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Abstract — The structural parameters of RF sputtered TiO2 thin 
film deposited on Cu substrates was tested using XRD spectra. 
Prepared TiO2 thin film was polycrystalline nature with the 
mixture of cubic, orthorhombic and tetragonal phases. 
Orthorhombic phase was preferentially grown on Cu substrate. 
The crystallite size of the TiO2 thin film was varied depends on 
the orientations and overall decreased crystallite size was noticed 
upto 300 °C. The observed residual stress was compressive 
nature as dominated at all temperature other than 400°C. 
Crystal defects such as dislocation density was high for cubic 
phase of TiO2 at higher annealing temperature. Overall, the 
annealing temperatures influenced the structural parameters 
with respect to the observed orientations of TiO2 thin film on Cu 
substrates. 
 
Keywords— TiO2 thin film, XRD, Structural properties, residual 
stress. 

I. INTRODUCTION 
 
Titanium dioxide (TiO2) is an interesting material with 

many possible thin film applications. It has properties such as 
good chemical and abrasion resistance, high refractive index 
with excellent transmittance in the visible and near-infrared 
wavelength region [1–3]. Its semiconductor properties also 
make it as a suitable electrode material for the conversion of 
light energy into electrical energy. It is transparent to visible 
light, has high refractive index and excellent chemical stability 
over a wide pH range and in a large number of solvents [4]. 
There are three different crystalline phases of TiO2, namely 
anatase, rutile, and brookite [5]. In addition, amorphous TiO2 
films are often observed when deposition temperature is low. 
Depending on the phase structure, the TiO2 films can be 
tailored for different applications. So it is necessary to 
understand the phase structure of TiO2 when it is deposited on 
different substrates. Normally, the TiO2 thin film was 
deposited on Si substrates for semiconductor applications [6].  
There have been many research works focused on metal 
substrate for TiO2 thin film [7], [8] and [9]. Even though the 
TiO2 thin film have been deposited on various metal substrates, 
stainless steel [10], Ni [11], most of the research papers on 
TiO2 film are involved only in the study of the crystal 
structure, the catalytic reaction, etc.  However, not many 
works have been undertaken to estimate the structural 
parameters such as stress, internal strain, dislocation density 
etc., with respect to their orientations. Thin film of titanium 

dioxide have been prepared by various methods such as rf 
magnetron sputtering, ion beam sputtering, e-beam 
evaporation, sol–gel, atomic layer epitaxy (ALE) and 
chemical vapour deposition (CVD). 

 
From the published work, the preparation technique and 

processing conditions have a strong influence on the 
microstructure and physical properties of the material. Each of 
these methods has its own advantages and limitations [12]. 
Among the available TiO2 thin film preparation techniques, 
Reactive rf sputtering is widely used to prepare Ti compound 
thin films such as TiO2 and TiN [13]. In this work, TiO2 thin 
film was prepared on various substrates by rf sputtering and 
studied their structural parameters by using XRD spectra.  

II. EXPERIMENTAL METHOD 
 
TiO2 thin films were deposited on Cu substrates  (23cm x 

25 cm) using TiO2 (99.99% purity) target (3 inch in diameter 
and 4 mm in thickness) using high pure Ar (99.999%) by RF 
sputtering (Edwards make, Model-Auto 500).  Ultrasonically 
cleaned Cu substrates were used for coating. Initially, the 
sputtering system was pumped down to 2.6 x 10-6 mbar and 
loaded the sputtering target and substrates by venting the 
chamber. Before the TiO2 thin film deposition, pre-sputtering 
was carried out for about 5 min at Ar pressure of 3.5 x 10-3 to 
remove the surface oxidation of the target and started the TiO2 
film coating. All thin film coating was prepared at 0.6 Å / sec 
deposition rate. 150W RF power was used to sputter the TiO2 
target and achieved 300 nm thickness which was monitored by 
digital thickness monitor during the TiO2 film deposition. The 
substrate to target distance was fixed at 7 cm for all coating. 
After thin film preparation, the samples were annealed at 
various temperatures from 100 to 400 °C (100 °C step) for 
about 1 hr in CVD tube furnace at air atmosphere. For 
discussion, the as grown film is mentioned as the annealing 
temperature at 25°C throughout this manuscript. 

 
The processed samples were tested for their structural 

parameters by X-ray Diffraction technique (XRD-Siemens 
diffractometer D5000) and the structural parameters such as 
micro-strain, dislocation density, crystallite size, internal 
stress and texture coefficient were evaluated and discussed 
here. 
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III. RESULT AND DISCUSSION 
The XRD spectra of TiO2 thin film deposited on Cu 

substrates are recorded as shown in fig.1. Table – 1 shows the 
observed peak positions and other structural properties for the 
TiO2 thin film deposited on Cu substrate at various annealing 
temperature. The observed phases of TiO2 are indexed by 
using JCPDS data as shown in fig. 1. Fig. 1 clearly indicates 
that the deposited TiO2 on Cu substrates are polycrystalline 
nature and noticed the mixed phases from orthorhombic, 
tetragonal and cubic with respect to annealing temperatures. It 
is understood from the fig.1 that the annealing temperature 
also influences on changing the crystallite phases of TiO2 
when it is deposited on Cu substrates. At the diffraction angle 
at at ~2θ = 48.30°, the phase and orientation conversion from 
orthorhombic with (321) orientation to tetragonal with (200) 
orientation are noticed for the annealing temperature at 100°C.  

In order to understand clearly the preferred growth, the 
texture coefficient was calculated using the formula in 
equation (1) [14]. 

P i  (TC) = N (I i /I o )/∑ (I i /I o )   (1) 

Where Pi is the Texture Coefficient of the plane I, Ii is the 
measured intensity, Io is the intensity of the JCPDS powder 
diffraction pattern of the corresponding peak and N is the 
number of reflections considered for the analysis. When P i  is 
greater than unity, it is indicating that the peak is preferred 
orientation of the crystallites in that particular direction. The 
texture coefficient was calculated using the equation (1) and 
the results are summarized in Table – 1. As compared with 
standard JCPDS data, the TC value of the orthorhombic phase 
with (321) orientation is high and exhibited the preferred 

orientation with the other phases.  The TC value is increasing 
for the annealing temperature increases from 100 to 400°C. 
 

Since our process related to annealing temperature, it is 
expected to increases the crystallite size for TiO2 thin film. 
Consequently, the crystallite size for all phases is calculated 
from the Debye - Sherrer’s equation [15] and the observed 
values are given in table – 1.  

 
D = 0.9 λ/β cos θ    (2) 
 

Where λ is the wavelength of X-ray, β is the full-width at half-
maximum of the peak (in radian), and the θ is the Bragg’s 
angle of the X-ray diffraction peaks.  
 

It is observed form the table – 1 that the crystallite sizes are 
varied with respect to the orientation of the growth. Especially, 
very low crystallite size cold be observed with cubical phase 
with (111) orientation but this phase is observed only the 
samples annealed at 200° C and above. Generally, the grain 
growth is expected during annealing process but decreased 
crystallite size is observed as the annealing temperature 
increases. Overall, the crystallite size decreases for most of the 
observed phases contrarily. 

 
In addition to the changes in crystallite size, some other 

crystal defects may induce with respected to the annealing 
temperature. Consequently, crystal dislocation is the main 
defect related to crystallite size. It has to be addressed and 
hence the dislocation density available in the TiO2 crystal is 
calculated from the formula [16]; 

 
δ = 1 / D2   (3) 
 

where D is the crystallite size of TiO2 thin film. The observed 
results are summarized in table – 1. It is evidenced the effect 
of crystallite size on the dislocation density of TiO2 thin film. 
High value in dislocation density is observed with cubic phase 
for (111) orientation. Overall, the dislocation density increases 
with the annealing temperature increases. It may be due to the 
phase conversion from tetragonal to orthorhombic at high 
temperatures.  
 

During the crystal growth on various surfaces, there may be 
possible for developing the stress as a result of growth 
temperature with respect to the substrate surface. In crystal, 
the residual stress is one which remains in material without 
application of an external load. Usually originates during 
synthesis and processing of materials due to heterogeneous 
plastic deformations, thermal contractions and phase 
transformations. Since our studies showed several phase 
transformation, it is necessary to study the residual stress of 
TiO2 when it is deposited on Cu substrates.  It is also 
evaluated using the following equation [17]; 
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Fig.1. XRD spectra of annealed TiO2 thin film deposited on Cu substrates 
at various temperatures. 
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TABLE I: STRUCTURAL PARAMETERS OF RF SPUTTERED TIO2 THIN FILM ON CU SUBSTRATES 

2θ FWHM Crystallite size 
(nm) d space Texture 

coefficient 
Residual 

stress (GPa) Dislocation density (lines/m2) Phase  

 Room Temperature (25°)  
39.08 0.0787 107 2.306 0.11 -0.0214 8.7215E+13 200 T 
43.41 0.0984 87 2.084 0.60 -2.4325 1.32519E+14 210 T 
45.39 0.1181 73 1.998 0.83 -2.1417 1.88219E+14 043 O 
48.30 0.0787 111 1.884 0.04 0.7987 8.17637E+13 321 O 
66.08 0.1200 79 1.413 0.09 -2.5020 1.60441E+14 132 O 
74.27 0.1200 83 1.276 5.30 0.3321 1.45104E+14 321 O 
79.48 0.1680 61 1.205 0.05 -0.0689 2.64596E+14 222 C 

 100°C  
39.04 0.0984 86 2.306 0.11 -0.0671 1.36E+14 200 T 
43.42 0.1920 45 2.083 0.64 -2.2728 5.05E+14 210 T 
45.39 0.1200 72 1.997 0.71 -1.9671 1.94E+14 043 O 
48.28 0.0960 91 1.883 0.04 1.1318 1.22E+14 200 T 
66.08 0.1440 66 1.413 0.09 -2.5193 2.31E+14 132 O 
74.21 0.1200 83 1.277 5.37 0.1686 1.45E+14 321 O 
79.44 0.0960 108 1.205 0.05 -0.1247 8.64E+13 222 C 

 200°C  
36.18 0.6298 13 2.476 0.58 0.2202 5.6825E+15 111 C 
39.02 0.0984 86 2.308 0.11 -0.2060 1.36394E+14 200 T 
43.40 0.0787 109 2.086 0.65 -2.5527 8.47751E+13 210 T 
45.38 0.0984 87 1.999 0.72 -2.2407 1.30673E+14 043 O 
48.32 0.1181 74 1.884 0.04 0.8520 1.84094E+14 200 T 
66.08 0.1200 79 1.413 0.10 -2.4832 1.60441E+14 132 O 
74.21 0.1200 83 1.277 5.79 0.1879 1.45218E+14 321 O 
79.42 0.1440 72 1.205 0.05 -0.1787 1.94566E+14 222 C 

 300°C  
36.28 0.5510 15 2.477 0.001 0.0924 4.347E+15 111 C 
43.42 0.1200 71 2.083 0.32 -2.2376 1.97071E+14 210 T 
45.40 0.0960 90 1.996 --- -1.9181 1.24359E+14 112 O 
74.21 0.1200 59 1.277 2.68 0.2055 2.90302E+14 321 O 

 400°C  
36.51 0.1968 42 2.461 0.11 1.5787 5.5381E+14 111 C 
42.43 0.1968 43 2.131 --- -0.0463 5.33653E+14 221 O 
43.40 0.0590 145 2.085 0.32 -2.5102 4.76459E+13 210 T 
61.44 0.2160 43 1.507 --- 1.2737 5.46688E+14 151 O 
74.21 0.0720 68 1.277 2.7 0.1932 2.14017E+14 321 O 

*C – Cubic, O – Orthorhombic and T – Tetragonal 

σ = -E (d a - d o ) / (2d o Y)   (4) 
where E and Y are the Young’s modulus (157 GPa) and the 
Poisson’s ratio(0.35) of TiO2 respectively [18]. da and d0 
are the d spacing of bulk and TiO2 thin film from JCPDS 
data. Residual stress is classified into two: a) tensile stress 
is the stress that can be applied to an object by pulling on it, 
or attempting to stretch it. Positive values of stress indicate 
tensile stress. b) Compressive stress is the stress applied to 
materials resulting to their compaction (decrease of 
volume). Negative values of stress indicate compressive 
stress. 

The stress developed during the synthesis and also 
annealing process of TiO2 thin film on Cu substrates are 
evaluated using the relation (4) and the observed values are 
summarized in table -1. It is clear that the residual stress is 
related to the crystal growth orientations and it varies also 
with respect to annealing temperature. Table - 1 shows that 
the as grown TiO2 on Cu is having more compressive stress 
than annealed samples.  It is also noticed that the tensile 
stress is created during the annealing of TiO2 at 400°C. 
Overall, at all temperature, compressive stress is dominated 
with respect to the annealing temperature. High value and 

low value in residual stress (compressive) could be 
observed for the tetragonal phase with (210) orientation (at 
200°C) and (200) orientation (at room temperature) 
respectively. Similarly, high and low value in tensile stress 
developed in the TiO2 thin film was identified for cubic 
phase with (111) orientation at 400 and 300 °C respectively. 

0 50 100 150 200 250 300 350 400 450
0.0004

0.0006

0.0008

0.0010

0.0012

0.0014

0.0016

 St
ra

in
 (

)

Annealing Temperature (0C)

 101
 110
 112
 121
 105
 026
 213
 310
 301
 206

 
Fig.2. Variation in micro strain observed in TiO2 for different 

orientations 
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If the stress is identified, the strain occurs consequently. 
In order to study in detail, the strain created during the 
synthesis as well as annealing process was calculated using 
the related between full width half maximum of the peak 
and the diffraction angle observed from the XRD spectra as 
given below;  
 = β cosθ / 4     (5) 
Where β is FWHM and θ is half diffraction angle. The 

strain developed in the prepared TiO2 thin film on Cu 
substrates for various temperatures are plotted in fig.2 and 
shows the change in strain with respect to different 
orientations present in the prepared thin film. Fig. 2 reveals 
that the strains observed for TiO2 thin film lies in between 
0.0003 to 0.0023. A noticeable change in strain could be 
observed for tetragonal phase with (210) orientation when 
the sample annealed at 100 °C. A small change in strain is 
also observed for some other orientations (132), (200) and 
(222) at the same annealing temperature of 100°C. 

IV. CONCLUSIONS 
TiO2 thin film was synthesized on Cu substrates by RF 

sputtering followed by annealing at various temperatures. 
The structural parameters were evaluated for various 
temperatures and noticed the influence on TiO2 structural 
properties with respect to the phase as well as their 
orientations. Polycrystalline phase was observed with 
orthorhombic phases as dominated and preferentially 
grown along with cubic and tetragonal phase. Non-linear 
change in crystallite size was observed and low value was 
observed with 300°C. Compressive stress was dominated at 
all temperatures other than 400°C. 
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