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Temperature-Dependent Dielectric Properties for (Ba,Sr)TiO3 Graded Thin
Films on MgO (001) Substrate Grown by Pulsed Laser Deposition
S. E. Moon,∗ E.-K. Kim, H.-Y. Lee, J. Park, K.-H. Park, M.-H. Kwak, H.-C. Ryu, S.-J. Lee and K.-Y. Kang
IT Convergence Component Laboratory, Electronics and Telecommunications Research Institute, Daejeon 305-350

Y.-T. Kim
Research Laboratory, Gumi Institute of Electronics Technology, Gumi 730-701

Bae Ho Park
Department of Physics, Konkuk University, Seoul 143-701
Oriented (Ba0.6 ,Sr0.4 )TiO3 (BST60) and graded (Ba,Sr)TiO3 (BST) films were deposited on
MgO (001) single crystals by using a pulsed laser deposition method. Structural properties of the
films were investigated by using an X-ray diffractometer. The dielectric properties of the films
were investigated under a dc bias field of 0 − 20 V in the temperature region from 173 to 393
K by using interdigital capacitors (IDC) fabricated by photolithography and an etching process.
The temperature-dependent small-signal dielectric properties of the films were measured with a
Keithley 590 C-V meter. The measured temperature-dependent tunability for an IDC device based
on BST60/MgO, BT/··/ST/MgO and ST/··/BT/MgO multilayer structure showed interesting data.
The trends of the dielectric properties of the IDC may be due to the fact that they are affected by
Curie temperature, lattice constant, strain/stress, etc.
PACS numbers: 77.55.+f, 77.90.+k, 88.84.-s
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I. INTRODUCTION

Microwave tunable devices are necessary components
for next-generation communication applications to attain high-density integrated modules. The core element
of “tunability” exists in the material of the component,
and ferrites, semiconductors, and ferroelectric materials
are such materials. Ferroelectric thin films have been
studied for a long time, due to their high dielectric constant, low power consumption, high power capability,
and high radiation resistance [1]. Especially, ferroelectric (Ba,Sr)TiO3 (BST) thin films have been extensively
investigated to explore the possibility of microwave tunable devices, due to their large tunability and relatively
low loss [2–10].
Besides the above-mentioned characteristics, thermostability is another required characteristic. The dielectric permittivity of a ferroelectric is strongly temperature dependent, especially near the Curie temperature.
For single-crystalline and polycrystalline bulk BST ceramics, the dielectric permittivities are reported to be
strongly temperature-dependent, with a sharp dielectric
anomaly at the ferroelectric-to-paraelectric phase transi∗ E-mail:
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tion. A diffused phase transition is often reported in the
case of BST thin films, mainly due to the finer grain size,
retained strain, composition heterogeneity, etc. This
causes serious problems in practical applications such
as phase shifters, tunable filters, and resonators. The
operating temperature of the device is not always room
temperature, so a small temperature coefficient of capacitance (TCC), defined by the rate of change of capacitance following a temperature change, is needed. S.
Gevorgian reported that the TCC value of a capacitor
decreased when a capacitor was made of two ferroelectric materials with different Curie temperatures [11–13].
In this work, we have tried graded thin films consisting of BaTiO3 , (Ba0.8 ,Sr0.2 )TiO3 , (Ba0.6 ,Sr0.4 )TiO3 ,
(Ba0.4 ,Sr0.6 )TiO3 , (Ba0.2 ,Sr0.8 )TiO3 and SrTiO3 , which
is expected to have a low TCC value with respect to that
of single (Ba0.6 ,Sr0.4 )TiO3 thin films.

II. EXPERIMENTS
Epitaxial (001) (Ba0.6 ,Sr0.4 )TiO3 (BST60) and compositionally graded BST films were deposited onto (001)
MgO single crystals by using the pulsed laser deposition method. A focused, pulsed beam from a
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Kr:F excimer gas laser (∼2.5 J/cm2 ) transferred the
materials of stoichiometric BaTiO3 , (Ba0.8 ,Sr0.2 )TiO3 ,
(Ba0.6 ,Sr0.4 )TiO3 , (Ba0.4 ,Sr0.6 )TiO3 , (Ba0.2 ,Sr0.8 )TiO3
and SrTiO3 to a heated substrate attached to a heater.
The oxygen pressure in the deposition chamber was fixed
at 150 mTorr, while the substrate temperature was maintained at 750 ◦ C. Graded BST films of different series in
the BaTiO3 to SrTiO3 gradient composition were synthesized. For example, the series starting with BaTiO3
(bottom layer) at the MgO substrate and ending with
SrTiO3 (top layer) is called ST/··/BT/MgO, and that
starting with SrTiO3 (bottom layer) at the MgO substrate and ending with BaTiO3 (top layer) is called
BT/··/ST/MgO.
The structural properties of the BST films were characterized by using X-ray diffraction (XRD) measurement
with a Rigaku X-ray diffractometer equipped with a Cu
Kα radiation source. The thickness of the deposited BST
films was about 300 nm, which was confirmed by using
a cross-sectional scanning electron microscope (SEM).
The dielectric properties of the BST and BST graded
films were measured by using a Keithley 590 C-V meter and Solartron impedance analyzer over the frequency
range of 1 Hz ∼ 1 MHz with measuring temperature variation from 173 K to 393 K for an interdigital capacitor
(IDC) fabricated from a thick Au electrode (about 2 µm)
with a thin Cr adhesion layer. The line width was 20 µm,
and gaps between the electrodes were 3, 5, 7 and 10 µm.
The overlap length of the IDC device was 500 µm. A
dc bias field between electrodes to measure the dielectric
constant variation of the BST and BST graded film was
applied.
Tunability is defined as the fractional change of capacitance: tunability = [C(0)-C(V)]/C(0), and the temperature coefficient of capacitance (TCC) is defined by the
rate of change of capacitance following a temperature
change, that is, ∆C/[C∆T].

III. RESULTS AND DISCUSSION
Epitaxial BST and graded-film growth on (001) MgO
could be achieved under broad deposition conditions. At
750 ◦ C, epitaxial (001) BST and graded films were grown
without secondary peaks at an oxygen pressure of 150
mTorr. X-ray diffraction (XRD) θ-2θ patterns of the
(001)-oriented BST and graded films on (001) MgO substrates are shown in Figure 1. JCPD data and those
for grown film of BST60 are shown in Figure 1(a) and
(d), respectively. Secondary orientations are not seen in
the XRD patterns, which suggests that each BST film is
oriented along one direction and has a single phase. In
Figure 1(b) and (c), XRD patterns of the graded BST
films are shown. Secondary orientations are again not
seen, but the broadness of the (00l) peak is shown with
respect to that of BST60 film. This phenomenon is due
to the variation of the lattice parameter according to the
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Fig. 1. X-ray diffraction (XRD) θ-2θ patterns of (a) JCPD
data for (Ba0.6 ,Sr0.4 )TiO3 , (b) ST/··/BT/MgO sample, (c)
BT/··/ST/MgO sample, and (d) (Ba0.6 ,Sr0.4 )TiO3 films on
(001) MgO substrate.

Fig. 2. Surface morphologies of (a) ST/··/BT/MgO sample, and (b) BT/··/ST/MgO sample.

composition in the graded BST films. The lattice parameters of the BST group are 0.4038 nm, 0.3905 nm and
0.4121 nm for BaTiO3 , SrTiO3 and MgO, respectively.
The surface morphologies of two types of the BST
graded films are shown in Figure 2. The films have a
smooth surface and columnar structure, but the surface microstructure of the graded BST films is somewhat different for the two types of graded films; this
is determined by the composition of the first layer grown
on the MgO substrate. All samples show a typical bimodal grain size distribution with average grain size
(∼90 nm).//
Frequency-dependent dielectric properties of the IDC
device based on the BST graded films are shown in Figure 3. The measured frequency range was from 1 Hz
to 1 MHz at room temperature. The measured capac-
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Fig. 3. Frequency-dependent dielectric properties of the IDC device based on (a) the BT/··/ST/MgO sample, and (b) the
ST/··/BT/MgO sample.

Fig. 4. Measured voltage dependent capacitance values of three types of IDC device based on (Ba,Sr)TiO3 (BST) materials
at 1 MHz for different temperatures, (a) 173 K, (b) 293 K, and (c) 393 K with dc bias variation from +20 V to − 20 V.

Fig. 5. Measured temperature dependent dielectric property for three types of IDC devices based on BST/MgO,
BT/··/ST/MgO, and ST/../BT/MgO samples, (a) temperature dependent capacitance and (b) temperature dependent tunability.

itance values show small frequency-dependent decrease
tendencies due to dielectric relaxation, and these tendencies are different for the two cases. The larger measured
value in the IDC based on ST/··/BT/MgO is due to the
smaller difference in lattice parameter between the first
film, BaTiO3 and MgO substrate, i.e., the smaller tensile
stress between the film and the substrate. The dielectric
properties of BST films are affected by many factors,
such as Ba/Sr ratio, grain size, defect chemistry, oxygen
vacancies, strain and stress, and dopant. Among these,

it is known that small tensile stress gives a large dielectric constant and tunability. The dielectric loss value is
smaller than 0.05 in the measured frequency range for
the two samples.
Figure 4 shows measured voltage dependent capacitance values of three types of IDC device based on BST
materials at 1 MHz for different temperatures, 173, 293,
and 393 K, with dc bias variation from +20 V to − 20
V. For all samples, the dc bias voltage is not enough
to saturate the polarization with respect to the gap size
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in the IDC device. Thus, the full saturation curve is
not shown, but a typical “butterfly”-shape capacitancevoltage curve is shown. The shape is associated with the
polar phase, which is governed not only by the Ba content in the BST films, but also by strain and stress. For
the IDC device based on the BT/··/ST/MgO sample, no
hysteresis phenomenon is found, but the measured capacitance value is the smallest. For the IDC based on
the BST60/MgO sample, below the Curie temperature
a hysteresis phenomenon is found and the measured capacitance value is temperature-dependent. For the IDC
based on the ST/··/BT/MgO sample, a hysteresis phenomenon is found for the measured temperature range,
but the temperature dependence of the measured capacitance value is the smallest.
Figure 5 shows the measured temperature-dependent
dielectric properties for three types of IDC devices:
temperature-dependent capacitance is shown in Figure
5(a), and temperature-dependent tunability is shown in
Figure 5(b). As shown in Figure 5(a), in the measured temperature region the IDC device based on
BST60/MgO shows the expected diffused phase transition with a Curie temperature at about room temperature, for the above-mentioned reasons. Also, the
IDC device based on the BST graded film undergoes
a somewhat flat phase transition as compared to that
of the IDC device based on the BST60 film. This
phenomenon is believed to be due to the superposition effect of diffused dielectric anomalies for the constituent BST films. Furthermore, the capacitance value
for the IDC device based on the BT/··/ST/MgO sample
is smaller than those of the IDC devices based on the
BST60/MgO and ST/··/BT/MgO samples. This phenomenon is due to the strain and stress effect between
the first film layer and the MgO substrate. The small
tensile stress is known to help the improvement in the
dielectric anomaly peak value and tunability. Therefore,
as shown in Figure 5(b), the tunability for the IDC device based on the BT/··/ST/MgO sample is the smallest,
with a small TCC value. From the results in Figure 5(a),
TCC values for the IDC device based on the BST graded
films are smaller than that of the IDC device based on
BST60/MgO, for the above-mentioned reasons. The values are 0.03225 and 0.0002 for the IDC devices based
on the BT/··/ST/MgO sample and the ST/··/BT/MgO
sample, respectively.

IV. CONCLUSION
In summary, the temperature dependent dielectric
properties of BST and graded films on MgO substrate were measured. The dielectric properties were
different for three types of samples: BST60/MgO,
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BT/··/ST/MgO and ST/··/BT/MgO. The main reason
is believed to be the difference in strain and stress due
to the difference of lattice parameter of the films and
substrate. No hysteresis phenomenon was found in the
BT/··/ST/MgO sample, and the smallest TCC value was
found in the ST/··/BT/MgO sample.
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