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In this work, Titanium dioxide (TiO2) thin films were prepared by atomic layer deposition (ALD). The effect of different 

substrates on the structural and optical properties of TiO2 thin films was studied. The prepared films were characterized by 

X – Ray diffraction (XRD) method, reflectance spectroscopy, Photoluminescence (PL) spectroscopy, Field Effect Scanning 

Electron Microscopy (FESEM) and Energy Dispersive X – Ray (EDX).The XRD results show that the anatase and rutile 

mixed crystalline TiO2 structure for each substrate. The stoichiometric ratio of the film was confirmed by EDX analysis. The 

room temperature PL spectra of TiO2 thin films show the band gap and defect peak at 409 nm and 420 nm with excitation at 

325 nm. The surface morphology shows that TiO2 on FTO have high roughness as compared to others with irregular 

particles.  
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1. Introduction 

 

Material preparation technology plays an important 

role on physical and surface chemical properties of TiO2, 

which strongly depend on its electrical, structural, as well 

as optical properties [1]. Therefore, choice of a well-

controllable technology to engineer the defects in TiO2 is 

an important task for specific application. Among the 

verity of deposition techniques, atomic layer deposition 

(ALD) is a chemical method to grow uniform thin films in 

an atomically controlled composition, which allows for the 

conformality of complex structures with precise thickness 

and a high degree of purity [2]. The growth of TiO
2
 thin 

films by ALD is a well known process and has been 

recently reviewed [3]. Transportation and separation of 

Charge carrier, which highly depend on interface and 

surface properties [4,5], are among the most important 

aspects of energy conversion processes. 

Titanium dioxide (TiO2) is an important material in 

different applications for its large band gap [6], high 

refractive index [7,8], high dielectric constant [9,10], and 

highly active surface. Among various oxide semiconductor 

photocatalysts, titania is a very important photocatalyst for 

its strong oxidizing power, nontoxicity, and long-term 

photostability [11, 12]. TiO2 is also promising material for 

degradation of organic molecules, such as purification of 

waste water [13], disinfection in public [14], self-cleaning 

coating [15], corrosion-protection [16], and actively 

suppressed impact on tumor cells [17-19]. Further more, 

TiO2 as a semiconducting metal oxide, can be used as 

oxygen gas sensor [20, 21] and metal oxide semiconductor 

field effect transistors (MOSFET) [22]. 

In this study, TiO2 thin films were deposited on 

different substrates by ALD technique.  The dependences 

of the surface morphology, refractive index, and crystal 

structure and defects of the TiO2 thin films on the different 

substrate are investigated in details by field effect scanning 

electron microscope (FESEM), X-ray diffraction (XRD), 

photoluminescence (PL), and reflectance spectroscopy.  

 

 

2. Experimental 

 

In this work, TiO2 thin films have been deposited on 

different substrate like p type Si (100) wafer, FTO and 

glass by atomic layer deposition at 200 C
0
 substrate 

temperature
 
and ~ 17 hPa pressure. The deposited TiO2 

thin films has been prepared from precursors TiCl4 and 

deionized water enclosed in bottles which is kept at room 

temperature. The fabrication process of thin films consist 

of series of alternative cycles of precursors reactions on 

the substrate surface. Every cycle divided up further into 

two half cycles. In the first half cycle, TiCl4 pulse carried 

out to the reaction chamber by carrier gas which is 

http://www.beilstein-journals.org/bjnano/single/articleFullText.htm?publicId=2190-4286-5-7#R4
http://www.beilstein-journals.org/bjnano/single/articleFullText.htm?publicId=2190-4286-5-7#R5
http://www.beilstein-journals.org/bjnano/single/articleFullText.htm?publicId=2190-4286-5-7#R6


Effects of different substrate on the structural and optical properties of atomic layer deposited TiO2 thin films              667 

 

nitrogen gas with (99.9999%) purity and self-terminating 

reactions occurs on the substrate. The residual, non-

reacted reactant and byproduct are removed from the 

chamber by purging. In the next half cycle, pulse of 

deionized water is carried out to the reaction chamber by 

carrier gas which ends at self-terminating reaction and by 

product is purged out. The flow rate of the carrier gas at 

TiCl4 and at deionized water line flow adjusted to          

150 sccm and 200 sccm and pressure 9 hPa and 8 hPa, 

respectively. The pulsing scheme for the deposition of 

TiO2 thin films carried out as TiCl4/N2/H2O/N2 with 

pulsing time 0.1 s/3 s/ 0.1 s/ 4 s. The growth rate per cycle 

has measured to 0.4 A
0
. The thin film of 100 nm thickness 

with very low roughness has been obtained by performing 

2500 cycles. 

The XRD analysis of TiO2  thin films was carried out 

using multipurpose x-ray diffractometer (Bruker, D8 

Discover) with Cukα source radiation. Surface 

morphology of the films was investigated with JEOL 

(JSM-7600F) Field Emission electron microscope. Optical 

reflectance studies were made at room temperature by 

using UV-Vis-NIR spectrophotometer (JASCO – V 670) 

in the wavelength range 200-800 nm. PL spectra of the 

TiO2 thin films were measured at room temperature under 

the excitation of the 325-nm by spectrofluorometer (FP-

8200). 

 

 

3. Results and discussion 

 

The XRD patterns of TiO2 thin films deposited at 

200°C onto different substrates by atomic layer deposition 

are shown in Fig. 1. The peaks in the spectra of TiO2 thin 

films deposited on Si, glass and FTO substrates confirmed 

the mixed anatase and rutile structure by JCPDS 84-1286 

and JCPDS 88-1175 respectively. The other peaks arise 

from the substrates as indicated in Fig. 1. However, in the 

cases of Si substrate one can not that the intensity of both 

anatase and rutile peaks of TiO2 is higher and then 

gradually decrease for glass and FTO substarte 

respectively. Furthermore a small angular shift of the 

peaks is observed with changing substrates.  

To attain the detailed structure information, the 

crystallite size D for anatase and rutile peaks of TiO2 thin 

films was calculated according to the Scherrer equation (1) 

[23]. 

𝐷 =
0.9𝜆

𝛽𝑐𝑜𝑠𝜃
                                     (1) 

  

where D is the crystallite size, λ is the X-ray wavelength 

(λ = 1.5406 A°), β is the full width at half-maximum 

(FWHM), and θ is Bragg angle of peak. It was observed 

from XRD analysis that the crystallite size calculated by 

anatase peak is higher as compared to the rutile peaks for 

each substrate.   
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Fig. 1. XRD patterns of TiO2 thin films on different 

substrates. 

 

The strain in the TiO2 thin films is related to the 

lattice misfit between the film and substrate, which in turn 

depends upon the deposition conditions. For same 

deposition condition the micro strain (μ) developed in the 

atomic layer deposition coated TiO2 thin films was 

calculated from the equation (2) [24], 

 

𝝁 =
𝛽𝑐𝑜𝑠𝜃

𝟒
                                    (2) 

 

This type of micro strain changes may be due to the 

crystallization process in crystalline thin films of TiO2. 

The number of crystallites ‘N’ was calculated from 

equation (3) [25]. 

 

N = 
𝑡

𝐷3
    (3) 

 

where‘t’ is the thickness of the film and ‘D’ is the 

crystallite size. The dislocation density (δ), defined as the 

length of dislocation lines per unit volume, are estimated 

using the equation (4) [26].  
 

2

1

D
                  (4) 

The calculated results from XRD are given in table1. 
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Table 1. XRD results of TiO2 thin films on different substrate. 

 

TiO2 thin films Positions 

(2θ) 

FWHM 

(deg) 

Crystallite 

size D (Å) 

Microstrain 

μ x10
-2

  

No. of 

crystallites  

Nx10
21

  

Dislocation 

 X 10
18

 

(lines/m
2
) 

Si  Anatase 37.63 0.25 6.5 5.9 0.73 2.3 

Rutile 44.39 0.29 5.73 6.7 1.06 3.04 

Glass Anatase 38.09 0.27 6.03 6.3 0.91 2.75 

Rutile 44.34 0.29 5.73 6.68 1.06 3.04 

FTO Anatase 38.19 0.24 6.6 5.7 0.69 2.45 

Rutile 43.65 0.27 6.14 6.2 0.86 2.65 

 

 

Fig. 2 shows SEM micrographs of the TiO2 thin films 

deposited on different substrate Si (a), glass (b) and FTO 

(c). It can be observed that the surface morphologies and 

roughness of the TiO2 thin films are different for different 

substrates. For Si substrate a dense nano films composed 

of TiO2 nano crystals was formed as shown in Fig 2(a).  

The TiO2 thin film on glass consists of spherical particles 

with a diameter ranging from 60 to 80 nm and they are 

agglomerate to each other clearly notice in Fig 2 (b). Fig 2 

(c) the TiO2 thin film suggests, the film is rough and looks 

more like a population of small and large particles. The 

particle size and its distribution are affected by changing 

of the substrate due to the small lattice mismatching 

between substrate and TiO2. 

EDX technique was used to study the stoichiometry of 

the TiO2 thin films. Fig. 3 (a, b and c) shows typical EDX 

patterns of the TiO2 thin films on different Si, glass and 

FTO substrate respectively. The elemental analysis was 

carried out only for Ti and O.  However, there are some 

additional peaks in the EDX spectra, which could be due 

to the presence of these elements in the substrates 

Fig. 4 shows the reflectance ‘R’ of TiO2 thin films on 

different substrate as function of wave length. The spectra 

show the interference pattern for Si and glass substrate 

have almost similar trend with slightly shift of peaks while 

for FTO substrate  the spectrum is different as compared to 

Si and glass substrate. It may be due to the structure 

changes as observed in XRD. 

 

 
 

 
 

 
 

 

Fig. 2. FESEM images of TiO2 thin films on (a) Si  

(b) glass and (c) FTO substrate. 
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Fig. 3. EDX spectrum of TiO2 thin films on (a) Si (b) glass and (c) FTO substrate. 
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Fig. 4. Reflectance spectra of TiO2 thin films on different substrates. 

 
 

 

 
 

 
 

 

 

The refractive index can be determined by reflectance 

data using the following relation [27]. 
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Fig. 5. Plot of refractive index as a function of wavelength of 

TiO2 thin films on different substrate. 

 

 

The refractive index (n) of TiO2 thin films on different 

substrates as the function of wave length is shown in Fig. 

5, which show the oscillatory behavior of the refractive 

index in visible regions. The maximum values of 

refractive index are measured 1.3, 1.17 and 1.13 for Si, 

glass and FTO substrate respectively. The values of 

refractive index are changing with substrate due to the 

roughness of thin films.  

To study the defects in the TiO2 thin films by atomic 

layer deposition on different substrate was characterized 

by measuring the room-temperature photoluminescence 

(PL) spectra for excitation wavelength of 325nm. As it 

was shown in Fig. 6, two PL peaks at around 409 nm and 

420 were observed from the TiO2 thin films. Peak 1 

exhibited the band gap peak, which is slightly shifted with 

changing the substrate. This may be due to band 

recombination. Thus the free electrons excited in the 

conduction band recombine with the free holes in the 

valance band. The optical band gaps of TiO2 thin films 

samples were calculated using peak 1 position and given 

in table 2. The peak 2 only in glass and FTO substrate 

sample can be attributed to the excitonic PL peaks trapped 

by the surface states and defects [28] due to the oxygen 

vacancies [29-32]. The peak position and intensity of peak 

2 is changed with changing the substrate of TiO2 thin 

films.

 

Table 2. Optical results of TiO2 thin films on different substrates. 
 

TiO2 thin 

films 

Peak 1 Peak 2 Energy 

Band gap 

(eV) 

Max. 

Refractive 

index Position Intensity 

(a.u) 

Position Intensity 

(a.u) 

Si 409.22 3.43 - - 3.135 1.31 

Glass 408.68 12.62 420.39 7.08 3.143 1.27 

FTO 409.034 37.48 420.76 19.17 3.138 1.25 
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Fig. 6. Photoluminescence spectra of TiO2 thin films on 

different substrates. 

 

 

 
4. Conclusions 
 

In this work, Titanium dioxide (TiO2) thin films were 

prepared by atomic layer deposition (ALD). The peaks in 

the spectra of TiO2 thin films deposited on Si, glass and 

FTO substrates confirm the mixed anatase and rutile 

structure and the other peaks arise from the substrates.  It 

was observed from XRD analysis that the crystallite size 

calculated by anatase peak is higher as compared to the 

rutile peaks for each substrate.  The maximum value of 

refractive index is measured 1.3, 1.17 and 1.13 for Si, 

glass and FTO substrate respectively.  Two PL peaks at 

around 409 nm and 420 were observed from the TiO2 thin 

films. One exhibited the optical band gap peak, which is 

slightly shifted with changing the substrate. The second 

peak is only in glass and FTO substrate samples and can 

be attributed to the excitonic PL peaks trapped by the 

surface states and defects due to the oxygen vacancies. On 

the basis of our finding results about structural and optical 

parameters of TiO2 thin films, different substrate can be 

use in different nano and optoelectronic advance 

applications according to our requirements.    
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