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Abstract

We fabricated (Ba0.6Sr0.4)TiO3 (BST) thin films of various thicknesses on sapphire (−1 1 2 0) substrates using metal-organic decomposition method.
These films showed grain growth from 160 to 650 nm with an increase in the thickness from 90 to 1050 nm. At microwave frequencies, the measured
capacitances of the planar capacitors decreased with the film thickness because the electro-magnetic field propagates across high permittivity BST
films to the low permittivity sapphire substrate. However, we found that the BST-thin film permittivity remained large up to 90 nm thick, based on
electro-magnetic field analysis using the finite element method. On the other hand, the BST thin film tunability decreased with the film thickness.
© 2005 Elsevier Ltd. All rights reserved.
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. Introduction

Frequency agile technologies are promising for next-
eneration mobile telecommunication systems. There is a lot
f research on tunable devices, such as antennas, filters, and
hase shifters. Many materials are available that can achieve
requency tunability, such as PIN/Schottky diodes, GaAs/FET-
, GaAs/varactors, MEMS, and ferroelectrics. We can select the
ost suitable material for potential applications using frequency

gile technology.
Ferroelectric materials have a large dielectric loss, due to

he domain wall movement, and they show a large dielectric
ispersion at microwave frequencies. Above Curie temperatures
Tc), ferroelectric material enters a para-electric state, and the
nsuing dielectric loss drastically decreases while the materials
etain a large permittivity. These materials are thus very effective
or use in microwave-frequency tunable devices.

Of all the ferroelectric materials (Ba,Sr)TiO3 (BST) is con-
idered the most promising for microwave frequency agile
pplications.1 For BST systems, Tc can be easily adjusted by
ubstituting barium ions for the strontium ions. The result-

tric constant of BST decreases as it is thinned, and the dielectric
tunability decreases with the thickness. These effects are caused
by the interlayer between the electrodes and BST. This is true
for metal–insulator–metal/parallel-plate capacitor structures.3

On the other hand, such thickness effects are not clear in
planar capacitor structures,3 although the formation of interdig-
itated electrode-array (IDEA)/planar-type structures is common
for actual microwave devices. Moreover, planar-type devices
have a productivity advantage because of their simple structure.
They are more reliable and offer a choice of electrode metals
compared to MIM/parallel-plate capacitor structures, in which
the electrode metal on the bottom sometimes degrades relia-
bility and quality factors. For these reasons, we must obtain
more information through experiments on the thickness depen-
dence of planar-type components.3 We fabricated BST films
of various thicknesses on sapphire substrates and used a pla-
nar/IDEA structure to investigate the thickness dependence of
the microwave-tunable properties.

2. Experimental
ng BST has a large permittivity and low loss (tan δ < 0.01)
t microwave frequencies. The effect of thickness on dielec-
ric properties has been reported for these systems.2 A lot of
esearch has focused on this phenomenological field. The dielec-

As shown in Fig. 1, BST thin films were fabricated
on sapphire (−1 1 2 0) using metal-organic decomposition
(MOD). Reagent-grade strontium, barium and titanium alco-
hol oxides were mixed to form the precursor solution. We
c
a
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hose (Ba0.6Sr0.4)TiO3 for our investigation. We dropped a fixed
mount of the solution on the sapphire substrate (0.366-mm
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Fig. 1. Fabrication of (Ba,Sr)TiO3 thin films using metal-organic decomposi-
tion.

thick) and coated it, using a spin coater with preset times for
each sample. After they were coated with the MOD solution,
the samples were annealed at 900 ◦C for 1 h.

The microstructures were examined using field-emission
scanning electron microscopy (FESEM) and atomic force
microscopy (AFM). The crystalline phases were identified using
X-ray diffraction analysis (XRD). To measure the microwave
dielectric properties, we patterned interdigitated electrode arrays
(Fig. 2) on top of the BST films using a photolithographic lift-off
process. Two-micron thick Cu-electrodes formed using e-beam
evaporation.

We measured the microwave dielectric properties and tunabil-
ity using a vector network analyzer (HP8510C) and applying a
DC bias voltage thru bias-T, at a frequency below 10 GHz. We
measured permittivity using the conformal matching method,4,5

assisted by electro-magnetic field analysis using the finite ele-
ment method (FEM). Permittivity measurements at microwave
frequencies were confirmed using the perturbation method.6 The

Fig. 3. Cross-sectional FESEM photograph of (Ba0.6Sr0.4)TiO3 thin film.

tunability of each sample was calculated using:

Tunability (%) = C0 − Cbia

C0 × 100
(1)

where C0 and Cbia are the capacitances with no bias and applied
bias voltage, respectively.

3. Results and discussion

Fig. 3 shows an FESEM photograph of a cross-section of the
BST film. Surface images of the films analyzed using AFM are
shown in Fig. 4. The BST deposited on the sapphire/R-plane
(−1 1 0 2) had a dense film microstructure. In the AFM images,
we observed an accelerated grain growth from 160 to 650 nm,
with increases in the film thickness from 90 to 1050 nm. The
grain size compared to the film thickness is shown in Fig. 5.
When the thickness was below 300 nm, grain growth was con-
strained. This could have been caused by the interaction with
the substrate. The results of the XRD analysis are illustrated in
Fig. 6. They reveal a random growth orientation.

Fig. 7 shows the results of the FEM simulation for the
interdigitated-electrode array structure shown in Fig. 2. We
clearly observed a decrease in the capacitance when the BST film
was thinned. As shown in Fig. 7(a), the electro-magnetic field
between the interdigitated electrode arrays propagated across
t
s
b
a
d
d
t
i
s
m
d
s
B
Fig. 2. Interdigitated electrode array.
he BST thin films with a high dielectric constant (>300) to the
apphire substrate with the low dielectric constant (<10) and
ecame strong enough to propagate to the sapphire substrate,
s the film thickness decreased. Consequently, we observed a
ecrease in the capacitance with the film thickness, when the
ielectric constant of the BST thin film was held constant as
he thickness decreased. In general, planar-capacitor permittiv-
ty is the effective permittivity because the actual permittivity is
maller than that of capacitor dielectrics. Because the electro-
agnetic field propagates to the substrate, and to the air, it

ecreases the actual planar-capacitor permittivity. The results
hown in Fig. 7 demonstrate that the effective permittivity of the
ST-deposited substrate decreases with the film thickness.
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Fig. 4. Surface images of BST thin films analyzed using AFM: (a) 90 nm; (b) 150 nm; (c) 240 nm; (d) 510 nm; (e) 1050 nm.

Fig. 5. Grain growth of BST thin film. Fig. 6. XRD patterns of BST thin films.



1876 K. Kageyama et al. / Journal of the European Ceramic Society 26 (2006) 1873–1877

Fig. 7. Results of FEM simulations for capacitances of interdigitated electrode
array compared to various (Ba0.6Sr0.4)TiO3 film thickness. (a) Results of electro-
magnetic field analysis. (b) Summary of simulated capacitances compared to
BST film thickness for various film permittivities.

The measured dielectric constants for various film thick-
nesses are summarized in Fig. 8. They remained large, even
when the thickness decreased to below 200 nm. The measured
dielectric tunabilities obtained under various film thickness con-
ditions are summarized in Fig. 9. We observed that the tunability
decreased with the thickness. Higher permittivity causes higher
tunability.3 Bellotti et al.7 measured a significant decrease in
the tunability as the film thickness dropped below 180 nm,
even in planar structures. However, the thickness dependence
of permittivity was not presented in their work. We still do not

Fig. 9. Thickness dependence of dielectric tunability for BST thin films.

know whether the thickness dependence of permittivity in planar
capacitors is the same as in parallel-plate capacitors.

In this work, we found that permittivity remains large, even
at thicknesses below 200 nm. On the other hand, tunability
decreased with the thickness in the planar structures. There-
fore, in planar capacitors, permittivity does not significantly
depend on the BST film thickness, whereas tunability does. The
dielectric tunability of BST films in planar capacitors increased
with the capacitance or effective permittivity. This indicates that
the decrease in the tunability of planar capacitors (caused by
decreasing the BST thickness), is accompanied by a decrease in
the effective permittivity of the BST deposited substrate.

4. Summary

We fabricated (Ba0.6Sr0.4)TiO3 films of various thicknesses
using the metal-organic decomposition. These films have a
dense, randomly oriented, polycrystalline microstructure. They
showed a grain growth from 160 to 650 nm, and a correspond-
ing film thickness increase from 60 to 960 nm. The measured
capacitances for the interdigitated electrode-array structures
at microwave frequencies decreased with the film thickness
because the electro-magnetic field propagated across the film to
the sapphire substrate. This caused a decrease in the measured
capacitance. However, permittivity remained large, even when
t
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Fig. 8. Thickness dependence of dielectric constant for BST thin films.
he thickness decreased to below 200 nm. Tunability decreased
ith the thickness. This indicates that the decrease in planar-

apacitor tunability caused by thinning the film is accompanied
y a decrease in the effective permittivity of the BST-deposited
ubstrate, while maintaining a large permittivity. Therefore,
lanar-capacitors have markedly different behaviors in their
hickness dependence on the dielectric properties from those
f parallel-plate capacitors.
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