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Abstract

Ba0.6Sr0.4TiO3 (BST) films with different thickness were grown on (0 0 1) MgO substrates by pulsed laser deposition. Effects of

thickness and post-deposition annealing on the crystal structure and dielectric properties of BST films are investigated. Enhancement of

the crystal structure through post-deposition annealing is analyzed from the viewpoint of energy minimization principle of stable state.

The best dielectric properties are obtained for the 500-nm-thick BST film with post-deposition annealing at 1000 1C in flowing O2

atmosphere. Based on the high-quality BST film, a distributed microwave phase shifter was fabricated, and promising high-frequency

device performance is achieved.

r 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Ba1�xSrxTiO3 (BST-x) films have been considered as a
suitable material for tunable microwave devices such as
phase shifters, filters, and infrared detectors [1–4]. It is well
known that considerable thickness is necessary for BST-x
film in the practical microwave device application. How-
ever, the crystal and epitaxial properties of the film decline
when its thickness reaches a certain value. Decrease of
orientation degree often leads to a decrease of dielectric
constant and tunability of the film, which will deteriorate
the performance of microwave device. It has been
demonstrated that post-deposition annealing was an
effective method to improve the dielectric behavior of
BST-x films [5,6]. Knauss et al. [7] reported the effect of
post-deposition annealing on the crystal structure and
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dielectric properties of BST-x thin films (x ¼ 0.35–0.65).
They found that annealing resulted in decrease in lattice
parameter and improvement of the dielectric properties of
the films. Moreover, various methods such as electron
beam, laser, millimeter wave, and ultraviolet ray have been
investigated to the annealing process in order to improve
the dielectric properties of the films [6,8–11]. However, few
researchers focus on the effect of annealing on BST-x thick
films.
In this letter, we investigate the effect of thickness and

post-deposition annealing on the crystal structure and
dielectric properties of Ba0.6Sr0.4TiO3 (BST) films. Me-
chanism of the phenomena is analyzed from the viewpoint
of energy minimization principle of stable state. The best
dielectric performance is obtained for the 500-nm-thick
BST film with post-deposition annealing at 1000 1C in
flowing O2 atmosphere. Based on this film, a distributed
phase shifter was successfully developed and its microwave
performance is presented.
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2. Experiments

BST target for our experiment was synthesized by
conventional ceramic-sintered processing [12,13]. BST films
with varied thickness were grown by pulsed laser deposi-
tion (PLD) on (0 0 1) MgO single-crystal substrates at
800 1C in an O2 ambient pressure of 30 PaA 308 nm XeCl
excimer laser was used with laser energy density of 2 J/cm2.
500-nm-thick BST films were annealed at 1000 1C in
flowing O2 for 10 h, and it is necessary to note that the
flowing O2 was still applied during the cooling process.

The film thickness was measured by a surface profiler of
Dektak 8. X-ray diffractions (XRD) y–2y scan, o scan, and
f scan studies were carried out to characterize the crystal
and epitaxial behavior of the BST films. The surface
morphologies of the BST films were observed with Nano
Scope III atomic force microscopy (AFM). The dielectric
behaviors of the BST film were measured by Agilent 4294A
precision impedance analyzer, using the conventional
interdigital electrode (IDE) method. A distributed micro-
wave phase shifter was fabricated, the sketch of which has
been described elsewhere [14]. And its microwave perfor-
mance was measured using an HP 8510C network analyzer.
3. Results and discussion

Fig. 1 shows the XRD y–2y scan of BST films with
varied thickness. In the XRD pattern of the 300-nm-thick
BST film, only BST (0 0 1) and (0 0 2) diffraction peaks
appear together with (0 0 2) peak of MgO substrate,
indicating a perfect c-axis orientation growth of the film.
However, in the pattern of 500-nm-thick sample, BST
(1 1 0) and (1 1 1) diffraction peaks appear in addition to
the diffraction peaks mentioned above, which reveals a
deteriorated c-orientation growth of film.
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Fig. 1. XRD y�2y patterns for varied thickness films: (a) 300 nm film, (b)

500 nm film, and (c) annealed 500 nm BST film. Inset is the cross-sectional

microstructures of the BST films observed by SEM.
According to the energy minimization principle of stable
state, total energy in film deposited on a substrate is the sum
of three compositions: (1) film–substrate interface energy,
(2) lattice strain energy in the film, and (3) surface energy of
the film [15]. The first item can be considered as a constant
for the films in our experiment because it does not depend
on the thickness of the film. In the case of 300-nm-thick BST
film, the strain energy due to lattice mismatch between the
film and substrate dominates. Minimization of the lattice
strain energy makes the deposition atoms arrangement
according to the lattice pattern of the substrate, which
induces the c-orientation growth of the films. With the
increases of the thickness, the lattice strain decreases and
the influence of surface energy strengthens gradually. As the
thickness of the film approaches a critical value, the lattice
strain energy is less than a critical value and the surface
energy dominates. It is known that the grown plan with
higher packing density has smaller surface energy, such as
(1 1 1) and (1 1 0) plane for the BST film. Minimization of
the surface energy drives the deposition atoms tending to the
arrangement of high packing density. Then, the high atomic
packing density arrangement fashions of the deposition
atoms could appear in the grown plane of thicker films. As a
result, (1 1 1) and (1 1 0) diffraction peaks are observed in the
diffraction pattern of 500-nm-thick BST film, which could
be attributed to the thickness effect.
In order to improve the crystal structure and dielectric

behaviors of the film, the films were annealed at 1000 1C in
flowing O2 atmosphere for 10 h. After post-deposition
annealing, the (1 1 0) and (1 1 1) diffraction peaks in the
500-nm-thick film disappear, which reveals the annealing
process improve crystal structure of the BST film. It could
be ascribed to the re-order of atomic arrangement.
Reduction of the lattice strain and oxygen vacancies result
in decrease of the total free energy, the effect of which
restrains minimization of the surface energy. As a result,
improved crystal properties were observed in the annealed
500-nm-thick BST film.
The cross-sectional microstructures of the films are

shown in the inset of Fig. 1. SEM micrographs show that
all of the films possess an abrupt interface between the film
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Fig. 2. f scan pattern and o-scan (inset) for annealed BST film with the

thickness of 500 nm.
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and substrate. Moreover, the annealed 500-nm-thick BST
film exhibits a preferable surface roughness compared with
the other two samples.
Fig. 3. AFM image for varied thickness films: (a) 300 nm film, (b) 500 nm

film, and (c) annealed 500nm BST film.
Fig. 2 shows f scan pattern of BST (1 1 0) diffraction
peak for annealed 500-nm-thick BST film. The scanning
peaks in the pattern are spaced by 901 and no random
peaks occur, which indicates that no measurable in-plane
mis-orientation exists in the BST films. The rocking curve
of BST film (0 0 2) peak is shown in the inset of Fig. 2,
which shows a full-width at half-maximum (FWHM) value
of 0.571. The result indicates a good crystallization of
annealed 500 nm BST film.
Fig. 3 shows the three-dimensional AFM images of the

BST films. The AFM micrographs show that the BST films
are crack free. The root-mean-square (RMS) roughness are
9.9, 10.3, and 6.4 nm for the 300, 500 nm thick, and
annealed 500-nm-thick BST films, respectively. It reveals
that the RMS roughness of the films has the same quantity
order, even though the 500 nm film has imperfect preferred
orientation. After annealing, the diffraction peaks of (1 1 1)
and (1 1 0) in XRD pattern of the 500-nm-thick BST film
disappear and the RMS roughness clearly reduces, which
could originate from improvement of crystallization and
the reduction of defect.
The bias electric field dependence of the dielectric

constant and loss tangent for 500-nm-thick BST films is
shown in Fig. 4. The dielectric constants at zero-bias
electric field are 185 and 373 for the as-deposited and
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Fig. 4. Electric field dependence of dielectric constant and loss tangent for

500-nm-thick BST films: (a) as-deposited film and (b) annealed film.
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Fig. 5. Insertion loss and return loss versus frequency curves for varied

DC bias voltage.
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Fig. 6. Differential phase shift with different DC bias up to 30V.
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annealed films, respectively. As bias electric field 20 kV/cm
applied to the sample, the tunability of 3% and 12% are
observed for the as-deposited and annealed films, respec-
tively. Although the dielectric loss increases slightly, we still
can conclude that an improved crystal structure after post-
annealing can results in an improved dielectric properties
of the films.

Based on the annealed 500-nm-thick BST film, a
distributed microwave phase shifter was successfully
fabricated [14]. RF measurements are carried out on an
HP 8510C network analyzer. The S-parameters of the
phase shifter are recorded up to 15GHz for different bias
voltage. Fig. 5 shows that the insert loss is better than
�7 dB and the return loss is under �15 dB in the range
from 1.5 to 15GHz. It is necessary to note that the return
loss peak almost has the same value in the measured
frequency range, which is in favor of the impedance
matching. The curves of differential phase shift versus
frequency for varied bias voltage are plotted in Fig. 6. The
phase shift is the function of measured frequency and it
rapidly increases with applied bias voltage. A moderate
differential phase shift of about 351 is observed with DC
bias voltage 30V at 15GHz at room temperature. There is
a large space for the improvement of device performance
by increasing the DC bias and optimizing the circuit
design.
4. Conclusion

In summary, the influence of the thickness and annealing
on the crystal structure and dielectric properties of BST
films has been studied. The phenomena are analyzed from
the viewpoint of energy minimization principle of stable
state. Excellent dielectric behaviors are observed in the
500 nm-thick BST film annealed at 1000 1C in flowing O2

atmosphere. Based on this film, a distributed phase shifter
is fabricated. The insert loss of the phase shifter is better
than �7 dB and the return loss is under �15 dB in the
range from 1.5 to 15GHz. And a moderate differential
phase shift of about 351 is obtained with 30V DC bias at
15GHz.
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