a dielectric material. The 
decrease of the refractive index and packing density can 
be attributed to the porous structure [16,58]. According 
to that, the obtained low value of n is attributed to high 
porous TiO2 films and nano-crystallites. We can say that 

porous density can be engineered in a continuous range 
of values to obtain low refractive index material. The 
dispersion of refractive index of TiO2 films was analyzed 
using the concept of the single oscillator and could be 
expressed by the Wemple–DiDomenico (WDD) 
relationship [59] as 
 

2 1 2 o

o d d

1( 1) ( )−− = − +
E

n h
E E E

ν                  (13) 

 
where hν is the photon energy, Eo is the single-oscillator 
energy and Ed is the dispersion energy which is a 
measure of the intensity of the inter-band optical 
transition, and does not depend significantly on the band 
gap. Plotting 2 1( 1)−−n  vs (hν)2 shown in Fig. 9 allows 
to determine the oscillator parameters by fitting a straight 
line to the experimental points according to Ref. [60]. 
The obtained values of the single oscillator energy Eo and 
the dispersion energy Ed were 4.59 and 7.3 eV 
respectively. By extrapolating the linear part of WDD, 
optical dispersion relationship towards the infrared 
spectral region (hν=0), static refractive index n(0), could 
be defined by the infinite wavelength dielectric constant 
ε∞, which can be deduced to be 2.637. The relationship 
between the lattice dielectric constant εL, and the 
refractive index, n is given by [61]  
 

2
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L 2 2 *
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e
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c m

ε λ
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                 (14) 

 
where εL is the lattice dielectric constant; N/m* is the 
ratio of the carrier concentration to the effective mass; c 
is the speed of light; e is the electronic charge; εo is the 
permittivity of free space. 
 

 
Fig. 9 (n2−1)−1 vs (hν)2 for TiO2 film 
 

The plots of n2 versus λ2, are shown in Fig. 10, 
which is linear verifying of Eq. (14). The value of εL is 
determined from the extrapolation of these plots to λ2 =0 
and N/m* from the slope of the graph. The obtained 
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results are εL=2.769 and N/m* =9.5×1037 kg−1·m−3. The 
disagreement between the values of ε∞ and εL may be due 
to the free carrier concentration [62,63]. The obtained 
values of n and k were used to calculate both real, ε1 and 
imaginary part, ε2 of dielectric constant, ε: 
 
ε=ε1−jε2, ε1=n2−k2 and ε2=2nk                   (15) 
 
where ε1 determines the maximum energy that can be 
stored in the material; ε2, also is called the relative loss 
factor, represents the absorption of electrical energy by a 
dielectric material that is subjected to an alternating 
electromagnetic field. The loss tangent tan δ, tanδ=ε1/ε2, 
determines how well a material can absorb the 
electromagnetic field [64], where the angle δ is the phase 
difference between the applied electric field and the 
induced current [63]. Figures 11 and 12 show the 
variation of both ε1, ε2 and tanδ as a function of photon 
energy. After 2 eV energy value, both ε1, ε2 and tanδ 
increase forward as the photon energy increases except ε2 
and tanδ display a maximum starting around 3.7 eV 
which corresponds to direct energy gap. 
3.2.5 Optical conductivity 

The optical conductivity is one of the powerful tools 
for studying the electronic states in materials [65,66]. If  
a system is subjected to an external electric field, in 
 

 
Fig. 10 Plot of n2 vs λ2 
 

 
 
Fig. 11 ε1 and ε2 as function of photon energy 

 

 

Fig. 12 tan σ vs photon energy 
 
general, a redistribution of charges occurs and currents 
are induced. For small enough fields, the induced 
polarization and the induced currents are proportional to 
the inducing field. 

The complex optical conductivity, σ is related to the 
complex dielectric constant, ε by [67] 
 

1 2

1 2 0

2 1 0

1 2

j

j

= +⎧
⎪ =⎪
⎨ =⎪
⎪ = +⎩

σ σ σ
σ ωε ε
σ ωε ε
ε ε ε

                              (16) 

 
where ω is the angular frequency; ε0 is the free space 
dielectric constant. 

The real, σ1 and imaginary, σ2 parts of the optical 
conductivity dependence of energy are shown in Fig. 13. 
 

 
Fig. 13 σ1 and σ2 as function of photon energy 
 

It is seen that the optical conductivity increases with 
increasing photon energy, which has drastically 
increasing corresponding to the absorption edge and the 
optical gap. This suggests that the increase in optical 
conductivity is due to electrons excited by photon energy. 
The origin of this increasing may be attributed to some 
changes in the structure due to the charge ordering effect 
[68]. 
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4 Conclusions 
 

The deposition of TiO2 was performed on quartz 
substrates at room temperature in air for three different 
thicknesses. Structural studies confirm that TiO2 films 
have tetragonal system or rutile phase characterized by 
nanocrystallite size. Optical constants like optical energy 
gap (direct and indirect) and Urbach tail had been 
determined to be 3.721 eV, 3.47 eV, and 415 meV, 
respectively. Indirect optical gap was phonon assisted 
with energy of 0.230 eV. The difference, ΔE, between 
values of direct and indirect optical band gap was 0.251 
eV and attributes to spin orbital splitting. Low-refractive- 
index of the as-prepared TiO2 with the unprecedented 
refractive index of 1.66 is demonstrated. This low value 
was attributed to high ratio of porosity (67.19 %) and 
nano-structure. The obtained values of the oscillator 
energy, Eo and oscillator strength, Ed are 7.3 and 4.59 eV, 
respectively. 

The values of the dielectric constant ε∞, lattice 
dielectric constant εL, and the ratio of the carrier 
concentration to the effective mass and N/m* are 2.637, 
2.769, and N/m*=9.5×1037 kg−1·m−3, respectively. The 
disagreement between the values of ε∞ and εL was 
attributed to the free carrier concentration. The real part 
of the dielectric constant is higher than the imaginary 
part through non-absorbing region. The loss tangent,  
tan δ appears to show a drastic increasing at photon 
energy range of 3.5−4 eV that corresponds to optical 
energy gap range and absorption energy due to interband 
transition. Optical conductivity was found to increase as 
a function of photon energy. 
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溶胶−凝胶旋转涂布法制备的 
多孔纳米二氧化钛膜的结构和光学性能 
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摘  要：采用溶胶−凝胶旋转涂布技术在石英基质上沉积三种不同厚度的 TiO2 薄膜，其厚度分别为 174、195 和

229 nm。沉积得到的薄膜是由尺寸为 19~46 nm 的纳米微晶组成的，并具有较高的多孔结构。测定了薄膜的光学

常数，得到了迄今为止报道的最低折射率 1.66，并对所得结果进行了讨论。 
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