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Abstract: With scientific and technological advances, Titanium dioxide (TiO2) has attracted great research interest in the 

field of Dye Sensitized Solar cells (DSSC) with an aim to improve its efficiency. In this study, transparent semiconducting 

titanium dioxide thin films were deposited on glass substrate coated with fluorine tin IV oxide (SnO2: F) film by sol gel 

technique. The films were then annealed in air up to 450°C at different annealing rates. Optical reflectance was measured using 

UV-Vis-NIR spectrophotometer and optical parameters such as refractive index, extinction coefficient and dielectric constants 

were modelled using SCOUT software. Average refractive indices in the visible region ranged between 1.95 and 1.56. Porosity 

for as deposited, 1 step, 2°C/min and1°C/min were found to be 48%, 73%, 61% and 53% respectively. Refractive index 

dispersion was investigated using Wemple – Di-Domenico single oscillator model. Dispersion energy of annealed films 

increased from 5.90 eV to 11.30 eV. Surface and volume energy loss were computed from dielectric constants and correlated 

with porosity and dispersion energy as function of the heat treatment. Optical parameters were found to highly depend on the 

annealing the thin films. Annealing rate influenced a decrease in porosity and an increase in dispersion energy due to film 

densification and pore filling as the crystallinity is improved by heat treatment. 
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1. Introduction 

Renewable energy sources such as solar energy provide a 

more environmental friendly source of power. However, 

photovoltaics use is still limited due to high cost of 

production and low energy conversion efficiency [1]. The 

low energy conversion efficiency of devices such as dye 

sensitized cells (DSSC’s) can be improved through 

nanotechnology [2]. TiO2 nanoparticles (NPs) have been 

considered for dye sensitized cells due to high photocatalytic 

and sonocatalytic efficiency, low toxicity, excellent 

biocompatibility, low cost and high chemical stability [3, 4]. 

The anatase phase is highly attractive in titanium oxides 

coatings due to its low extinction coefficient and high 

refractive index [5]. It is found that TiO2 films with an 

anatase phase can achieve a higher efficiency for a DSSC 

than TiO2 films with a rutile one [6, 7]. TiO2 films of high 

homogeneity and thickness over a large area are available at 

low annealing temperature through Sol-gel technique [8]. 

TiO2 can exist as an amorphous layer and also in three 

crystalline phases: brookite (orthorombic) anatase (tetragonal) 

and rutile (tetragonal). Only rutile phase is thermodynamically 

stable at high temperatures [9]. Annealing of TiO2 films alters 

crystallinity, electrical resistivity, surface porosity as well as 

morphology [9]. Optical characterization of TiO2 thin films by 

UV-visible spectrophotometry has been done [10] and Scout 

software used in analysis of optical measurements such as 

transmittance and reflectance [11]. The structural properties of 
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the mesoporous TiO2 films, such as particle size [12] and 

porosity [12, 13] have a significant influence on the 

performance of DSSC’s. Highly porous TiO2 films promote 

increased light absorption and a higher current density [14, 15]. 

Increasing the surface area and porosity of TiO2 films 

decreases the contact barrier between the TiO2 and subsequent 

interfaces, which promote the transport of carriers in the 

DSSCs [16]. The dispersion parameters of TiO2 films obeys 

the single oscillator model and the dispersion parameters 

decreases with increasing annealing temperature [17]. TiO2 

films were deposited by so-gel doctor blade technique since it 

is a simple, low cost technique, and offers good uniformity. 

The effect of annealing rates on the dispersion energy, porosity 

and surface to volume energy loss were investigated. 

2. Experimental Procedure 

Nanocrystalline TiO2 (T/SP, 18% wt, 15-20 nm, sourced 

from Solaronix, Switzerland) was coated on FTO (SnO2: F) 7 

Ω/sq, (Xinyan Technology Co. Limited, China) glass 

substrates using sol-gel doctor-blading technique. Freshly 

prepared films were annealed at different rates using muffle 

furnace. The samples were annealed at 1 step 2°C /min and 

1°C/min annealing rates. The temperature was increased at the 

stated rates up to 450°C followed by sintering for 30 minutes. 

The optical reflectance was measured using double beam 

UV-Visible spectrophotometer (Shimadzu UV probe 1800, 

Japan) in the wavelength range of 200-1100 nm. The optical 

constants such as refractive index (n), extinction coefficient 

(k) and dielectric constants ( ��, �� ), were obtained using 

SCOUT software. The dielectric tangent loss and the 

dielectric energy loss of these films were also studied on 

different annealing rates. Determination of the dispersion 

parameters of the samples such as the high-frequency 

dielectric constant ε∞, the oscillator energy Eo and the 

dispersion energy Ed was achieved by application of 

Wemple-Di Domenico single oscillator model. 

3. Results and Discussion 

3.1. Reflectance 

Figure 1 shows reflectance versus wavelength spectra for 

annealed TiO2 films. Reflectance decreases within the visible 

region. Room temperature deposited TiO2 thin film shown 

only about 20% reflectance, which can be useful for 

antireflection coating. The film with the lowest annealing rate 

(1°C/min) has the highest reflectance while 1 step (highest 

annealing rate) film has lowest reflectance. 

We attribute the increase in reflectance as observed in 

figure 1 to improved crystallinity due to decrease in lattice 

imperfections and enhanced homogeneity due to annealing. 

Ayieko et al reported an increase in reflectance at higher 

annealing temperatures due to decrease in crystallite sizes 

hence resulting in surface area of particles to scatter light 

[18]. The higher reflectance is attributed to the 

improvement in crystallinity and a rise in thermal 

conductivity [19]. 

 
Figure 1. A graph Reflectance versus Wavelength. 

3.2. Refractive Index 

Analysis of the reflectance data was done using Scout 

software. The real part ��and imaginary part �� of dielectric 

constant as in equation (1) and (2) were obtained; 

�� � �� � ��                                    (1) 

��=2nk                                          (2) 

Where n is the refractive index and k is the extinction 

coefficient. The refractive indices of the samples were 

determined from the relation in equation (3). 

n � 
���
�
�� � � ��

��
��� � k�                       (3) 

Where R is the reflectance and k is the extinction coefficient. 

Figure 2 shows variation of refractive index of annealed TiO2 

films verses wavelength, λ. The refractive index spectra were 

found to decrease exhibiting high variation towards the low 

photon energy indicating normal dispersion behavior. The 

decrease of the refractive index as shown in figure 2 indicates 

that the material is less optically dense. 

 
Figure 2. A graph of refractive index versus wavelength. 

Figure 3 shows average refractive indices within the 

visible region as a function of annealing rates. 
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The average refractive indices in the visible region for as 

prepared, 1 step, 2°C/min and 1°C/min were found to be 1.95, 

1.56, 1.75, and 1.87 as shown in figure 3 respectively. A rise in 

refractive index values is observed with decreasing annealing 

rates. The decrease in refractive index was associated with the 

resonance effect. This effect occurs between electronic 

polarization and incident light photons on the sample due to 

equality between the incident photon and plasma frequency [20]. 

This increase in refractive index with annealing is dependable 

with the fact that there occurs enhancement of crystallinity and 

higher packing density as the annealing rates is lowered [20]. 

 
Figure 3. A graph of refractive index versus annealing rate. 

3.3. Porosity and Relative Density of Annealed TiO2 films 

The porosity and relative density of the film were 

calculated using equation 4 [21] and 5 [22]; 

�������� � �1 � ��
�
���
��  100%                  (4) 

#$%&��'$ )$����� � ��
�
���
�  100%                (5) 

Where n is the refractive index of the films and �* � 2.52 

the refractive index of anatase TiO2 [23]. Figure 4 shows 

variation of relative density and porosity with annealing rates. 

 
Figure 4. Variation of relative density and porosity with decreasing 

annealing rates. 

The porosity of the films decreases while the relative 

density increases with lowering of annealing rate. 1 step film 

has the highest porosity of 73% and the least relative density 

of 27%. Hasan et al, [24] analyzed XRD patterns of as-

deposited and annealed TiO2 films at different temperatures. 

Crystallization was found to increase to some extent in the 

annealed films. Increase in annealing temperature was found 

to decrease porosity ratio of the films. Decrease in porosity 

as shown in figure 4 is attributed to film pore filling and film 

densification. The increase in relative density due to 

annealing rates, indicate that the quality of the film 

crystallization improves gradually. The porosity has been 

correlated with dispersion energy discussed in the following 

section. 

3.4. Refractive Index Dispersion Parameters 

The functional relation for the dispersion of refractive index 

was done using the single oscillator model suggested by 

Wemple - DiDomenico model given by equation 6 [25, 26] 

��� � 1�
� � .�
./ � �

.�./ �0'��                     (6) 

Where E0 is the single oscillator energy, and Ed is the 

dispersion energy. 

 
Figure 5. Plot of (n2-1)-1 versus (hv)2 of annealed TiO2 coatings.  

 
Figure 6. Linear fit of (n2-1)-1 versus (hv) 2 of annealed TiO2 films. 
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Table 1. Optical parameters and dispersions of TiO2 thin films at various annealing rates. 

Samples Refractive index, n Relative density (%) Porosity (%) Ed E0 M-1 M-3 f=Ed E0 

As-Prep 1.95 52 48 17.46 6.41 2.72 0.42 111.9 

1 Step 1.56 27 73 5.90 4.23 1.39 0.33 24.96 

2°C/min 1.75 39 61 9.15 4.64 1.97 0.42 42.46 

1°C/min 1.87 47 53 11.30 4.85 2.33 0.48 54.81 

 

Figure 5 shows spectra of (n
2
-1)

-1
 against (hv)

2
 for TiO2 

films before and after annealing. The values of (n
2
-1)

-1
 

decreases as the photon energy increases for all the films due 

to the lattice absorption [26]. The oscillator energy, Eo and 

dispersion energy, Ed were obtained by fitting a straight line 

to the spectra of (n
2
-1)

-1
 versus (hv)

2
 from 6.6 to 8.4 (eV)

2
 as 

shown in figure 6. The (n
2
-1)

-1
 intercept of the linear fit gives 

Eo/Ed and the slope gives (EoEd)
-1

. The values of oscillator 

energy Eo and dispersion energy Ed for film annealed at 

1°C/min were 4.85eV and 11.30eV respectively. Wemple - 

DiDomenico defines the oscillator strength, f, for a single 

oscillator model given as f=EoEd. The results of oscillator 

strength are included in table 1. Eo and Ed are dependent on 

the moment of the optical transitions M-1 and M-3 defined by 

Eo
2
=M-1/M-3 and Ed

2
=M-1

3
/M-3 and the calculated values 

listed in table 1. M-1 and M-3 decreased with increase in 

annealing rates. From earlier work, increase in E0 and Ed as a 

result of increase in annealing temperature has been 

attributed to influence of lattice absorption and increase in 

scattering centers [26]. The porosity is correlated with 

surface energy/volume energy loss discussed in the following 

section. 

3.5. Dielectric Characterizations 

Real part  �1��  and imaginary part �1��  of the dielectric 

function were obtained using scout software as in equation 1 

and 2. The  1� and 1� shows the amount of energy stored in 

dielectrics as polarization and loss energy respectively. The 

power loss factor (tan δ) associated with the electric behavior 

of the film is described by equation 7; 

tan δ � 5�
67                                       (7) 

Inelastic scattering of electrons in solid film due to energy loss 

functions also known as volume energy function and surface 

energy loss function were calculated as in equation 8 and 9; 

89: � 6�
67��6��

                                      (8) 

;9: � 6�
���67 ���6��

                                  (9) 

 
Figure 7. (a). Loss tangent, (b) Surface energy loss, (c) volume energy loss, and (d) Surface / Volume enrgy loss as a function of photon energy. 

Tan δ describes the loss factor, which measures the loss 

rate of power in an oscillatory dissipative system. Figure 7 (a) 

shows a variation of tan δ versus photon energy for as 

prepared and annealed TiO2 films. It is clearly seen than the 

values of tan δ decreases at lower photon energy (up to 2.0 

eV) and thereafter increases gradually. In lower photo energy 
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(or low frequency) region (up to 2.0 eV) the tan δ value of 

the films decreases gradually with the decrease of annealing 

rates. However, for photon energy > 2.5 eV (or high 

frequency range), the loss tangent increases significantly with 

phonon energy. Since tan δ is less than 1 for all samples, then 

the energy loss of the films is relatively low. This suggests 

that the annealed films possess good optical qualities due to 

lower energy losses and lower scattering of the incident 

radiation [27]. The surface energy loss, Sel and volume 

energy loss, Vel functions of the TiO2 films before and after 

annealing at different rates are shown in figure 7 (b) and (c) 

respectively. The surface energy loss peaks appears at 

approximately 4 eV for 1 step, 2°C/min and 1°C/min and 

their energy values were 0.351, 0.333 and 0.326 eVcm
2
. The 

loss is relatively low at other photon energies. The peaks for 

volume energy loss appear at 3.22eV. They are relatively 

higher compared to surface energy loss. 

 
Figure 8. Correlation of Porosity and surface/volume energy loss of 

annealed TiO2 films. 

Volume energy function is much greater compared to 

surface energy functions (Vel and Sel) for all the incident 

photon energies at all annealing conditions. From earlier report, 

loss of energy of a free charge passing through the surface of 

film is less than when travelling through the volume [27-29]. 

Energy loss is experienced when a fast moving electron pass 

through a medium due to the excitation of plasma oscillations 

of conducting electron [29]. For all the annealed films, the 

energy losses for 1°C/min are the lowest. This is due to regular 

grain boundaries, which offer minimal energy dissipation. 

Figure 7 (d) shows the surface energy loss/volume energy loss 

against the photon energy. The ratio of surface to volume 

energy loss increases with decreasing annealing rate up to 

3.5eV. At low photon energies, Sel is insensitive to surface 

structure and it does not describe the inelastic scattering with 

finite momentum transferred at the surface [30]. Therefore, the 

decrease in annealing rate increases the electron transition of 

the films. This is due to major contribution of virtual electronic 

transition in the TiO2 thin films which leads to a significant 

change in the optical parameters [31]. In the inter-band region 

there is an appreciable modification of the refractive index as 

shown in figure 2. The ratio of surface to volume energy loss 

has been correlated with porosity and dispersion energy as 

shown in figure 8. The film annealed at the highest rate (1 Step) 

has the highest porosity. However, porosity is found to 

decrease with annealing rate. 

We attribute the decrease in porosity to film pore filling and 

film densification due to crystal enhancement of the films with 

annealing. Surface/volume energy losses increases with 

decrease in annealing rate as shown in figure 7. It has been 

reported that annealing temperature and annealing time has an 

effect on surface quality porosity and aggregate of the films 

[32]. The surface of TiO2 showed clustered particles through 

SEM and the shrinkage rate increased as result of heat 

treatment [32, 33]. Values for Sel and Vel are associated with 

the ionicity of ionic or covalent materials and crystalline 

structure [26]. The single oscillator model can essentially be 

applied in determination of the structural properties of these 

films in addition to the optical characterization [34]. From 

literature, the degree of electron transition decreases with 

improvement in crystallinity of the film hence increasing the 

free electron density. The frequency dependence of the 

complex electronic dielectric constant inferred the fundamental 

electron excitation spectrum of the thin film [35, 36]. 

Therefore, we associate the increase in Sel/Vel to improvement 

of crystalline quality of the TiO2 films. The surface to volume 

ratio has the same trend with dispersion energy. 

4. Conclusions 

TiO2 thin films (As deposited) deposited on fluorine tin 

oxide were prepared by sol gel doctor blade followed by 

annealing at 1 step, 2°C /min and 1°C /min annealing rates. 

Refractive index was used to study the optical parameters of 

the films samples in the spectra range 300 nm to 900 nm. 

Wemple – DiDomenico single ascillator model was used to 

determine the optical parameters. For all films, absorption 

coefficients were in the order of 10
5
cm

-1
. Computed 

dispersion, Ed and single oscillator energy Eo using W-D 

model was found to be in the range 5.90 – 17.46 eV and 4.23 

– 6.41 eV respectively. The energy loss (Tan δ) was 

relatively low with the 1°C/min being the lowest. The 

volume and surface energy loss followed the same trend as 

the loss tangent data. Surface energy loss of the films was 

lower compared to the volume energy loss. 
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