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Amorphous titanium dioxide TiO2 thin films have been deposited using the dc sputtering technique. The 
structure of the films was analyzed by X-ray diffraction and the results showed non-crystalline 
behavior. The optical properties of these thin films have been investigated by means of optical 
reflectance and transmittance spectra. The optical energy gap Eg, the Urbach tails Eu, the single 
oscillator energy Eo, the dispersion energy Ed and the optical constants as refractive index n, extinction 
coefficient k dielectric constant and optical conductivity were estimated. 
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INTRODUCTION 
 
Titanium dioxide TiO2 thin films are the most widely used 
coatings due to their desirable properties, such as good 
adhesion, high stability against mechanical abrasion, 
chemical attach, and high temperature (Pulker, 1984; 
Ritter, 1975). Therefore, they are used as single-layer or 
multilayer optical coatings (Macleon, 1986). Titanium 
dioxide thin films have been largely studied as photo 
anodes in the process of photo electrolysis of water in 
solar energy conversion systems, electrochromic 
materials for display devices, smart windows, 
antireflective coatings, optical filters (Yoko, et al., 1988; 
Doeuff et al., 1986; Livage, 1986; Nabavi et al., 1989; 
Dislich and Hinz, 1982). Titanium dioxide films can be 
prepared using different kind of methods: thermal or 
anodic oxidation of titanium, electron beam evaporation, 
ion sputtering, chemical vapour deposition and sol-gel 
method  (Yoldas,  1980;  Henry,   1978;   Lottiaux  et   al., 

1989; Babuji et al., 1983; Yeung and Lam, 1983; Ozer et 
al., 1992; Yun et al., 2003). It was reported that titanium 
dioxide exists in three different phases: anatase, rutile, 
and brookite. Only anatase, rutile and amorphous film 
have been observed in TiO2 thin films up to now (Lo¨ et 
al., 1994). TiO2 film in anatase phase has a variety of 
application prospects in the field of environmental 
protection (Dumitriu, et al., 2000; Takeda et al., 2001). 
The rutile structure of TiO2 thin film is known as a good 
blood compatibility material and can be used as artificial 
heart valves (Zhang et al., 1996). Much technique was 
used to achieve TiO2 thin film (Takeda et al., 2001; 
Watanabe et al., 2000). Magnetron sputtering is one of 
the most easily to industrialize, and to achieve the high 
quality thin film in large area substrates (Dumitriu et al., 
2000; Treichel and Kirchhoff, 2000). Mid-frequency ac 
magnetron  sputtering  using  pure  titanium   target   was 
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studied widely (Bra¨uer et al., 1998; Hou et al., 2000). 
The optical constants of TiO2 thin films were studied 
using spectroscopic ellipsometry.  

The aim of the present work is to prepare thin films of 
TiO2 using dc sputtering technique and to study their 
optical properties with change in their thicknesses. 
 
 
EXPERIMENTAL TECHNIQUE 

 
Titanium dioxide TiO2 thin layers were prepared by DC sputtering 
under a base pressure (95% argon + 5% O2) of 15 mTorr. TiO2 
target (from Cathey) with a purity of 99.998% and 3 inch diameter 
was used. The target-substrate distance was fixed at 11 cm. For 
obtaining homogeneous films, periodic motion of 2 rpm of the 
substrates was adopted. Thin films of TiO2 were deposited on a 
pre-cleaned glass substrate using UNIVEX 350 sputtering unit with 
dc power model Turbo drive TD20 classic (Lybold) and rate 
thickness monitor model INFICON AOM-160. The structural 
characteristics of TiO2 thin films were investigated by X-ray 
diffraction pattern. Philips X-ray diffractometer model X’ Pert was 
used for the measurements which utilized monochromatic CuKα = 
1.5406 Ǻ radiation operated at 40 kV and 25 mA.  

Reflectance R and transmittance T measurements under near-
normal incidence in the spectral range 200-1000 nm were 
performed by using double beam spectrophotometer (JASCO 
model V-670 UV-VIS-NIR). The substrate temperature was kept at 
25°C during deposition. In this paper, we report on the optical 
properties of amorphous TiO2 thin films deposited by dc sputtering 

 
 
Theory and calculations 
 
For obtaining the optical energy gap Eop, the following equation was 
used (Pal et al., 1993): 
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where the absorption coefficient α can be expressed as (Ali, 2005): 
 








 


T

R
Ln

d

2)1(1


                                           (2) 
 

The absolute value of transmittance T is given by (El-Nahass, 
1992): 
 

                                                    (3) 

 

 is the incident photon energy, R is the reflectance, Rg is the 

reflectance of glass substrate, Ift is the intensity of light passing 
through the film-glass system, Ig is the intensity of the light passing 
through the reference glass and d is the film thickness. The 
absolute value of the reflectance R is given by (Bakry and El-
Naggar, 2000): 
 

)                        (4) 

 
Ifr is the intensity of light reflected from the sample, Im is the intensity 
of light reflected from the reference mirror. 
 

The refractive index n  was calculated from the following equation 

(El-Nahass et al., 2008): 
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where  4/k  is the absorption index, and   the is 

incident wavelength. 
 

The amount of tailing can be estimated to a first approximation by 
plotting the absorption edge data in terms of an equation originally 
given by Urbach (1953), which has been applied to many glassy 
materials. The exponential depends on the absorption coefficient, 
(α) and photon energy (hν). It has been found that hν holds over 
several decades for a glassy material and takes the formula: 
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Using DiDomenico dispersion relationship (Wemple and 
DiDomenco, 1973), the single oscillator energy Eo and dispersion 
energy Ed can be calculated: 
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For obtaining the lattice dielectric constant εL, the following equation 

is used (El-Nahass et al., 2010): 

 
                                   (8) 

 
Where e is the elementary charge, εo is the permittivity of free 
space, N/m* is the ratio of free carrier concentration to the effective 
mass. 

 
 
RESULTS AND DISCUSSION 
 

Structural investigation 
 
X-ray diffraction patterns of titanium dioxide TiO2  thin 
films of as-prepared showed amorphous structure as 
shown in Figure 1 where the patterns did not include any 
peak representing crystallization. 
 
 

Optical characterization 
 
Effect of thickness of TiO2 on the optical properties 
 
Figure 2 depicts the changes of the transmittance T(%) 
with the incident wavelength. Throughout the range of the 
incident wavelength from 200 to 500 nm, there were 
peaks belonging to the films of thicknesses 100, 120, 
150, 175 and 200 nm and had the values 60, 72, 83, 87, 
and 90% at 380, 380, 400, 405 and 425 nm, respectively. 
It can be noticed that the peaks of the transmittance were 
shifted toward a longer wavelength with increasing the 
thickness of the films as shown in Figure 2. The highest 
values of the transmittance were followed with 
decreasing their values with prolongating the wavelength 
for the considered thin films except for the film of 
thickness  100 nm.  It   can   be   noticed   also   that   the 
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Fig. (1): X-ray diffraction patterns of as0prepared TiO2 thin film.
 

 
Figure 1. X-ray diffraction patterns of as0prepared Ti02 thin film. 
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Figure 2. The optical transmittance T (
  4/k ) and reflectance R (

  4/k  ) forthe as prepared TiO2 
thin films of different thicknesses. 
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Figure 3. Plots of (h)1/2vs. h for as-prepared TiO2 thin films of different thicknesses. 

 
 
 
transmittance decreases with increasing the film 
thickness which can be due to an increase in both 
reflection and absorption in the thin films (Al-Ofi et al., 
2012). In addition, film structure may lose its 
homogeneity with increasing the film thickness due to 
accumulation of different types of structural faults, hence 
increasing film absorption. The transmittance loss at 
longer wavelengths results from photon-electron 
interaction, which can scatter the photons. This loss 
occurs from both reflection and absorption. Reflection in 
this range is not strictly a surface phenomenon (Robert et 
al., 2005). However, reflection from the bulk of the 
material can occur, provided that the photon escapes the 
surface. If the scattered photon does not escape the 
surface, it can be concluded to have been absorbed 
(Robert et al., 2005). 

The results of reflectance verify the transmittance one 
as shown in Figure 2, where the reflectance increased in 
the region of decreasing the transmittance. On the other 
hand, the top of the transmittance were corresponding to 
the bottom of the transmittance. Figure 3 shows the 

relation 
2/1)( h  vs. )( h  for as-prepared TiO2 thin 

films with different thicknesses. The values of the allowed 

indirect optical energy gap opE  can be obtained from the 

plots   of   
2/1)( h    versus )( h   by  extrapolating  the 

linear portion of the plots of  
2/1)( h  versus )( h to 

0.0   as shown in Figure 3. The estimated values of 

the optical energy gap were found to be independent on 
the film thickness where it had the same value 3.36 eV 
for all the considered film thickness. This value 3.36 eV of 
the optical gap of the thin films under test is very close to 
the reported one 3.27 eV (Ya-Qi et al., 2003). The 
Urbach tails (width of the band tails of the localized 
states) represents the degree of disorder in an 
amorphous semiconductor Eu for as-prepared TiO2 thin 
films can be obtained from the slopes of the straight lines 
of the plot Ln( ) versus  h  as shown in Figure 4. 

Results of Urbach tails confirmed the results of optical 
gap, where Eu was found to have the same value 
0.37±eV within the experimental error for all the 
considered films (El-Raheem et al., 2012).  

The variations of both the real part of the refractive 
index n and the extinction coefficient k with wavelength 
are shown in Figure 5. It is apparent that the refractive 
index decreases with increasing the incident wavelength 
in the visible range of frequency revealing the normal 
dispersion. Further, the refractive index increases with 
increasing the film thickness; this may be due to 
changing the film thickness which could change the 
density and/or the polarization of the material of the thin 
films. On  the  other  hand, the variations of the extinction  
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Figure 4. Plots of Ln() vs. photon energy for as-prepared TiO2 thin films of different 
thicknesses. 
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Figure 5. Spectra of the refractive index n and the extenction coefficiont k of TiO2 thin 
films of different thicknesses. 
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Figure 6. Variations of the average values of real and imaginary part of the dielectric function 
with incident wavelength. 

 
 
 
coefficient k reverse the behavior of the refractive index. 
Figure 6 depicts the changes of both the average values 
(belonging to the different thicknesses of the thin films 
under test) real ε1 and imaginary ε2 parts of the dielectric 
function with incident wavelength. The real part of the 
dielectric constant relates to dispersion, whereas 
dissipative rate of the electromagnetic wave in the 
dielectric medium is provided by imaginary part.  It is 
clear that the variations of ε1 follows the same trend as 
the real part of the refractive index and the imaginary part 
ε2 follows the behavior of the extinction coefficient k with 
the incident wavelength as shown in Figure 5. Figure 7 
depicts the variations of the loss factor tan δ with 
wavelength indicating that the loss factor decreases 
sharply with increasing the wavelength within the range 
from 300 to 400 nm and the increases slightly. To 
calculate the real and imaginary components of optical 
conductivity the following equations are used (Caglar et 
al., 2007): 
 

  and    

 

where  is the angular frequency, is the permittivity 

of free space. The spectra of real and imaginary parts of 
the optical conductivity are shown in Figure  8.  It  can  be 

seen that both the real and imaginary part increases with 
increasing the photon energy up to 2.6 eV which can be 
attributed to excitation of electrons by photon energy 
(Caglar et al., 2007).  

Real part of optical conductivity continue increasing 
sharply beyond 3.6 eV of photon energy as seen in 
Figure 8 suggesting strong excitation of the electrons. 
The volume energy loss function VELF and surface 
energy loss function SELF (volume and surface energy 
loss functions are proportional to the characteristic 
energy loss of fast electrons traveling the bulk and 
surface of the material, respectively) can be calculated 
using the following equations: 
 

                   

 

 
The changes of VELF and SELF of as-prepared TiO2 thin 
films with photon energy are shown in Figure 9; this 
change can be explained in terms of the response of a 
set of Lorentzian oscillators of adjustable strength and 
position (Ghanashyam et al., 1999). Wemple and 
DiDomenico (1973) introduced two parameters, the 
dispersion  energy  Ed   which   has   a   meaning   of   the
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Figure 8. Spectra of the real and imaginary part of the optical conductivity of the TiO2 thin films. 
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Figure 9. The distribution of the volume and surface energy loss for TiO2 thin films as a 
function of thoton energy. 

 
 
 
oscillator strength of the interband transition and 
describes the dispersion of the refractive index, and the 
single oscillator energy Eo which has a meaning of the 
average interband transition energy. Both of the two 
parameters can be calculated from the slope and 
intercept of Figure 10 and recorded in Table 1. The 
average value of the oscillator energy of the thin films 
under test is 3.486 eV which is in consistent to the optical 
energy gap estimated from Figure 3. This agree with 
Olomon et al. (1988) which reported that the single 
oscillator energy gives a quantitative information on the 
overall band structure of the material “average gap” and 
corresponds to the distance between the centers of 
gravity of the valence and conduction bands. The close 
value of the optical gap 3.36 eV and average value of 
single oscillator 3.486 eV is in good agreement with the 
relation reported by Timoumi et al. (2011). It is reported 
that the dispersion energy relates other physical 
parameters through the following empirical relationship 
(Wemple and DiDomenco, 1973; Timoumi et al., 2011): 
 
Ed = β Nc Za Ne   (eV) 
 
where Nc is the coordination number of the cation nearest 
– neighbor to the anion, Za is the formal chemical valency 

of the anion, Ne is the effective number of valence 
electrons per anion and β is a constant. Taking the 
experimental average value of Ed for the as deposited 
films (Ed=22.12 eV), Za = 2, Nc = 6, Ne = 6, then β = 0.31 
eV, this leads to TiO2 thin films under test fall into ionic 
class. The moments of  the optical spectra M-1 and M-3 
can be obtained from the relationship (Yakuphanoglu et 
al., 2004): 
 

        ,  

 

It is found that the calculated values of the moments M-1 
increase with increasing the thickness of the films, 

whereas the moments M-3 decrease. The ratio ) and 

the lattice dielectric constant (the high frequency 

dielectric constant)  for the thin films are calculated 

from Figure 11 which represents the plot of n
2
 vs. and 

then tabulated in Table 1. It can be noticed that 

both ) and  increases with increasing the 

thickness of the film from 100 to 150 nm. 
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Figure 10. Plts of (n2 - 1 )-1 vs. h for as-prepared TiO2 thin films of different thicknesses. 

 
 
 

Table 1. The optical energy gap, Urbach energy, refractive index dispersion parameters of TiO2 thin films. 
 

Film thickness nm Eg (eV) Eu (eV) Eo (eV) Ed (eV) β M-1 M-3 (eV)
-2 

(N/m x10
48 

(g
-1

 cm
-3

)  

100 3.36 0.371 3.128 11.63 0.16 3.72 0.028 1.67
 

8.7 

120 3.36 0.337 3.153 18.18 0.25 5.77 0.018 2.66 12.9 

150 3.36 0.369 3.08 32.11 0.45 10.42 0.010 5.51 23.6 

175 3.36 0.390 4.421 39.06 0.54 8.82 0.006 1.65 13.6 

200 3.36 0.369 3.646 28.79 0.39 7.79 0.009 2.46 14.7 

 
 
 
Conclusion 
 
The optical properties of amorphous TiO2 thin films under 
test showed that, changing the thickness of the films has 
not affected the optical energy gap and Urbach tails. The 
average value of the single oscillator energy has a value 
very close to that of the optical energy gap. The 
dispersion energy found  to  increase  with  increasing the 

thickness of the film, its average value used to estimate 

the value of  showing that TiO2 under test is ionic. The 

moments M-1 showed an increase with thickness from 
100 to 150 nm, whereas, the moments M-3 showed a 

decrease with thickness. Both ) and  showed  an 

increase with thickness from 100 to 150 nm.  
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Figure 11. Plots of n2 against 2 for as-prepared TiO2 thin films of different thicknesses. 
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