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Influence of calcination temperature on structural
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We prepared TiO,-SiO; thin films with various TiO,/SiO; ratios by sol-gel dip coating
method and explored the dependence of their structural and optical properties on
calcination temperature. The absorption peaks relevant to Si—0O, Si—O—Ti and Ti—O bonds
appeared in the FTIR spectra. With increasing TiO, content, the intensity of Si—O bond
peaks decreases and that of Ti—O bond peaks increases. The XRD results show that the
temperature of transformation from amorphous to anatase phase is lowered as TiO,
content increases. The crystallite size of anatase phase in composite thin films increases
with increasing TiO, content and calcination temperature. At 1000°C, the mixed phase of
anatase and rutile appears in the pure TiO; thin films. The rutile films are denser than the

anatase films. The increase in refractive index of composite thin films with calcination
temperature is related to the decreased thickness and increased density as a result of
evaporation of water and organic matters below 400°C. On the other hand, it is related to
the change in the crystal phase and crystallite size of the films over 400°C. © 2004 Kluwer

Academic Publishers

1. Introduction

Sol-gel method is one of the most useful technologies
to produce amorphous or crystalline oxide coating [1].
Sol-gel processing enables us to easily control com-
position and optical properties of the final materials
[2, 3]. The control of refractive index and thickness of
the thin films is crucial in producing suitable materials
for optical applications. The refractive index of TiO;
films is very different from that of SiO, films. Accord-
ingly, a wide range of intermediate index values can
be obtained by mixing these materials [4]. TiO, and
TiO,-Si0O; films have been widely investigated for var-
ious optical applications [5—-10]. Mennig et al. [11] and
Brinker e al. [12] used the sol-gel process to form TiO,-
Si0; films having a low refractive index. Jiwei et al. [9]
and Yanagi et al. [13] studied TiO,-SiO; films for use
as a waveguide. McCulloch et al. [14] reported on the
characterization of TiO,-Si0, films intended for use in
optical chemical sensor.

The mixing of TiO;, and SiO; in thin films can trans-
form amorphous phase into crystalline anatase, and also
anatase into rutile. Thin films of pure TiO, generally
crystallize in the anatase phase at low temperatures be-
low 600°C and in the rutile phase at high temperatures
above 600°C [15]. The addition of small amounts of
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a glass forming solute (i.e., Si0;) into TiO; films re-
tards crystallization [14]. The structure of the compos-
ite films is amorphous for a SiO, content of as low as
11 mol% [16]. A good understanding of the process of
crystal transformation is necessary for preparing excel-
lent optical films into visible and near-infrared wave-
length ranges. The control of the crystal structure for
use in optical TiO,-Si0; films is required to tailor their
optical properties.

In this paper, we synthesized TiO,-SiO; coating solu-
tions with various TiO,/Si0O; ratios and prepared TiO5-
Si0O; thin films by sol-gel dip coating method. By using
Fourier Transform Infrared (FTIR) spectrometry, X-
ray Diffraction (XRD), Scanning Electron Microscopy
(SEM) and Ultraviolet-Visible (UV/VIS) spectropho-
tometry techniques, we investigated the influence of
TiO; content and calcination temperature on optical
and structural properties of TiO,-SiO; thin films.

2. Experiments

TiO,-Si0O, solutions were prepared by the proce-
dure described as follows. Titanium tetra-isopropoxide
(TTIP, TifOCH(CH3)»14, 98.0%, Junsei Chemical Inc.)
was used as a Ti source material, tetraethyl orthosilicate
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(TEOS, Si[OC;Hs]4, 98.0, Acros Organics) as a Si
source material, 0.7N-hydrochloric acid (HCI, 35.0%,
Oriental Chemical Industries) as a catalyst, and iso-
propyl alcohol (Pr'OH, [CH3],CHOH, 99.5, Oriental
Chemical Industries) as a solvent. Its typical composi-
tion was a molar ratio of TTIP + TEOS:Pr'OH:0.7N-
HCl = 1:26.05:1.4. The sol was under continuous
stirring in nitrogen atmosphere at room temperature.
The TiO; and SiO, sols were mixed to get a desired
TTIP/TEOS molar ratio of 100/0, 75/25, 50/50 and
25/75, respectively.

The powders were prepared by evaporating solvents
from the mixed solutions [17]. A thermal behavior
of the powder synthesized was examined by thermo-
gravimetry (TG) and differential scanning calorimetry
(DSC) using a Rhometric STA1500 TG/DSC thermal
analyzer.

TiO,-Si0O, composite thin films were deposited on
substrates such as quartz glass (50 x 20 mm) and Si-
wafer by sol-gel dip coating at a withdrawal speed of
100 mm/min. The substrate was cleaned with solvent
and rinsed with distilled water and then blown with ni-
trogen gas prior to film deposition. The thickness of
as-deposited film was about 350 nm, which was ob-
tained by repeating three times the cycle of dipping in
sol followed by drying at 100°C for 30 min in a vacuum
oven. This was then subjected to slow heating at a rate
of 5°C/min to a desired temperature up to 1000°C and
then holding at that temperature for 1 hin a furnace. The
furnace was allowed to cool naturally after calcination.

The chemical structure of the thin films was exam-
ined using an FTIR spectrophotometer (ATI Matton
Genesis Series). For crystal phase identification, XRD
patterns were obtained with a diffractometer (Philips
PW3710) using Cu K,, radiation at 35 kV and 20 mA.
The nano-particle size and morphology were analyzed
by a field emission scanning electron microscope (Hi-
tachi S-4200). Optical properties of the films deposited
on glass substrates were examined by transmission
spectroscopy in the spectral range of 200-1100 nm.
The normal incident transmittance of the sample was
measured by a UV/VIS spectrophotometer (HP 8453).

3. Results and discussion
3.1. Structural properties
Fig. 1 shows the FTIR spectra of TiO,-SiO; thin films
coated on Si-wafer after calcination at 800°C. The
absorption peak at about 550 cm~! is characteristic
of titanium dioxide [18]. In the FTIR spectra, Si—O
bonds appeared near 1100 cm~!, Si—O—Ti bonds near
900 cm~!, and Ti—O bonds near 400 cm~!. The in-
tensity of the peaks near 1100 cm~! decreases with
increasing TiO, content, while that of the peaks near
400 cm~! increases. The absorption peak at 955 cm™!
in the 25Ti0,-75S10; films results from overlapping of
the peaks due to Si—OH and Si—O—Ti vibration modes
[19]. For the 50TiO,-50Si0; thin films, the Ti—O—Si
bond appears at 935 cm™!.

Fig. 2 depicts TG/DSC data for the synthesized
25Ti0O,-75TiO, powders. For thermal analysis the sam-

ple was heated in air at a heating rate of 10°C min~"'.
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Figure 1 FTIR spectra of TiO,-SiO; thin films calcined at 800°C.
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Figure 2 TG/DSC curves of 25Ti0,-75Si0;, powders synthesized.

The TG curve indicates that the loss of weight took
place up to 200°C, and a slight change in weight
occurred with further increase in temperature above
200°C. The DSC data show an endothermic peak at
200°C, two exothermic peaks at 380 and 800°C, re-
spectively. The endothermic peak at 200°C is attributed
to solvent evaporation. The first exothermic peak at
380°C is due to dehydroxylation and decomposition
of residual organics. The other peak at 800°C sig-
nifies a phase transition from amorphous phase to
crystalline anatase. This peak indicating phase tran-
sition from amorphous to anatase in 50TiO,-50TiO,,
75Ti0,-25TiO; and 100TiO,-0Si0, powders appeared
at 600°C, 580°C and 460°C, respectively. The transfor-
mation from anatase to rutile was not detected except
for 100TiO,-0SiO; powders calcined at 1000°C prob-
ably because of the relatively small difference in the
enthalpy values between two crystal phases [17].

Fig. 3 illustrates the XRD patterns of the TiO,-SiO,
thin films calcined at various temperatures for 1 h.
The XRD patterns of the composite thin films show
anatase peaks in pure TiO, films calcined at 400-
800°C, 75Ti0,-25Si0; films calcined at 600-1000°C,
and 50T10,-50810;, films calcined at 800—1000°C. The
pure TiO; thin films calcined at 1000°C are found to
be a mixture of anatase and rutile phases and all cal-
cined 25Ti0;,-75S10; thin films are amorphous. The
intensity of the XRD peaks of the composite thin films
increases with increasing TiO, content and calcination
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Figure 3 XRD patterns of TiO,-SiO; thin films: (a) pure TiO;, (b)
75Ti0,-25Si0,, and (¢) 50Ti0;,-50Si0;.

temperature, due to the improvement in crystallinity.
The amorphous-to-anatase transformation temperature
is lowered with increasing TiO, content. These results
imply that the formation of the anatase phase is retarded
on addition of SiO; to the composite thin films.

The crystallite size of composite thin films can be
determined from the broadening of corresponding XRD
peaks by Scherrer’s equation [20]

_ Ka
"~ Bcosh

D

where L is the crystallite size of composite thin films,
A is the wavelength of X-ray (Cu K, = 1.5406 A) ra-

TABLE I Crystallite size of the TiO,-SiO, thin films calcined at var-
ious temperatures for 1 h

Crystallite size (nm)

Calcination Composition
temp. (°C) (mol%) Anatase Rutile
400 Pure TiO, 11
75Ti0,-25S10, 10
600 Pure TiO; 20
50Ti0,-50Si0, 10
75Ti0,-25S10, 13
800 Pure TiO, 21
50Ti0,-508i0, 11
75Ti0,-25Si0, 20
1000 Pure TiO, 22 26

diation, K is usually taken as 0.94 and S is the angle
width at half maximum height, and 6 is the half diffrac-
tion angle of the centroid of the in degree. The peaks of
anatase (101) and rutile (110) occurred at 260 = 25.3°
and 27.4°, respectively. Any contributions to broaden-
ing due to non-uniform stress were neglected, and the
instrumental line-width in the XRD apparatus was sub-
tracted. The calculated crystallite size of the composite
thin films is listed in Table I. It is seen that the TiO; crys-
tallite size depends on the TiO,/Si0; ratio. The crys-
tallite size of anatase phase in the composite thin films
increases with increasing TiO; content and calcination
temperature. The anatase crystallite size of the compos-
ite thin films calcined at 1000°C increases about twice
from 11 nm (50TiO,-50Si0;) to 22 nm (pure TiO,)
with increasing TiO, content. The crystallite size of
pure TiO; films is also increased about twice from 11
to 22 nm with increasing calcination temperature from
400 to 1000°C. The rutile crystallite size of the pure
TiO; thin films calcined at 1000°C is 26 nm, which is
larger than the anatase crystallite size. In the TiO, film
calcined at 1000°C, the weight percentages of anatase
and rutile phases are 0.676 and 0.324, respectively [21].

Figs 4 and 5 show the SEM micrographs of the pure
TiO; and TiO,-SiO; films calcined at various temper-
atures for 1 h, respectively. The film thickness and film
quality of thin films prepared on the substrate are uni-
form and homogeneous. In Fig. 4a, we can see appar-
ently the crystallinity of the films calcined at 400°C but
it is difficult to identify the secondary particles in the
films at this temperature. As shown in Fig. 4b, the film
calcined at 600°C is composed of the secondary par-
ticles of about 20 to 30 nm in size. Here, the primary
particles comprising the secondary particles cannot be
identified. As the calcination temperature is increased
to 800°C, the film becomes in the more agglomerated
state whose size is about 40 to 50 nm as a result of den-
sification (Fig. 4c). Itis interesting to note in Fig. 4d that
the size of secondary particles considerably increases to
150-300 nm at 1000°C and their shape is nonspherical.
The 75Ti0O,-25S10; films calcined at 600°C (Fig. 5b)
and 800°C (Fig. 5c) have anatase phase according to
the XRD results, but their SEM images look similar
to the amorphous films (Fig. 5a). The film calcined at
1000°C is composed of the highly dense secondary par-
ticles of about 30 to 40 nm in size in Fig. 5d. The SEM
results show that the rutile films are denser than the
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Figure 4 SEM micrographs of pure TiO; thin films at various temperatures for 1 h: (a) 400°C, (b) 600°C, (c) 800°C, and (d) 1000°C.
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Figure 5 SEM micrographs of 75TiO,-25Si0; thin films at various temperatures for 1 h: (a) 400°C, (b) 600°C, (c) 800°C, and (d) 1000°C.
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Figure 6 UV-VIS spectra of pure TiO; thin films calcined at various
temperatures.

anatase films (Figs 4d and 5d). From the above results,
the sintering of the nanocrystalline TiO,-SiO, parti-
cles is accelerated at higher calcination temperatures
and TiO,/Si0; ratios. This is related to a change in the
surface structure of films due to crystal phase transfor-
mation, which was confirmed by the XRD results [22].

3.2. Optical properties

Fig. 6 shows the transmittance of pure TiO, thin films
calcined at various temperatures for 1 h. The absorption
edge of the rutile thin films calcined at 1000°C is red-
shifted in comparison to the anatase thin films calcined
at 400-800°C. This shift is ascribed to the difference
in band gap energy of the composite thin films result-
ing from the anatase-to-rutile transformation [23]. A
difference in absorption edge between thin films cal-
cined at 400-800°C and as-deposited amorphous film
can be explained in a similar way. The transmittance
of pure TiO; thin films calcined at 1000°C was signif-
icantly reduced in the wavelength range of about 300
to 700 nm. This is due to the change in both crystal-
lite phase and film composition and to the scattering
effect resulting from the increase in the second grain
size. Moreover, the non-stoichiometric film would be
formed at higher calcination temperatures. Fig. 7 shows
the transmittance of composite thin films calcined at
600°C for 1 h. One can see that the absorption edge of
transmittance is red-shifted with increasing TiO, con-
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Figure 7 UV-VIS spectra of TiO;-SiO; thin films calcined at 600°C.

tent. This is due to the different band gaps of TiO,
and SiO,. The optical thickness of the composite thin
films increases with increasing TiO, content. The max-
imum peaks of transmittance shifted to a shorter wave-
length as TiO, content increases. The bands due to the
interference color of the film appeared in the wave-
length range of 350 to 800 nm. With increasing TiO,
content, the amplitude of interference spectra increases
due to the increase in refractive index of composite thin
films.

The refractive index was calculated from the mea-
sured transmittance spectrum at a wavelength of
550 nm. The evaluation method used in this work is
based on the analysis of the transmittance spectrum of
a weakly absorbing film deposited on a non-absorbing
substrate [24]. The refractive index n(A) over the spec-
tral range is calculated by using the envelopes that are
fitted to the measured extrema:

n(h) = \/ S+ /8% — nd(Mn2(n) ?2)
1

Tmax()\) - Tmin()‘)
Tinax(A) X Tin(2)
(3)

§ = 5 (160 +nd) + 2nons

where n is the refractive index of air, ng is the refractive
index of the substrate, Tjy,x is the maximum envelope,
and Ty, is the minimum envelope. The thickness of the
films was adjusted to provide the best fits to the mea-
sured spectra. Deposited films are assumed to be homo-
geneous in the calculation. Fig. 8 shows the resultant
refractive indices of the composite thin films calcined
at various temperatures. We can see the refractive in-
dex increases from 1.50 to 2.23 with increasing TiO;
content and calcination temperature. We cannot here
calculate the refractive index of pure TiO; thin films
calcined at 1000°C because of reduced transmittance.
However, the refractive index would be considerably
increased because the rutile phase has higher refractive
index compared to the anatase phase. The increase in re-
fractive index results from the increase in grain size and
enhanced phase transformation with increasing TiO,

2.4
2.2
x
Q
E \
o 207 \
2
S
E 1.8
(o}
=4
1.6
T T T T T
100 80 60 40 20
1 0,
TiO, (mol %)

Figure 8 Refractive indices as a function of TiO; content in TiO,-SiO;
thin films calcined at various temperatures for 1 h. The refractive index
is calculated from the measured transmittance spectrum at a wavelength
of 550 nm.
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content. From the Fig. 8, we can expect the change in
the crystal phase of TiO, according to the change in
refractive index.

In the Fig. 8, the refractive indices of 50TiO,-50Si0,
thin films calcined at 400 and 600°C are almost identi-
cal. On the other hand, the refractive index of 75TiO,-
25Si0; thin films calcined at 600°C is comparable to
that calcined at 800°C. This result is expected from the
XRD results. The 75Ti0,-25S10; films calcined at 600
and 800°C and 50Ti0,-50Si0, film calcined at 800°C
have anatase phase, while the 50TiO,-50S10; film cal-
cined at 400 and 600°C and 75Ti0,-25Si10, film cal-
cined at 400°C are amorphous. The crystallite size of
the above anatase films is approximately 10 nm. SEM
images in Figs 4 and 5 show the denser films are formed
at a higher temperature. This result suggests that the re-
fractive index of composite thin films depends largely
on the film density, crystal structure and crystallite size
of the films.

4. Conclusions

In this paper, we have fabricated TiO,-Si0, composite
films by sol-gel process and examined the dependence
of their structural and optical properties on calcination
temperature. We have found the physical properties of
the composite thin films depend largely on TiO, con-
tent and calcination temperature. With increasing TiO;
content, the intensity of Si—O bond peaks decreases and
that of Ti—O bond peaks increases in the FTIR spectra.
The amorphous-to-anatase transformation temperature
is lowered as the TiO, content increases. The pure TiO,
thin films calcined at 1000°C are a mixture of anatase
and rutile phases. The increase in calcination tempera-
ture and TiO, content facilitates the TiO, crystallization
in thin films. This is because SiO, hinders the forma-
tion of the anatase crystal of TiO,. The rutile films are
denser than the anatase films. The transmittance of the
pure TiO; thin films calcined at 1000°C is significantly
reduced at a shorter wavelength due to the increased
absorption and scattering effect. The refractive index
of thin films depends on the crystallite type, crystal-
lite size, and density of the thin films. In the case of
50Ti0,-50S10,, the refractive index of the thin films
at 400°C is almost identical to that at 600°C. On the
other hand, the refractive index of 75Ti0,-25S10; thin
films at 600°C is close to that at 800°C. In this study,
we successfully fabricated optical TiO,-SiO, thin films
with a refractive index ranging from 1.5 to about 2.2 by
changing film composition and microstructure using a
sol-gel dip coating method.
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