Cryst. Res. Technol. 47, No. 2, 195 – 201 (2012) / DOI 10.1002/crat.201100614

Substrate effect on microstructure and optical performance of
sputter-deposited TiO2 thin films
G. Yildirim*1, S. Bal1, M. Gulen1, A. Varilci1, E. Budak2, and M. Akdogan1
1
2

Abant Izzet Baysal University, Department of Physics, Bolu 14280, Turkey
Abant Izzet Baysal University, Department of Chemistry, Bolu 14280, Turkey

Received 14 December 2011, revised 16 January 2011, accepted 18 January 2012
Published online 31 January 2012
Key words TiO2 thin films, DC sputter, XRD, AFM, UV-Vis spectra.
This study deals with the role of the different substrates on the microstructural, optical and electronical
properties of TiO2 thin films produced by conventional direct current (DC) magnetron sputtering in a mixture
of pure argon and oxygen using a Ti metal target with the aid of X–ray diffractometer (XRD), ultra violet
spectrometer (UV–vis) and atomic force microscopy (AFM) measurements. Transparent TiO2 thin films are
deposited on Soda lime glass, MgO(100), quartz and sitall substrates. Phase purity, surface morphology,
optical and photocatalytic properties of the films are compared with each other. It is found that the amplitude
of interference oscillation of the films is in a range of 77-89%. The transmittance of the film deposited on
Soda lime glass is the smallest while the film produced on MgO(100) substrate obtains the maximum
transmittance value. The refractive index and optical band gap of the TiO2 thin films are also inferred from
the transmittance spectra. The results show that the film deposited on Soda lime glass has the better optical
property while the film produced on MgO(100) substrate exhibits much better photoactivity than the other
films because of the large optical energy band gap. As for the XRD results, the film prepared on MgO(100)
substrate contains the anatase phase only; on the other hand, the other films contain both anatase and rutile
phases. Furthermore, AFM images show that the regular structures are observed on the surface of all the films
studied.
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1

Introduction

Titanium dioxide or titania (TiO2) film is one of the most widely studied transition-metal oxides. During the
past few decades, the TiO2 films have attracted great attention for their potential applications in physical,
optical, electrical, photocatalytic and electronic fields [1-11]. A variety of techniques such as chemical spray
pyrolysis [12], chemical vapor deposition [13,14], sol–gel [15], sputtering [6,16], and electron-beam
evaporation [17,18] have been used to prepare high quality TiO2 thin films. The conventional sputtering
methods, among others, are the most preferred technique owing to the reproducible deposition of the films
accomplished quite easily compared to the other methods.
The TiO2 film exhibits three distinct polymorphs: the rutile phase, the anatase phase and the brookite phase.
Among these phases, although the rutile structure is the most common in nature, the anatase structure is usually
used as photocatalyst because of the large optical band gap energy, about 3.2 eV, related to an indirect band to
band electronic transition [19,20]. As well known less electron–hole recombination is observed in indirect band
gap materials, leading to the use of the anatase structure as wide band gap semiconductor, specifically for the
charge separation in dye-sensitized solar cell [20,21]. Nevertheless, the large band gap limits the photocatalytic
efficiency of the TiO2 film under sunlight irradiation due to the use of only 2–3% of the UV light in the total
solar spectrum for water splitting. Several methods such as the chemical doping (metals, rare elements,
nitrogen or iron), and the change of annealing conditions (ambient temperature, deposition time, substrate
temperature) and sputtering parameters (RF or DC gun power, sputtering pressure and Ar to O2 gas ratio) have
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therefore been studied to increase both the photocatalytic efficiency of the TiO2 structures [22,23] and the
surface area and the surface hydrophilicity [24]. The required surface area and hydrophilicity properties of the
TiO2 film are obtained from the small grain/particles size in anatase structure, resulting in a not only more
efficient light and water absorption but higher photoefficiency and photocatalytic activity [25], as well.
In the present study, we report the effect of the various substrates on the microstructural, optical and
electronical properties of the TiO2 thin films fabricated by DC sputtering method. Optical and photocatalytic
properties of the films in this work are investigated by ultra violet spectrometer (UV–vis); phase purity and
crystallinity data are examined by means of the X–ray diffractometer (XRD) and the microstructural properties
and height asymmetries are analyzed by atomic force microscopy (AFM) measurements. Optical energy band
gaps, porosities and refraction indices inferred from transmittance spectra are also discussed.

2

Experimental

Titanium dioxide films are deposited on soda lime glass, MgO(100), quartz and sitall substrates by reactive DC
magnetron sputtering method (NSC–3000 DC Sputter Machine). Prior to coating, all the substrates are
ultrasonically cleaned by acetone and washed thoroughly with deionized water and then dried by way of
nitrogenous gas. Thus, the substrates are ready for sputtering process. Titanium disc (99.9% pure) with a
50 mm diameter and a 2 mm thickness is used as sputtering target. The distance between the target and
substrate is adjusted to be about 50 mm. The substrates prepared are placed on a hot plate (450 °C) in a vacuum
chamber evacuated to a pressure lower than 10−6 Pa for the film fabrication. All the samples are reactively
sputtered in a mixture of 99.999% pure argon (30 sscm for sputtering gas) and 99.99% pure oxygen (30 sscm
for reactive gas). 250 W DC power is applied between the target and substrates for 3 h at 450 °C. The TiO2
samples produced by in-situ annealing method on the different substrates such as soda lime glass, sitall, quartz
and MgO(100) will hereafter be denoted as Ti-0, Ti-1, Ti-2 and Ti-3, respectively.
The crystal structures of the TiO2 films studied are characterized by XRD investigation by means of a
Rigaku Multiflex XRD with CuKα radiation (λ=1.5418 Å) in the range 2θ=20–50° at a scan speed of 3°/min
and a step increment of 0.02° at room temperature. Furthermore, the average sizes of the crystal of the samples
are estimated from the Scherrer–Warren approach by utilizing from the broadening nature of the XRD peaks.
Moreover, the transmittance spectra of the films are recorded in the wavelength range from 300 to 700 nm by a
JASCO 430 UV–VIS spectrophotometer; however, we did not measure the transmittance spectrum of the Ti-1
sample. The refractive index (nλ), porosity and optical band gap energy values of the TiO2 films fabricated are
also calculated with the aid of the transmittance spectra. Additionally, the microstructural properties and height
asymmetries of the films are conducted using AFM from Nanomagnetic Instruments.

3

Results and discussion

X–ray diffraction patterns Figure 1 indicates the x–ray diffraction patterns between 20° and 50° for the
thin films prepared. The anatase peaks are presented by A(hkl) Miller indices while the peaks of rutile phase
are shown by R(hkl) Miller indices given in the diagrams. It is found that, no secondary phase containing Ti
element or any other cation is observed for all the samples studied. Moreover, the Ti-3 sample illustrates the
highest peak intensities belonging to anatase phase whereas the rutile phase is found to be denser than other
phase in the Ti-0 sample. Additionally, the Ti-3 sample can be characterized as nanocrystalline anatase and the
grain size of that film is determined from the anatase (101) peak using Scherrer’s equation [26-30]. According
to the equation, in broadening region the average size of a crystal is defined as;
0.941λ
d=
,
(1)
B cos θ B
where d is the thickness of the crystal, λ is the wavelength, B is the fullwidth half maximum (FWHM) of the
Bragg peak corrected using the corresponding peak in micron-sized powder and θB is the Bragg angle, also. B
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is the line broadening, by reference to a standard, so that
B 2 = Bm2 − Bs2 ,

(2)

where Bs is the half-width of the standard material in radians. The calculations obtained give that the largest
grain size (45 nm) is obtained for the Ti-0 sample (Table 1).
Table 1 Comparative results of TiO2 thin films prepared on Soda lime glass, sitall, quartz and MgO(100) substrates.
Parameters
Ti-0
Ti-1
Ti-2
Ti-3
Grain size from XRD (nm)
45
38
26
17
Grain size from AFM (nm)
52
45
36
23
Refraction index
2.08
––
1.97
1.83
Porosity (%)
56.12
––
46.24
37.78
Optical Band gap energy (eV)
2.92
––
3.06
3.20

Fig. 1 XRD patterns of the Ti-0, Ti-1, Ti-2 and Ti-3
samples (A shows anatase phase while R presents rutile
phase).

Fig. 2 Optical transmittance spectra of TiO2 thin films
deposited on Soda lime glass, quartz and MgO(100)
substrates.

Transmittance spectra Homogeneity, porosity and refraction index of a film can be determined by
transmittance spectra, such that high transmittance of the film indicates its low surface roughness, low
refraction index, high porosity and good homogeneity [31,32]. Figure 2 depicts the transmittance spectra as a
function of wavelength in the wavelength range 300–700 nm for TiO2 thin films prepared using the different
substrates except for the Ti-1 sample due to the fact that we did not measure the transmittance of that film. It is
apparent from the figure that the amplitude of interference oscillation of the thin films is obtained to be in a
range of 77-89%. The maximum transmittance is observed to be 89% for the Ti-3 sample whereas the Ti-0 film
is found to obtain the minimum transmittance value (77%). A considerable reduction in transmittance is
attributable to the growth of particles, supported by both XRD and AFM results. Therefore, Ti-0 has better
optical property than the other films studied.
Refractive index and porosity analyses The refractive index (nλ) and porosity of the TiO2 films prepared
using different substrates are tabulated in table 1. The former is calculated from the optical transmittance data
by means of the Swanepoel’s envelope method [33], which is based on the analysis of the transmittance
spectrum of a weakly absorbing film deposited on a non-absorbing substrate [34]. Hence, the refractive index
(nλ) over the spectral range is deduced from the envelopes fitted to the extrema measured:
1
nλ = ⎡ N + ( N 2 − n02 n12 ) 2 ⎤
⎢⎣
⎥⎦

1

2

N = 2n0 n1 ⎡⎣(TM ( λ ) − Tm ( λ ) ) / TM ( λ )Tm ( λ ) ⎤⎦ + (n02 + n12 ) / 2 ,
www.crt-journal.org
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where TM(λ) and Tm(λ) are the transmittance maximum and minimum of the film at a wavelength λ; n0 is the
refractive index of air and n1 is the refractive index of the substrates, respectively. The films prepared are
assumed as homogeneous structures in calculation. However, the refractive index could not be calculated for
Ti-1 sample because we did not record the transmittance spectrum. Table 1 indicates that the calculated
refractive indices of the films (except for Ti-1 sample) are observed to be in a range of 1.83-2.08. Among the
TiO2 films studied, the Ti-0 (Ti-3) is found to obtain the maximum (minimum) refractive index. This
phenomenon may be explained by the variation of the oxygen in the TiO2 films [35-37]. Moreover, the latter
(porosity of the TiO2 films) is calculated with the aid of the following equation [38]:

Porosity = (1 −

n2 − 1
) × 100(%) ,
nd2 − 1

(5)

where the nd is 2.52 (the refractive index of pore-free anatase) [39] when the n is the refractive index of the
porous thin films. The porosity values calculated are also given in table 1. It is visible from the table that the
maximum (minimum) porosity is found to be about 56.1% (37.8%) for the Ti-3 (Ti-0) sample, supported by
AFM images. According to the result, the Ti-3 sample is more porous than the other films fabricated in this
work, showing that both the transmittance and porosity tend to reduce with the decrease of the anatase phase;
or the increase of the rutile phase in the sample. Indeed, the significant change of the phase formation is
observed from the XRD investigations. To sum up, the substrate effect on the transmittance spectra, refractive
index and porosity of the TiO2 films is clearly obtained.
Band gap energies There are considerable models and reports to find the absorption coefficient and
optical band gap energy (Eg) [40]. In the present work,we assume an indirect transition (value of the energy
separation between the top of the valence band and the bottom of the conduction band) for the determination of
the optical band gap of the films by means of the following relation [41]:
α (hv)∞A(hv − Eg ) 2 ,
(6)
where α is absorption coefficient when A is the edge width parameter and hν is the photon energy. Figure 3
illustrates (αhυ)2 versus photon energy (eV) plots for the Ti-0, Ti-2, and Ti-3, respectively. The band gap
values of the films are deduced from the extrapolation of the linear plots of (αhν)1/2 versus hν when (α = 0).
The energy gap is found to be about 2.92 eV for the Ti-0, 3.06 eV for the Ti-2 and 3.20 eV for the Ti-3 sample,
respectively. Based on these results, the energy band gap for the Ti-3 sample is obtained to shift to higher
energy value, associated with the decrease of the grain size indicative of the presence of the quantum
confinement effect [42-46].

Fig. 3 Optical absorption coefficient α versus band
gap energy (Eg) of TiO2 thin films.

Surface morphology Surface morphology of the TiO2 films prepared in this study is conducted using
AFM technique. Thickness, grain size, average roughness and rms roughness are important parameters to
obtain about the microstructural properties of a thin film. Thickness and grain size values of the films are found
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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with the aid of AFM images in figure 4. The obtained results are depicted in table 2. One can observe from the
table, the thickness values of the films are about 100 nm except for the Ti-2 sample (70 nm); on the other hand,
the maximum grain size of 52 nm is obtained for the Ti-0 sample as against 24 nm (minimum size) for the Ti-1
sample, supported by XRD results. Moreover, average roughness parameter (Sa) is the arithmetic mean or
average of the absolute distances of the surface points from the mean plane while rms roughness parameter (Sq)
is the root mean square of the surface departures from the mean plane within the sampling area [47]. Average
roughness parameters can be calculated by means of the following relation:
1 N M
(7)
Sa =
∑∑ z ( xi , y j )
MN j =1 i =1
and rms roughness parameter can be calculated using the equation,
Sq

1 N M 2
∑∑ z ( xi , y j ) ,
MN j =1 i =1

(8)

where M is the number of columns in the surface and N is the number of rows in the surface.

Fig. 4 Atomic Force Microscopy images of TiO2 film deposited on (a) Soda lime glass, (b) quartz, (c) MgO(100) and (d)
sitall substrates.
Table 2 Statistical parameters of the Ti-0, Ti-1, Ti-2 and Ti-3 films.
Statistical Parameters
Ti-0
Ti-1
Ti-2
Average roughness (nm)
70.4
39.5
47.9
RMS roughness (nm)
72.1
40.7
48.7
Skewness, Ssk
1.067
1.091
1.039
1.179
1.255
1.099
Kurtosis, Sku

Ti-3
95.7
98.5
1.076
1.201

The results obtained are given in table 2. It is found that the Ti-3 sample obtains the highest surface roughness
(Sa: 95.7 nm and Sq: 98.5 nm) among the films produced while the smallest values are noted for the Ti-1
sample. According to these results, the regular structures were observed on the surface of the films studied.
However, the different surface roughness values might show the possible reason for the variation of the oxygen
in the samples studied in this work.
The statistical analysis of AFM image is also carried out by using the height distribution histogram depicted
in figure 5. The height asymmetry can be explained by the surface skewness and kurtosis from the quantitative
surface roughness parameters [48]. The surface skewness (ssk) is a measurement for the symmetry of the
variation of a surface about its mean plane. Whenever a Gaussian surface obtains a symmetrical shape for the
height distribution, the surface skewness is zero. A plateau honed surface with predominant plateau and deep
valleys tend to have a negative skewness whereas a surface comprised of disproportionate peaks obtains
positive skewness value. The skewness can be computed from the following relation:
N M
1
(9)
S sk =
∑∑ z 3 ( xi , y j ) .
MNS q3 j =1 i =1
On the other hand, the surface kurtosis (sku) is a measurement of the peakedness or sharpness of a surface. For
a Gaussian surface, the kurtosis value is 3. If a surface is centrally distributed kurtosis value is greater than 3.
www.crt-journal.org
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Fig. 5 Height distribution histogram of the samples produced on (a) Soda lime glass, (b) quartz, (c) MgO(100) and (d)
sitall substrates.

When a surface has a well spread out distribution, the kurtosis value is less than 3. Kurtosis is calculated using
the following equation:
N M
1
Sku =
z 4 ( xi , y j ) .
(10)
∑∑
MNSq4 j =1 i =1
The surface skewness and kurtosis roughness of the samples are also listed in table 2. It is visible from the
table that the surface skewness is obtained to be positive for all the samples while the surface kurtosis is found
to be less than 3. According to the combination of the skewness and kurtosis values, the film surfaces are found
to be spread out distribution and comprised of disproportionate number of peaks. Based on the interpretation of
the surface morphology and statistical parameters, the films produced in this work can be useful for
applications in technology and industry.

4

Conclusion

In this study, it is analyzed that how the substrate affects the microstructural, optical and electrical properties of
TiO2 thin films by means of the X–ray diffractometer (XRD), ultra violet spectrometer (UV–vis) and atomic
force microscopy (AFM) measurements. The results indicate that all the films prepared have the similar
microstructural features; however, the optical and electrical properties of the films are found to be different
from each others and so the following statements are concluded:
− The film thickness values are observed to be about 100 nm except the Ti-2 sample (70 nm); on the other
hand, the maximum grain size of 52 nm is obtained for the Ti-0 sample as against 23 nm (minimum size)
for the Ti-3 sample.
− The Ti-3 sample having only anatase phase peaks such as A(101), A(004) and A(200) obtains the largest
peak intensity among the samples prepared. Moreover, the A(004) peak intensity disappears completely in
the other samples. Rutile phase is also observed in the Ti-1, Ti-2 and especially Ti-0 samples.
− The transmittance of the Ti-0 film is noticed to be the smallest (77%) while the Ti-3 sample is obtained to
have the maximum transmittance value (89%) as a result of the different particle sizes.
− The Ti-0 (Ti-3) sample is observed to obtain the maximum (minimum) refractive index computed from the
Swanepoel’s envelope method.
− The Ti-3 sample is obtained to be more porous while the Ti-0 sample is noted to be denser than the other
samples fabricated in this work.
− The optical band gap is found to be about 2.92 eV (smallest) for the Ti-0, 3.06 eV for the Ti-2 and 3.20 eV
(greatest) for the Ti-3 sample.
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