
Applied Surface Science 256 (2010) 4462–4467
Influence of temperature annealing on optical properties of SrTiO3/BaTiO3

multilayered films on indium tin oxide

T. Supasai a, S. Dangtip b, P. Learngarunsri b, N. Boonyopakorn b, A. Wisitsoraat c, Satreerat K. Hodak a,d,*
a Department of Physics, Faculty of Science, Chulalongkorn University, Bangkok 10330, Thailand
b Department of Physics, and NANOTEC COE at Mahidol University, Faculty of Science, Mahidol University, Bangkok 10400, Thailand
c Nanoelectronics and MEMS Laboratory, National Electronics and Computer Technology Center (NECTEC), Thailand 12120
d Center of Innovative Nanotechnology, Chulalongkorn University, Bangkok 10330, Thailand

A R T I C L E I N F O

Article history:

Received 20 August 2009

Received in revised form 20 November 2009

Accepted 22 January 2010

Available online 1 February 2010

PACS:

78.20.Ci

Keywords:

Perovskites

Optical properties

Multilayers

Annealing

Sol–gel

A B S T R A C T

We have prepared SrTiO3/BaTiO3 thin films with multilayered structures deposited on indium tin oxide

(ITO) coated glass by a sol–gel deposition and heating at 300–650 �C. The optical properties were

obtained by UV–vis spectroscopy. The films show a high transmittance (approximately 85%) in the

visible region. The optical band gap of the films is tunable in the 3.64–4.19 eV range by varying the

annealing temperature. An abrupt decrease towards the bulk band gap value is observed at annealing

temperatures above 600 �C. The multilayered film annealed at 650 � C exhibited the maximum refractive

index of 2.09–1.91 in the 450–750 nm wavelength range. The XRD and AFM results indicate that the

films annealed above 600 � C are substantially more crystalline than the films prepared at lower

temperatures which were used to change their optical band gap and complex refractive index to an

extent that depended on the annealing temperature.
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1. Introduction

Thin films made of high dielectric constant materials based on
alkaline earth titanates of BaTiO3 (BTO) and SrTiO3 (STO) have
received much attention due to their applications in dynamic
random access memories (DRAMs) [1], high dielectric capacitors [2–
4], and tunable microwave devices [5]. In addition, due to their large
electro-optical coefficient, low optical losses, and excellent optical
transparency in the visible region, these materials can be used in
optoelectronic devices. An application of these types of films as
insulating layer in flat panel displays (FPD) comprising of the layer of
metal-electrode/phosphor/insulator/transparent electrode/glass
has recently been reported [6,7]. Tunable dielectric response for
BaTiO3 and SrTiO3 via an applied electric field is a well established
characteristic of these materials. However, the optimum tunability
occurs at vastly different temperatures (� 4–100 K for SrTiO3[4,8]
and � 250–400 K for BaTiO3[9,10]). Several approaches have been
employed to enhance the tunability of dielectric constant near room
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temperature. Experiments showed that an increase of the tunability
of dielectric constant at room temperature can be achieved through
film growth of Ba1�xSrxTiO3 compound [3,11,12] and by the use of
SrTiO3/BaTiO3 multilayered thin films [13–16]. These composite
films have already been prepared with various deposition techni-
ques such as pulsed laser deposition [4,8,16–19], RF sputtering
[12,20], and by sol–gel method [3,13,21]. The dielectric response as
well as the structural and optical properties of these perovskite
materials depend on the growth conditions, the annealing
temperature [22], the type of substrate or buffer layer used
[23,24], the thickness [21], and the doping [25]. Xu et al. used a
sol–gel technique to prepare polycrystalline SrTiO3/BaTiO3 multi-
layered film on Pt/Ti/SiO2/Si substrate and compared the dielectric
response with the uniform BaTiO3 and SrTiO3 films [13]. They found
that the dielectric constant of the polycrystalline SrTiO3/BaTiO3

multilayered films could reach the 400–600 range at 10 kHz while
keeping the dielectric loss near that of the uniform films. In another
work, epitaxial SrTiO3/BaTiO3 multilayered films of 8 Åfor each layer
prepared by pulsed laser deposition yielded dielectric constants
even higher, ranging from 500 to 900 at 10 kHz at room temperature
[17]. Moo-Chin Wang’s group have found the increase in the
dielectric constant of (SrTiO3/BaTiO3)n multilayered thin films
grown by RF magnetron sputtering by increasing the number of
layers up to 4 [26,27]. Relatively few works dealt with the optical
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Fig. 1. X-ray diffraction pattern of STO/BTO films annealed at various temperatures

(a) on ITO/Glass and (b) on Si (1 0 0) substrate.
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properties of SrTiO3/BaTiO3 multilayered films despite of much
growing interest in these films for device applications [28,29]. In this
work, we focused on the effect of the annealing temperature SrTiO3/
BaTiO3 multilayered thin films with different thickness prepared by
sol–gel deposition on substrates made of indium tin oxide (ITO) on
glass. We found that the optical band gap and complex refractive
index of the films can be adjusted by controlling the annealing
temperature and the thickness.

2. Experimental details

Glass substrates were cleaned in an ultrasonic bath with
acetone, methanol, deionized water and dried with a nitrogen
stream. The substrates were then transferred to the deposition
chamber. Tin-doped indium oxide (indium tin oxide, ITO) was
deposited by rf-magnetron sputtering method under argon plasma
to a thickness of 100 nm. The ITO films were post-annealed at 400 �

C for 90 min in an argon atmosphere. The typical resistivity of the
ITO film was 3 � 10�4 ohm cm with transparency above 90% in the
visible region. The raw materials used for the synthesis BaTiO3 and
SrTiO3 solution were barium acetate (Ba(CH3COO)2), strontium
acetate (Sr(CH3COO)2), titanium n-butoxide (Ti(C4H9O)4), acetic
acid as a solvent and methanol as a stabilizer. Barium acetate and
strontium acetate were dissolved in acetic acid at ca. 60 � C with
stirring. After homogeneous solutions were obtained, 3.47 ml of
pure titanium n-butoxide was added to each solution. The
solutions were then diluted by addition of 1.75 ml of methanol.
This dilution is necessary to prevent the formation of a precipitate
of TiO2. The deposition of the first layer was done with the Ba
solution by spin coating on ITO coated glass at 1000 rpm for 45 s.
After the first deposition, the films were preheated on a hot plate at
120 � C for 20 min in order to remove the solvent, then the films
were heated at rate of 10 �C/min from 25 � C to the desired
annealing temperature which was maintained for 20 min in air
atmosphere. The same process was repeated for the second layer
using the Sr solution. The maximum annealing temperature was
limited at 650 � C to avoid softening and deformation of the glass
substrate. The Ba and Sr solutions were spun on silicon (1 0 0)
substrates as well for comparison with films on ITO coated glass.
The crystal structure of the SrTiO3/BaTiO3 multilayered thin films
were characterized by X-ray diffraction (XRD: Model D8 Bruker
diffractrometer) using Cu Ka1 with the wavelength of 1.5406 Å.
The surface morphology of the films were examined by atomic
force microscopy (AFM: Model Veeco Nanoscope V). The optical
transmission and absorbance of the films were recorded using UV–
vis spectrometer (JENWAY: Model 6405 UV/Vis), and the optical
band gap was calculated from transmittance spectra.

3. Results and discussion

3.1. Structural properties

The film thickness measurements were obtained from the
cross-section of scanning electron microscope images. The
prepared two layer films (STO/BTO) have quite reproducible
250�20 nm thicknesses. The crystallinity of the films was
investigated using X-ray diffraction. Fig. 1(a) shows the XRD
patterns of SrTiO3/BaTiO3 films deposited on ITO coated glass
substrate as a function of the annealing temperature which varied
in the range of 300–650 �C. There were no BTO and STO
characteristic diffraction peaks, nor we observed diffraction peaks
from contaminating substances for the films annealed at the 300–
550 � C temperature range even in the thicker four-layer films (data
not shown). The STO/BTO multilayered films showed distinct
crystalline peaks at the annealing temperatures of 600 and 650 �C,
as indicated by the appearance of characteristic peaks of BTO and
STO. The peaks of the X-ray diffraction patterns are sharper and
more intense as the annealing temperature increases. However, X-
ray spectra of the films annealed at 600 and 650 � C show weak
signals suggesting that the films are not well crystallized. With the
same annealing temperature of 600 �C, the thicker film (STO/BTO/
STO/BTO) showed intense characteristic peaks. Moreover, the full-
width at half maximum decreases with the temperature increases.
This result is consistent with increased crystallinity of the films at
higher annealing temperatures. The average crystallite size t

measured in a direction perpendicular to the surface of the
specimen was calculated using Scherrer formula as shown in Eq. 1,
where B represents a width measured in radians at an intensity
equal to half of the maximum intensity, uB is the Bragg angle and k

is the shape factor of the average crystallite [30]:

t ¼ kl
B cos uB

(1)

The parameter B is the full width half of the maximum (FWHM)
which increases as the crystal size decreases. The calculation was
done with k = 0.94 by assuming a Gaussian peak shape and a cubic
crystal structure. For this analysis, we have chosen the most
intense BTO (1 1 1) and STO (1 1 1) peaks which did not overlap
with ITO peaks. The crystal sizes of BTO and STO films annealed at
650 � C are 44�4 nm and 37�4 nm, respectively, while for BTO and
STO film annealed at 600 � C are approximately 26�5 nm and
14�5 nm, respectively. Clearly, the crystal size of the SrTiO3/
BaTiO3 films increases with increasing annealing temperature. For
four layer film (STO/BTO/STO/BTO) annealed at 600 �C, the crystal



Fig. 2. AFM 2D images (0:3 mm �0:3 mm) of STO/BTO films deposited on ITO coated glass annealed at various temperatures for 20 min (a) 300 �C, (b) 500 �C, (c) 550 �C, (d)

600 � C and (e) 650 �C.

Fig. 3. Transmittance spectra of STO/BTO films annealed at various temperatures for

20 min: (a) 300 �C, (b) 500 �C, (c) 550 �C, (d) 600 � C and (e) 650 �C; (A) glass and (B)

ITO/glass.
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sizes of BTO and STO films are 44� 4 nm and 24� 4 nm,
respectively. The crystallite size of BTO is slightly larger than that
of STO. This is due to the fact that the BTO solution was deposited
on the first layer which was annealed for two times longer than
that of the top STO film. We further prove this assumption by
inverting the order of the film layer and depositing on Si (1 0 0)
substrates. By comparing the X-ray diffraction patterns of STO/BTO
and BTO/STO films as presented in Fig. 1(b), we clearly see that the
film located in the first layer showed higher and narrower peaks.

The X-ray diffraction patterns of the films annealed at 600 and
650 � C showed a splitting of the BTO peaks. This suggests that BTO
adopted tetragonal structure. Our calculated lattice parameters for
BTO were a = 3.995�5 Å and c ¼ 4:011� 5 Å while STO structure
exhibited a cubic structure with lattice constant of 3.905�5 Å. We
did not observe any phase transition and all the films annealed at
600 and 650 � C showed the same X-ray diffraction patterns. The
surface of morphology was investigated by atomic force micros-
copy (AFM). Fig. 2 presents AFM images of the STO/BTO films as a
function of annealing temperature. The grain sizes of the films also
increases with increasing annealing temperatures reaching ca.
30 nm at 650 �C. This may result from higher atom mobility with
increasing temperature which causes a more effective recrystalli-
zation of the material of the films and resulting in larger grains.

3.2. Optical properties

Fig. 3 shows the optical transmission spectra of STO/BTO films
annealed at various temperatures in the 200–800 nm wavelength
range. The transmission spectra of glass and ITO/glass are shown in
the same figure for comparison. All the films annealed at high
temperatures were transparent and exhibited optical transmit-
tance of ca. �85% in the visible region. The oscillations in the
transmittance curve due to interference have low depths of
modulation indicating inhomogeneity of the films across the light
beam. Overall, the films annealed at higher temperatures displayed
lower transmittance. The thickness d of the film can be determined
using the envelope method according to Swanepoel [31] where
nðl1Þ and nðl2Þ are refractive indices of two adjacent maxima or
minima at wavelengths l1 and l2, respectively:

d ¼ l1l2

2½nðl1Þl2 � nðl2Þl1�
(2)
The resulting film thickness of 250�20 nm calculated from Eq. 2
is consistent with the cross-sectional image from scanning electron
microscopy. From the optical transmission spectra, the absorption
coefficient (a) of the films was determined from the equation:

a ¼ 1

d
ln

1

T

� �
(3)

where T is the normalized transmittance and d is thickness of the
films [32]. All the films showed a sharp absorption onset in the
near-UV region. The absorption edge of the films shifts to longer
wavelengths as the annealing temperature increases. It is known
that exciton–phonon coupling or dynamic disorder is the main
factor contributing to absorption edge broadening for crystalline
materials [33]. In amorphous materials, imperfections and
disorder bring additional broadening due to static disorder. In
the films of smallest grains changes in Urbach-type absorption tail
manifest the static inhomogeneity due to the presence of localized
states within the gap and maybe quantified by the steepness of the
band edge [33] which can be estimated from the slope of the plot of
a2 versus hn at the beginning of band-to-band absorption [34]. The
band edge steepness of our film increased with increasing the
annealing temperature suggesting that the density of localized



Fig. 4. Determination of the Urbach energy for STO/BTO films annealed at 500, 550

and 600 � C from the absorption coefficient. Fig. 5. Plot of ðahnÞ2 versus hn for STO/BTO films annealed at various temperatures.

Fig. 6. Temperature and thickness dependence of the band gap energy for STO/BTO

multilayered films.
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states decrease with heating temperature. A more quantitative
measurement of the band edge characteristic can be obtained from
so-called Urbach rule [35]. In general, an exponentially increasing
absorption edge can be seen in various types of materials:

a ¼ a0 exp
sðhn� E0Þ

kT

� �
¼ a0 exp

hn� E0

EU

� �
(4)

where and a0 and E0 are the Urbach bundle convergence point
coordinates, EU is the absorption edge energy width interpreted as
the width of the tails of localized states in the band gap and s is the
steepness parameter, k is the Boltzmann constant and T is the
temperature. Fig. 4 shows the plot of lna versus hn at different
annealing temperatures. The calculated Urbach energy which is
inverse to the absorption edge slope value (EU= ðkT=sÞ) for STO/
BTO films annealed at 500, 550 and 600 �C, respectively, are 0.272,
0.263 and 0.220 eV, respectively.

As the annealing temperature increases, larger grains are
formed which brings an increased band edge steepness. This may
be explained by the reduction of the surface to volume ratio as
crystals grow larger since the localized states most likely arise from
surface states.

The Tauc relation between the absorption coefficient and direct
and indirect band gap energies (Eg) are given by [32,36]:

ðahnÞ2�ðhn� EgÞ; (5)

and

ðahnÞ1=2�ðhn� EgÞ; (6)

for allowed direct transitions and indirect transitions, respectively,
where hn is the energy of the incident photon. We plotted ðahnÞn

(n ¼ 2 for direct transition and n ¼ 1=2 for indirect transition)
versus hn, and obtained Eg by extrapolating the linear portion of
the plot to zero frequency. We found that the best fit to a straight
line was obtained for n ¼ 2 indicating that a direct allowed
transition occurs at G point in the Brillouin zone from the valence
band maximum to the conduction band minimum. Fig. 5 shows the
plot of ðahnÞ2 as a function of hn at various annealing
temperatures. The same absorption region has been used to
evaluate optical band gap [37,38]. Fig. 6 shows the band gap energy
versus annealing temperatures. For the films annealed at lower
temperatures (300, 400, 500 and 550 �C), the value of the energy
gaps gradually decrease with annealing temperature in the range
of 4.19–4.03 eV. An abrupt decrease towards the bulk band gap
value is observed for the films annealed above 600 � C yielding the
energy gap in the 3.64–3.74 eV range. The experimental direct and
indirect band gap energies for BTO are 3.6 and 3.2 eV, respectively
[39], while those for STO are 3.75 and 3.25 eV, respectively [40,41].
The band gap of the amorphous phase is about 0.3–0.5 eV larger
than that of the crystalline phase [39–41]. The abrupt decrease of
energy gap from around 4 to 3.74 eV is consistent with a change in
the structure of the films from amorphous to crystalline phase. The
results of the energy gap are in agreement with the XRD results
that show a more crystalline phase obtained when the films
annealed above 600 �C. Similar change in energy gap has been
observed for sol–gel derived BaTiO3[7] and SrTiO3 films [21]. We
further investigated the thickness effect of optical band gap by
depositing four layers films (STO/BTO/STO/BTO) on ITO coated
glass. For the same annealing temperature, the thicker films
exhibited a reduction in the energy gap which is similar to that
shown in Fig. 6. The crystallinity and the grain size of the films
increase with the film thickness resulting in a decrease of the
energy band gap. The shift of optical band gap energy can be also
explained in terms of quantum-size effect in which the films with
large crystallites will have red-shifted absorption onsets. By way of
comparison, we used the quantum confinement prediction for
energy gap [42].

EgðrÞ ¼ EgðbulkÞ þ 2p2�h
2

r2

1

jmej
þ 1

mhj j

� �
(7)

EgðrÞ ¼ EgðbulkÞ þ 2p2�h
2

r2m
(8)

where me, mh, m, r are the effective mass of electron, the effective
mass of hole, the reduced mass and the diameter of nanoparticle,
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respectively. Normally, if the particle size is smaller than the
corresponding DeBroglie wavelength, the size quantization effects
can be observed in the band gap. The theoretical calculated
DeBroglie wavelength for BTO and STO is about 15 nm, aB ¼
ð4pe0er�h

2Þ=me2 where er is the dielectric constant. Fig. 7 shows a
comparison of the theory of quantum confinement model along
with the experiment values for the allowed direct and phonon
assisted indirect transitions. In the calculation for BTO, we
substituted me for 0.81mo (G! R direction) and mh for
�2:78mo (R! X direction) for indirect transitions (m=0.62mo),
where mo is the mass of a free electron equal to 9.11 � 10�31 kg
[42,43]. The resulting values of direct band gap energies are larger
than those of indirect band gap energies. As the particle size gets
larger, the band gap energies approach the bulk values. For smaller
crystallite size, there is a shift in band gap from the theoretical
curve for both transitions. This is because the values for the
effective mass of electron and the effective mass of hole used in our
calculation were obtained from bulk assumption using the first
principle calculation [43]. A better agreement between our data
and the theory can be obtained by adjusting the reduced mass.
Such procedure leads to a reduced mass of m=0.03mo which would
be consistent with band curvatures that are significantly larger
than the bulk predictions. One has to note that the band
discontinuities are not true infinite potential barriers which
softens the confinement of the carriers and may also cause a
deviation between the theory and our data. The shift of the energy
band gap to the higher energies with decreasing in particle size is
caused by destruction of the excitons [44].

We now turn our attention to the optical absorption. Our
films showed a sharp absorption near UV region but not in the
visible region. In the region of medium and weak absorption,
a 6¼ 0 the complex refractive index (n

�
¼ n� ik, where n is the

refractive index and k is the extinction coefficient) can be
obtained by [31]:

nðlÞ ¼ ½N þ ðN2 � n2
s Þ

1=2�
1=2

(9)

where

N ¼ ðn
2
s þ 1Þ

2
þ 2ns

ðTmax � Tmin Þ
Tmax Tmin

(10)

where ns is the refractive index of ITO/glass substrate, Tmax and Tmin

are the maximum and minimum transmittances at the same
wavelength in the envelop curves, respectively.
Fig. 7. Direct and indirect band gap energies versus the average particle size. The

solid line is a prediction by quantum size effect. The dashed lines are the prediction

of the quantum size effect with adjustable effective mass.
The extinction coefficient k, the absorption coefficient a, and
the thickness d are related by the following equations [31]:

k ¼ al
4p

(11)

a ¼ 1

d
ln
ðn� 1Þðns � nÞ½1þ ðTmax =Tmin Þ1=2�
ðnþ 1Þðns þ nÞ½1� ðTmax =Tmin Þ1=2�

(12)

Fig. 8 shows the variation of the dispersion curve of the films
with annealing temperature. The refractive index and the
extinction coefficient decrease with the wavelength following a
typical shape of dispersion curve near an electronic interband
transition, rising rapidly toward shorter wavelength [45]. The
refractive index increases with increasing annealing temperature.
The refractive index of perovskite thin films is known to
proportional to their electronic polarization per unit volume
which is inversely proportional to distance between atomic planes.
This result can be explained by an increase in the density of the film
due to better packing and increased crystallinity. The large
increase in refractive index and strain relaxation following
crystallization obtained for the films annealed at temperature
650 � C is due to crystallization of the perovskite phase. For
comparison with bulk STO (n ¼ 2:30–2.65) [46] and BTO (n � 2.3)
[47] or well crystallized STO (n ¼ 2:15–2.35) [48] and BTO thin
films (n ¼ 2:15–2.55) [49], the refractive index of our films is
lower. This suggests that crystalline structure of our multilayer
films leads to a relatively low density [46–49]. The extinction
coefficient of our films is less than 0.05 in the 450–750 nm
wavelength range indicating low optical losses with the film
annealed at 650 � C exhibiting the lowest loss.
Fig. 8. The variation of (a) refractive index, n and (b) extinction coefficient, k of the

films as a function of wavelength.
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4. Conclusions

Crystalline SrTiO3/BaTiO3 multilayered thin films have been
prepared on ITO coated on glass by a sol–gel spin coating
technique. The structural and optical properties of the films were
studied. Our results indicate that the films annealed above 600 � C
show more pronounced crystallinity with large grain size. As the
grain decreases, the localized states increase leading to broadening
in the absorbance. Tunable band gaps can be obtained by varying
annealing temperatures and the film thickness. The variation of the
band gap energy upon the particle size follows from quantum
confinement effects with somehow smaller carrier-effective
masses. The optical band gap of the film annealed at 650 � C
approach the bulk value.
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