
ARTICLE IN PRESS
Solar Energy Materials & Solar Cells 88 (2005) 199–208
0927-0248/$ -

doi:10.1016/j

�Correspo
E-mail ad
www.elsevier.com/locate/solmat
Structural, optical and Raman scattering
studies on DC magnetron sputtered titanium

dioxide thin films

B. Karunagarana, Kyunghae Kima, D. Mangalaraja,�,
Junsin Yia, S. Velumanib

aSchool of Information and Communication Engineering, Sungkyunkwan University, Chunchun-dong,

Jangan-gu, Suwon 440-476, Republic of Korea
bCoordinación de Investigación y Desarrollo de Ductos, IMP, Eje Central Lázaro Cárdenas 152,

D.F., C.P.07720, Mexico

Received 1 September 2003; received in revised form 1 November 2003; accepted 1 March 2004

Available online 18 January 2005
Abstract

Thin films of TiO2 were deposited by DC magnetron sputtering. The thicknesses of the films

were measured using alpha step profilometer technique. Auger electron spectroscopy (AES) is

used to determine the composition of the films. The influence of post-deposition annealing at

673 and 773K on the structural, optical and Raman scattering was studied. The thicknesses of

the films were found to be more or less the same irrespective of the annealing temperature and

time. XRD results reveal the amorphous nature of the as-deposited film while the annealed

samples were found to be crystalline with a tetragonal symmetry. Using the optical

transmittance method, the optical constants such as band gap, refractive index and absorption

coefficient were calculated and the influence of thermal annealing on these properties was

reported. Raman study was employed to study the existence of different frequency modes and

improvement of crystallinity of the TiO2 films and the effect of annealing temperature on the

Raman shift is studied and reported.
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1. Introduction

Titanium dioxide is one of the extensively studied transition-metal oxides. The
increased interest in both the application and the fundamental research of this
material in the last decade stems from its remarkable optical and electronic
properties. TiO2 thin films have numerous applications due to their unique dielectric
and optical properties. TiO2 is a popular anti-reflective coating (ARC) in the
photovoltaic (PV) industry due to its ease of deposition, low cost, and ideal optical
properties. The use of TiO2 thin films has many advantages, including their very
good chemical resistance to the majority of chemicals used in the PV industry and
their optimal refractive index for glass encapsulated silicon solar cells [1–3].
Generally, TiO2 exists in three crystalline polymorphs: rutile (tetragonal), anatase
(tetragonal) and brookite (orthorhombic). The anatase TiO2 are found to exhibit
interesting properties [4], which make it a promising material for gas sensors [5,6],
solar cells [7,8] and dielectrics in semiconducting FETs [9]. These films present good
durability and a high refractive index; hence they are suitable for applications such as
multilayer optical coatings [10] and optical wave guides [11]. A large number of
processing techniques such as sol–gel process [12], chemical vapor deposition [13],
ion-assisted deposition [14] and sputtering [15] have been used to deposit TiO2 thin
films. The properties of the titanium oxide films depend not only on the preparation
techniques but also on the deposition conditions. Even though many reports are
available on the influence of annealing on the structural and optical properties of
these films, the reports available for the effect of annealing and substrate
temperature on the Raman scattering studies on TiO2, especially TiO2 in thin film
form, are scarce. Hence an attempt has been made in this study to relate the effect of
post-deposition annealing on the structural, optical and Raman scattering properties
of titanium dioxide films prepared using the DC magnetron sputtering technique.
2. Experimental

Titanium oxide thin films were deposited onto well-cleaned p-type Si wafers (1 0 0)
with a resistivity 8–10O cm and also onto polished quartz substrates by using DC
magnetron sputtering system. Pure titanium (99.999%) of 110mm diameter and
2mm thickness has been used as sputtering target. High-purity argon and oxygen
were used as the sputtering and reactive gases, respectively. Rotary and diffusion
pump combination was used to get the desired vacuum. The base pressure of the
system is less than 10�5mbar. After attaining the base pressure the oxygen partial
pressure was set using a needle valve. Later on the argon was let in and sputtering
pressure was maintained. In order to check the stability of the partial pressure, after
each deposition argon flow was stopped and oxygen partial pressure was checked. It
was confirmed to be at the set value. Such a practice is generally followed in reactive
sputtering processes [16]. Before each run the target was pre-sputtered in Ar
atmosphere for 5–10min in order to remove the surface oxide layer of the target. All
the depositions were carried out at a total pressure of 1� 10�3mbar. The distance
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between the target and substrates was kept at 80mm. The deposited film was
annealed in air at temperatures 673 and 773K for 1 h. The thicknesses of the as-
deposited and annealed films were determined from step height measurements by an
a-step stylus profilometer. The compositions of the films were analyzed using Auger
electron spectroscopy (AES). The crystallinity was examined by using X-ray
diffraction with CuKa radiation with steps of 0.021 with a fixed time scan and a time
per step of 4 s. The transmittance of the films was measured in the visible region
using a Jasco UV–VIS–NIR double beam spectrophotometer. Raman data were
recorded using a Spex-1406 Ar-ion laser Raman spectrometer, Power 300mW, and
resolution 1 cm�1.
3. Results and discussion

3.1. Thickness and composition

I2V characteristics of the titanium target were studied at different oxygen partial
pressures while maintaining the working pressure at 1� 10–3mbar to determine the
oxygen partial pressure at which the stoichiometric titanium dioxide films can be
deposited. The details of the deposition condition are presented in our earlier work
[17]. The surface roughness and thickness of the film was found to be 4.1 and 140 nm
from a-step profilometer measurements. AES was performed on the sample surface
to determine the Ti and O content in the film. The AES analysis was made at five
different places of the sample and it was found that the composition was uniform
throughout the sample with an O and Ti ratio 2.08.
3.2. Structural characterization

Fig. 1 shows the X-ray diffraction pattern of the as-deposited and annealed films.
From the figure it was observed that the TiO2 thin films deposited under ambient
conditions are amorphous and the films annealed at higher temperatures are
polycrystalline having tetragonal structure. The film annealed at 673K shows both
anatase [(1 0 1), (0 0 4)] and rutile (1 1 0) structure. But the films annealed at 773K
shows the predominant orientation with anatase phase with orientation along (0 0 4),
(1 0 1) and (1 0 5) prominent reflections. The lattice parameters (a and c), grain size
(D), dislocation density (d) and microstrain, are calculated using the relevant
formulas and correlated with the annealing temperature in Table 1. The calculated
lattice constants ‘a’ and ‘c’ are found to agree well with the bulk (a ¼ 3:78 and 9.52)
values [18]. The grain sizes of the films are found to increase with the increase in
annealing temperature. It was observed that the dislocation density (d) and
microstrain (�) exhibit a decreasing trend with the annealing temperature, which
leads to the reduction in the concentration of lattice imperfections [19].
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Fig. 1. X-ray diffraction pattern of an as-deposited and annealed (663 and 773K) TiO2 thin films.

Table 1

Structural parameters of annealed TiO2 thin films

TA (K) 2y d(Å) ½hkl� a (Å) calculated c (Å) calculated D (Å) d(1011) cm�2 � (10�3)

25.14 3.5403 [1 0 1]

673 37.72 2.3835 [0 0 4] 3.8130 9.5340 205 2.3795 1.4990

53.85 1.7015 [1 0 5]

25.31 3.5169 [1 0 1]

773 37.84 2.3762 [0 0 4] 3.7855 9.5048 235 1.8107 1.2913

53.97 1.6980 [1 0 5]
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3.3. Optical characterization

Fig. 2 shows the transmission spectrum of the annealed coatings (140 nm thick) in
air for 1 h for different temperatures. It can be seen that the transmittance of the
films decreases weakly when the materials are calcinated up to a temperature of
773K. Since XRD analysis did not show a change of structure until 773K, but only
the presence of the anatase phase, it can be assumed that coatings becomes denser
and denser with the annealing temperature. Then, the refractive index has been
determined in order to show the densification. Fig. 3 illustrates the evolution of
refractive indexes as a function of wavelength for titanium oxide films annealed in air
at 673 and 773K and as-deposited. It can be seen that the refractive indexes of the
films increases with the annealing temperature. The variation of absorption
coefficient and extinction coefficient with the annealing temperature are depicted
in Figs. 4 and 5, respectively. It is seen that the main tendency of both these optical
coefficients is to increase with the increase of calcinations. So, the evolution of the
extinction coefficient can be related to the variation of transmittance. The decrease in
transmittance results in the increase of the extinction coefficient. It can be supposed
that the compactness of titanium oxide films changes from a porous structure to a
dense structure. This means that the packing density of the films increases with the
increase of annealing temperature.
Since TiO2 is a semiconductor with a large band gap [20–22], the optical band gap

Eg can be determined from absorption coefficient a: The sharp decrease in the
transparency of the films in the UV region is caused by the fundamental light
absorption in the semiconductor. The absorption coefficient a; which depends on the
wavelength l; can be obtained by using the following relation. When scattering
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Fig. 2. Variation of transmittance with the wavelength for an as-deposited and annealed (663 and 773K)

TiO2 thin films.
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Fig. 3. Plot of refractive index against the wavelength of as-deposited and annealed TiO2 thin films.
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Fig. 4. Change of absorption coefficient with wavelength of as-deposited and annealed TiO2 thin films.
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effects are neglected, the absorption coefficient may be expressed by

a / ðho� EgÞ
m;

where Eg is the optical band gap. For the indirect allowed transitions, m ¼ 2; but for
the direct forbidden transitions, m ¼ 1:5 [23]. Both experimental results and
theoretical calculations suggest that TiO2 has a direct forbidden gap (3.03 eV),
which is almost generated with an indirect allowed transition [20,23]. Due to the
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Fig. 5. Variation of extinction coefficient with the wavelength for an as-deposited and annealed (663 and

773K) TiO2 thin films.
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Fig. 6. ðahnÞ1=2 vs. hn plots of the TiO2 films at different annealing conditions.
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weak strength of the direct forbidden transition, the indirect allowed transition
dominates in the optical absorption just above the absorption edge [23]. Then the
absorption coefficient above the threshold of the fundamental absorption follows the
ðE2EgÞ

2 energy dependence characteristic of indirect allowed transitions as
illustrated by the a1=2 vs. photon energy (E) plot. The ðahnÞ1=2 vs. hn plots for the
TiO2 films at different annealing conditions are shown in the Fig. 6. The indirect
band gaps of the films of different thickness are evaluated from the x-axis intercepts
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of the plot. The extrapolated optical absorption gaps of films have been determined.
It can be seen that the optical band gap decreases (3.32 to 3.17 eV) when the
annealing temperature increases. Radecka et al. [24] obtained similar evolution of Eg
with the temperature. Then, it can be supposed that the variation of density and the
structural modifications may be responsible for changes in the shape of the
fundamental absorption edge.

3.4. Raman scattering studies

The anatase form of titanium dioxide is tetragonal with space group D194h [25].
Earlier, factor group analysis indicates the existence of 15 optical modes in the
anatase TiO2 with the irreducible representations, 1A1g+1A2u+1B1g+1B2u+3E-

g+2Eu. Among these modes A1g, B1g and Eg are Raman active and those of A2u, B2u
and Eu are infrared active [26].
Films of thicknesses140 nm are calcinated in air in a Muffle oven for 1 h at 673 and

773K. After each calcination, the Raman spectrum was recorded. The results are
shown in Fig. 7 along with the Raman spectra of the pure p-type silicon as an inset in
the film. In order to project the existence of different modes clearly in the calcinated
film spectra, the Raman shift ranges from 514 to 580 where no feature of TiO2 was
observed and were deleted from the spectrum. The frequencies of the Raman bands
are identified using a Gaussian peak fit software and they were 637, 513, 396, 195.1
and 144.3 cm�1, which agree well with those in previous studies for anatase powder
and single crystals [27,28]. Based on the factor group analysis the 396 cm�1 peak is
assigned to the B1g mode ðn4Þ; 637 cm

�1 peak can be attributed to the Eg mode ðn1Þ;
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Fig. 7. Raman spectra of the TiO2 thin films of thickness 140 nm annealed at 673 and 773K (Inset—

Raman spectra of a p-type Si substrate).
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Table 2

Observed Raman shift (cm�1) and their assignment of TiO2 film

Present work Seikiya et al. [27] Ohsaka et al. [28] Xu et al. [29] Assignments

n1 637 638.6 639 636 Eg
n2 513 515.3 519 512 B1g
n3 513 515.2 513 512 A1g
n4 396 396.6 399 396 B1g
n5 195.1 197.2 197 192 Eg
n6 144.3 144.5 144 145 Eg
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513 cm�1 peak can be attributed to the A1g+B1g modes ðn2þn3Þ [29]. From the factor
plane analysis it was observed that the A1g ðn3Þ and B1g ðn2Þ both involve the Ti–O
bond stretching normally to the film plane. The peaks at 195.1 and 144.3 cm�1 are
assigned to the Eg modes represented by n5 and n6: The Raman shift observed in the
present study along with their assignment and comparisons with the other reports
are presented in Table 2.
In the case of the annealed films, there is no significant change in the peak position

but the intensity of the peaks increase with the increase in the annealing temperature.
The peak position, FWHM, intensity and area under the peak are calculated using a
Gaussian peak fit software. The FWHM corresponding to the peak at 396 cm�1 is
found to be 29.08 and 23.03 for films annealed at temperatures 673 and 773K,
respectively, indicating a decrease in FWHM from 29.08 to 23.03 on annealing and
the FWHM in all the other peaks are also found to decrease with the increase in the
annealing temperature. The increase of intensity of the peaks, the area under the
curve and the decrease of FWHM can be attributed to the improvement in the
crystallinity of the annealed films, which was clearly seen from the well-defined XRD
peaks of the annealed samples.

4. Conclusion

Titanium dioxide thin films have been deposited by DC magnetron sputtering and
the films were annealed at different temperatures in air. The AES analysis has shown
that the films deposited are stoichiometric. XRD and Raman spectroscopy both
show that the as-deposited TiO2 films are basically amorphous but their structure is
converted to the anatase crystalline phase when the films are annealed at higher
temperatures which is supported by the increase of refractive index (evaluated from
optical transmittance). UV–VIS spectroscopy showed that as-deposited and
annealed films are highly transparent, it was also found that the band gap of the
films decrease with the increase of annealing temperature.
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