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Abstract 
 

Nanocrystalline anatase (nc-a) TiO2 films are prepared by using the sol-gel dip-coating 
processing followed by annealing between 200 - 500 °C for 2 hr in air. The structural 
studies using XRD and Raman spectroscopy indicated the evolution of pure anatase TiO2 
phase (crystallite size = 12 - 15 nm) in resultant films. The morphological studies with 
SEM and TEM indicated nanocrystalline state of films. The annealing temperature is 
noted to have profound effect on optical properties. The structural and optical properties 
obtained for the resultant films showed an expediency of these films for potential 
application of photo electrode for dye sensitized solar cells. 
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Introduction 

Nanocrystalline anatase (nc-a) TiO2 is applied to dye-sensitized solar cells (DSSC) as the material of 

porous films since the landmark paper [1]. DSSC have been studied extensively because of their high 

efficiency and low-cost. The highest energy conversion efficiency [2] of DSSCs is 11.04 %. The 

performance of DSSC depends on the nature of films including crystalline phase [3 - 4] and size of 

particles. For instance, the short-circuit photocurrent for rutile TiO2 - based DSSC is about 30 % lower 

than that of the anatase TiO2 based DSSC [3 - 4]. Further, the electron transport is slower in rutile layer 

than in the anatase layer due to different inter-particle connectivity associated with particle packing 

density. Moreover, for various applications, the size of particles is an important parameter because it 

determines the surface to volume ratio greatly influencing many factors. The optimal TiO2 particle sizes 

for DSSC are approximately 10 - 25 nm [2, 5 - 6]. The anatase and rutile TiO2 can be obtained when 

pH of the autoclaving solution varies from 0.8 to 1.5 at 230 - 270 0C [7]. This synthesis method has 

attracted more attention in the preparation of porous nc-TiO2 thin films applied to DSSC.  

In this paper, preparation of nc-anatase (nc-a) TiO2 films by using sol-gel dip coating technique is 

reported. The resultant nc-a TiO2 films were characterized by using XRD, Raman spectroscopy, SEM 

and TEM. The optical properties of resultant nc-a TiO2 films were obtained by using UV-visible 
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spectroscopy studies.  

Materials and Methods  

A 4.05 ml of titanium tetra-isopropoxide (TTIP) was added slowly to 11.25 ml of double 

distilled water (DDW) [molar ratio of Ti: H2O = 0.1:5.0] at room temperature (RT) under vigorous 

stirring for 2 h. The detail procedure for the preparation of nc-a TiO2 films on glass substrate is given in 

our earlier report [8].  

Results and Discussion  

Fig. 1 (a) gives the XRD patterns for resultant films. The 200 0C annealed film shows the amorphous 

nature. The evolution of phase is started at 300 0C. 

 

 
(a) 

 
(b) 

Fig. 1. (a) XRD patterns and (b) Raman spectra of resultant films 

All the reflections in the XRD patterns for 300, 400 and 500 0C annealed films are found to be 

matching with the peaks for pure anatase TiO2 [JCPDS file No. 21-1272] only indicating thereby single 

phase nature of film materials. The data for lattice parameters [9] and interplaner spacing d101 obtained 

are summarized in Table I. The observed values are approximately equals with standard values given in 

literature [a = b = 0.3730 nm, c = 0.9485 nm & d = 0.3520 nm] [JCPDS file No. 21-1272]. The values 

average crystallite size (D) obtained by using Scherrer [10] relation:  

D = (0.9λ/βcosθ) 

 [λ = 0.1541 nm, β = FWHM, θ = diffraction angle] for all films are found to in nanometric range.  

The crystallite size is found to be increasing with annealing temperature. The Raman spectra for 

resultant films given in Fig. 1 (b) show well defined peaks and the absence of overlapping peaks. The 

spectra show well crystallized nature of all films with less number of imperfect sites. All spectra show 
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5 Raman active bands centered at 144.2 cm−1 (Eg), 195.4 cm−1 (Eg), 392.7 cm−1 (B1g), 517 cm−1 (A1g) 

and 637.4 cm−1 (Eg), which are matching with bands given for single crystal anatase TiO2 [11]. It 

confirms the single anatase phase nature of TiO2 films [12]. This is consistent with XRD results. Fig. 2 

shows the SEM images of films annealed at 300, 400 and 500 0C. The SEM images show the following 

observations: (i) particles are nearly spherical, (ii) particle size distribution is uniform, (ii) nature of 

particles is soft agglomerate, (iv) each spherical agglomerate contains many particles in nanometric 

range and (v) the agglomerate size is in range of 100 - 250 nm. The agglomerate size is consistent with 

the XRD results for average crystallite size. The images also reveal the porous/less densification nature 

of the film at the surface. The voids are clearly seen at the surface of the films in the form of cracks. 

With increasing the heating temperature, the particle size is found to be increasing slightly resulting 

into the dense agglomeration nature of particles at 400 0C annealed film.  

Table - I 

STRUCTURAL PROPERTIES OF RESULTANT FILMS 

d101 spacing (nm) Lattice parameter (nm) Temp. 

(oC) 

Crystallite 

size (nm) Obs. Std. 

Phase 

symmetry a b c 

Unit cell 

volume (nm)3

200 -- -- -- Amorphous -- -- -- -- 

300 11.97 0.3517 0.3520 Anatase 0.3778 0.3778 0.9497 0.1356 

0.3520 Anatase 0.3775 400 13.94 0.3518 0.3775 0.9491 0.1353 

500 15.01 0.3517 0.3520 Anatase 0.3771 0.3771 0.9489 0.1349 

 

 
Fig. 2. SEM images of films annealed at 300, 400 and 500 0C 

The high resolution TEM photograph for films annealed at 500 0C is given in fig. 3. It shows and 

confirms the nanocrystalline nature of the material of film. Fig. 4 (a) gives UV-Visible % transmittance 

spectra for the resultant films. The thickness of film (d) is found to be decreasing with increasing the 

annealing temperature as is expected. This is might be due to the densification of films at higher 

annealing temperature. The film annealed at 400 0C exhibit high % T ~ 90 % at 675 nm. The absorption 

coefficient, (α) = ln(1/T)/d [where, T = % transmittance, d = thickness] is noted to be between 7.57 - 

3000 400 500
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8.03 x 104 cm-1. Fig. 4 (b) gives the Tauc’s plots [13] of indirect band gaps (Eg) for the resultant films. 

The value of indirect Eg is obtained by extrapolation of straight-line portion of the plot to zero 

absorption edge. From Tauc’s plots, it is noted that the band-to-band indirect transitions are most 

probable than the direct transitions for TiO2 films. 

 
Fig. 3. TEM images of films annealed at 500 0C 

 

  
                                            (a)                                                                               (b)                                     

Fig. 4. (a) UV- Visible transmittance, (b) variation of (αhν)1/2 vs. hν (indirect band gap) for the resultant 

films 

The band gap is noted to be decreasing with increasing the annealing temperature i.e. with 

increasing the thickness of films. This is might be due to the increasing the particles size with the 

annealing temperature. The refractive index (n) of the films calculated by using modified envelope 

method [14] at λ = 675 nm and is found to be increasing with increasing the annealing temperature.  

The optical conductivity (σopt) [15] of film is also found to be increasing with increasing the annealing 

temperature. The porosity (% p) [16] of the films depends on the refractivity of the film layer. The 

porosity obtained by using the refractive index at λ = 675 nm is found to be decreasing with increasing 

the annealing temperature. This is due to densification of film material at higher temperature i.e. 
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decreasing the film thickness. The optical properties obtained are summarized in Table 2.  

Table 2 Optical Properties Of Resultant Films 

Temp. (oC) d (nm) % T  at λ = 

675 nm 

Abs. coeff. (α) 

x 104 (cm-1) 

indirect 

Eg (eV) 

R.I. (n) at λ = 

675 nm 

σopt. 

x 1015 s-1

% P 

200 586 84.87 7.57 3.30 2.08 6.02 38.98
300 576 78.09 7.58 3.27 2.09 6.04 38.22
400 568 90.22 7.93 3.25 2.09 6.33 38.22
500 558 88.42 8.03 3.22 2.10 6.44 37.45

 

Conclusions  

The sol-gel dip-coating is simple, cheap and versatile processing route useful for the preparation of 

nanocrystalline anatase TiO2 films. The structural and morphological studies of resultant films 

confirmed the phase pure nanocrystalline state of materials of TiO2 films. The optical properties are 

found to be influenced by annealing temperature. Hence, these films might be having good potential for 

the application like photo electrode for dye sensitized solar cells. 
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