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Strain-relieved Ba 0.6Sr0.4TiO3 thin films for tunable
microwave applications

Wontae Chang,a) Steven W. Kirchoefer, Jeffrey M. Pond, and James S. Horwitz
Naval Research Laboratory, 4555 Overlook Avenue SW, Washington, DC 20375

Louise Sengupta
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~Received 26 February 2002; accepted for publication 16 May 2002!

This article discusses tunable dielectric thin films, with particularly emphasis on strain-relieved and
defect-reduced tunable dielectric thin films that significantly reduce dielectric loss at microwave
frequencies. Ba0.6Sr0.4TiO3 ~BST! thin films ~;0.3mm thick! were deposited onto~100! MgO single
crystalline substrates by pulsed laser deposition at 750 °C and 200 mTorr O2 with a nominal
600-Å-thick BST buffer layer. These films were observed to be strain relieved and show better
dielectric properties by exhibiting a significantly high dielectricQ(51/tand.100) while retaining
a useful dielectric tuning (5@C(0) –C(23 V/mm)#/C(0).20%, whereC is the film capacitance! at
8 GHz compared to strained BST thin films. The BST buffer layer could be composed of any porous
BST phase with randomly oriented grains between a nearly amorphous phase and a fully crystalline
phase. A further increase in the dielectricQ was observed in strain-relieved BST thin films mixed
with MgO and strain-relieved BST thin films doped with W. ©2002 American Institute of Physics.
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I. INTRODUCTION

BaXSr12XTiO3 ~BST! (0<x<1) is a solid solution
ferroelectric material exhibiting a large dielectric consta
change with applied dc electric field.1 The dc electric field
dependent dielectric constant is currently being used to
velop tunable microwave devices, such as voltage-contro
oscillators, tunable filters, and phase shifters.2–4 The avail-
ability of tunable microwave devices based on ferroelec
thin films would reduce the size and operating power of
vices while providing wide bandwidth and narrow bea
width. A large electric field effect has already been dem
strated in ferroelectric thin films.5 In addition to the dielectric
constant tunability with applied dc electric field, anoth
critical dielectric property in tunable microwave applicatio
is the dielectricQ(51/tand). Although many efforts have
been made to understand the origin of the dielectric lo
conventional tunable dielectric materials, both bulk ceram
and thin films, show too low of a dielectricQ to be useful for
many microwave device applications. A dielectricQ.200
will be required for many tunable microwave applications

One of significant factors affecting the microwave d
electric properties is the structural distortion caused by fi
strain, which enhances the inverse relationship between
electric tuning and dielectricQ.6–9 The inverse relationship
results in either large dielectric tuning~.75%! with low di-
electric Q(,50) or small dielectric tuning~,10%! with
high dielectricQ(.200) for a reasonably small dc bias vo
age~i.e., 50 V! and gap size~i.e., 5mm! of planar capacitors
at microwave frequencies, depending on either in-plane
tragonal distortion (ai.a'), whereai and a' are in-plane
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and normal lattice parameters of film or normal tetrago
distortion (ai,a'), respectively. Therefore, as far as
strain-induced structural distortion exists in the film, the m
crowave dielectric properties of the film can never exhi
both large dielectric tuning and high dielectricQ at the same
time, and relief of film strain should result in improved d
electric properties. In this article, a method for making tu
able dielectric thin films having substantially higher diele
tric Q while keeping reasonable dielectric tuning
microwave frequencies as compared to conventional die
tric thin films is presented. This method forms a stra
relieved dielectric thin film, thereby minimizing the effect o
the inverse relationship.

II. EXPERIMENT

Ba0.6Sr0.4TiO3 ~BST! thin films ~;0.3 mm thick! have
been deposited onto~100! MgO single crystalline substrat
at 750 °C in an oxygen ambient pressure of 200 mTorr
pulsed laser deposition~PLD! under three different process
ing conditions:~i! without a buffer layer,~ii ! with a nominal
200-Å-thick BST buffer layer, and~iii ! with a nominal 600-
Å-thick BST buffer layer. The thin~<1000-Å-thick! BST
buffer layer was deposited on a~100! MgO substrate at room
temperature and 200 mTorr O2 by PLD. The microstructure
of the BST buffer layer can be modified into any phase fro
a nearly amorphous phase to a randomly oriented fully cr
talline phase, depending on an in-PLD chamber heat tr
ment following the room temperature deposition. Also, 1
20.0, and 60.0 wt. % MgO-mixed Ba0.6Sr0.4TiO3 thin films
and 1.0 mol. % W-doped Ba0.6Sr0.4TiO3 thin films were
grown on~100! MgO substrates at 750 °C and 200 mTorr O2

with nominal 600-Å-thick BST buffer layers. The PLD sys
tem used to grow the BST films has been describ
il:
8 © 2002 American Institute of Physics
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1529J. Appl. Phys., Vol. 92, No. 3, 1 August 2002 Chang et al.
previously.10,11The output of a short-pulsed~30 ns full width
at half maximum! excimer laser operating with KrF~l5248
nm! at a repetition rate of 5 Hz was focused to a spot size
;0.1 cm2 and an energy density of;1.9 J/cm2 onto a BST-
based PLD ceramic target~i.e., Ba0.6Sr0.4TiO3 , MgO-mixed
Ba0.6Sr0.4TiO3 , or W-doped Ba0.6Sr0.4TiO3 bulk ceramics,
that were 2 in. in diameter and 0.25 in. thick!. The vaporized
material was deposited onto a substrate approximately 5
away from the target. All the deposited films were posta
nealed in flowing O2 at 1000 °C for 6 h. X-ray diffraction
~XRD! and scanning electron microscopy~SEM! were used
for film structure and surface morphology characterizatio

Single-gap planar capacitors with gaps from 5 to 20mm
were deposited on top of the BST thin films through a ph
tolithograph liftoff process bye-beam evaporation of 0.5mm
thick Au with a thin layer of Ti for adhesion. Interdigitate
capacitors with gaps from 6 to 12mm were also deposited o
top of the BST films through a polymethylmethacrylate li
off mask bye-beam evaporation of 1.5mm thick Ag with an
adhesive thin layer of Cr and a protective thin layer of A
The microwave dielectric properties, capacitance, and die
tric Q(51/tand), of BST thin films were characterized wit
two different techniques in this article:~i! resonance curve
(S21) measurements using single-gap planar capacitors
taining BST thin films incorporated with a half-waveleng
~l/2! stripline resonator12,13 and ~ii ! reflection curve (S11)
measurements using interdigitated capacitors based on
thin films probed by a 200mm pitch Picoprobe microwave
probe, which are connected to an HP 8510C netw
analyzer.14,15From resonance curve (S21) measurements, th
capacitance and dielectricQ(51/tand) of the single-gap pla-
nar capacitor were determined from a resonance conditio
the half-wavelength stripline resonator incorporating
single-gap planar capacitor, and from aQ correlation be-
tween the unloadedQ of the resonator containing the singl
gap planar capacitor of BST film and the unloadedQ of the
resonator with a nearly lossless capacitor~i.e., Al2O3 , TiO2 ,
and CaTiO3!.13 It is noted that dielectricQ measurements
using a stripline resonator are bounded by the unloa
Q(Q0) of the resonator with a capacitor practically witho
dielectric losses~i.e., Q05300 and 500 for 2 and 8 GH
resonators in this experiment!. From reflection curve (S11)
measurement, the data were fitted to a parallel resis
capacitor model to determine capacitance and dielectricQ of
the films.14,15 The dielectric constant of the films was e
tracted from the capacitance and the planar capacitor dim
sions through conformal mapping techniques for single-
planar capacitors16 and for interdigitated capacitors.17

III. RESULTS AND DISCUSSION

A. Film structure and surface morphology

Figure 1 showsu–2u XRD scans for Ba0.6Sr0.4TiO3 thin
films ~;0.3 mm thick! deposited onto~100! MgO single
crystalline substrates by PLD at 750 °C and 200 mTorr2

under three different processing conditions:~i! without a
buffer layer@Fig. 1~a!#, ~ii ! with a nominal 200-Å-thick BST
buffer layer@Fig. 1~b!#, and~iii ! with a nominal 600-Å-thick
BST buffer layer@Fig. 1~c!#. The BST films in Figs. 1~a! and
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1~b! can be considered as predominantly~100! oriented films
if their diffraction intensities are compared to those of ra
domly oriented powder diffraction peaks@i.e., I 110/I 100 is
about 9, whereI 110 and I 100 are the XRD intensity for~110!
and ~100! planes of a randomly oriented BST phase#.18 For
these~100!-oriented BST films@Figs. 1~a! and 1~b!#, the lat-
tice parameters along the surface normal (a') and in the
plane of the films (ai) were determined from XRD pattern
of symmetric ~004! or ~002! and asymmetric~024! reflec-
tions ~Figs. 2 and 3!. The difference in the normal lattice
parametera' obtained from~004! and~002! is typically less
than 0.0005 Å. In cases where the XRD peak intensity fr
BST films is not clear enough to determine the peak positi
the XRD summation mode was used as shown in Fig.
Diffraction peaks from the MgO substrate were used as
internal standard to reduce errors associated with meas
ment. Each BST diffraction peak was fitted with two Gaus
ian functions by considering four factors of peak shape~the
ratios of height, width, and area ofKa1 andKa2 peaks, and
the distance betweenKa1 and Ka2 peaks! after removing
the background. The uncertainty of the lattice paramete
typically less than 0.001 Å.

The lattice parameters of the BST thin films calculat
from an analysis of the XRD data are presented in Tabl
The in-plane lattice parameter of a BST thin film deposit
directly on a~001! MgO substrate without a BST buffer laye
is observed to be 0.2% larger than the normal lattice par
eter, resulting in an in-plane tetragonal lattice distortion (ai

.a'). The in-plane lattice parameter of a BST thin film wi
a nominal 200-Å-thick BST buffer layer is observed to

FIG. 1. XRD patterns of BST thin films deposited on~001! MgO ~a! without
a buffer layer,~b! with a 200-Å-thick BST buffer layer, and~c! with a
600-Å-thick BST buffer layer.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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1530 J. Appl. Phys., Vol. 92, No. 3, 1 August 2002 Chang et al.
0.2% smaller than the normal lattice parameter, resulting
normal tetragonal lattice distortion (ai,a'), although the
structure for the corresponding bulk BST should be cubic
room temperature. The film distortion is believed to be d
to lattice and thermal expansion mismatches between
film and substrate and due to oxygen vacancies. During
deposition and postannealing processes, the film lattice s
ture could be modified to minimize the interface ener
which is dominated by the lattice and thermal expansion m
matches between the film and substrate. Oxygen vacan
mostly formed during film deposition, were observed to s
nificantly affect the film lattice structure by causing either
in-plane or normal lattice distortion~i.e., ai.a' or ai,a'!
depending on oxygen deposition pressure.19 This preferen-
tially directional lattice could be due to an oxygen–vacan
preferential direction, either in-plane or normal, depend
on the oxygen deposition pressure in conjunction with
film deposition direction. In the case of a BST thin film wi
a nominal 200-Å-thick BST buffer layer, the buffer laye
which was expected to form a dispersed small BST phas
MgO substrate, caused the film lattice structure to be mo
fied into a normal tetragonal lattice distortion (ai,a'),
which is different from the in-plane tetragonal lattice disto
tion (ai.a') observed in BST films deposited without th
buffer layer. Presumably, this is because the nominal B
buffer layer may affect not only the film relaxation from th
lattice mismatch and thermal expansion mismatch but a
the film lattice expansion from preferentially directed oxyg
vacancies~i.e., in-plane lattice expansion for BST films d
posited at the oxygen deposition pressure of 200 mTorr a
this study!.

FIG. 2. XRD patterns of:~a! symmetric~004! peaks and~b! asymmetric
~024! peaks of BST thin films deposited on~001! MgO at 750 °C and 200
mTorr O2 and annealed at 1100 °C for 6 h in flowing O2 .
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An analysis of the XRD pattern of Fig. 1~c! indicates the
BST thin film deposited with a 600-Å-thick BST buffer laye
is of a single perovskite phase but does not have a prefe
orientation. The ratio of peak intensities of Fig. 1~c! is very
close to the corresponding powder diffraction pattern, in
cating that this BST thin film is in a randomly oriented pol
crystalline phase. The lattice structure of this BST film w
determined to be a cubic phase (a053.966 Å) by analyzing
five XRD reflection peaks from the BST film@i.e., ~100!,
~110!, ~111!, ~200! and~211!# using a least square method.
is also noted that the lattice parameter~3.966 Å! of this BST
thin film is very close to the equilibrium lattice paramet
~3.965 Å! of the corresponding bulk BST.18 Figure 4 shows
that the randomness of film orientation originates from
buffer layer. Figure 4~a! shows a XRD pattern of the BST
buffer layer whose SEM image is shown in Fig. 5~g!, which
is deposited at room temperature with a nominal thicknes
1000 Å and then heated to the substrate temperature
750 °C for 1 min in an oxygen background pressure of 2
mTorr. The microstructure of this film turns out to be almo
amorphous with an extremely small size of perovskite B
phase nucleation. Figure 4~b! shows an XRD pattern of the
BST buffer layer whose SEM image is shown in Fig. 5~h!,
which is deposited at room temperature with a nomi
thickness of 1000 Å and then annealed at 900 °C for 6 h in an
oxygen background pressure of 1 atm. The microstructur
this film is fully crystalline. The XRD patterns for both BS
buffer layers with nearly amorphous and fully crystallin

FIG. 3. XRD patterns of~a! symmetric ~002! peaks and~b! asymmetric
~024! peaks of BST thin films deposited on~001! MgO with a 200-Å-thick
BST buffer layer and annealed at 1100 °C for 6 h inflowing O2 . Insets show
Ka1 andKa2 peak fittings for BST peaks obtained from XRD summatio
mode.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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TABLE I. Lattice parameters of three types of BST thin films.

BST films with/without a BST buffer layer

Lattice parameter~Å!

in-plane (ai) normal (a')

BST film without a buffer layer 3.969 3.962
BST film with a 200-Å-thick BST buffer layer 3.957 3.966
BST film with a 600-Å-thick BST buffer layer 3.966
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phases are very close to the corresponding powder diff
tion pattern as shown in Fig. 4~c!. It is possible to design the
microstructure of a BST buffer layer to be any phase
tween nearly amorphous and fully crystalline.

Figure 5 shows SEM images of:~a! as-deposited and~b!
annealed BST films without a buffer layer,~c! as-deposited
and ~d! annealed BST films with a 200-Å-thick BST buffe
layer, ~e! as-deposited and~f! annealed BST films with a
600-Å-thick BST buffer layer,~g! a nearly amorphous BST
buffer layer, and~h! a fully crystalline BST buffer layer. As
shown in Fig. 5, BST films with a BST buffer layer have
rough surface due to the randomly oriented grain morph
ogy as compared to BST films without a buffer layer. T
morphologies of both buffer layers shown in Figs. 5~g! and
5~h! show relatively large voids between the BST grains~i.e.,
extremely small or big grains!, and presumably the randoml
oriented grains in the buffer layer could serve as seeds
the subsequently deposited crystalline BST film. The rand
orientation of the grains and the voids between the grain
the buffer layer could help to not only relieve film strain b
also grow crystalline grains in the subsequently depos
dielectric film. The SEM images of as-deposited BST film

FIG. 4. XRD patterns of~a! and ~b! BST buffer layer@using the same film
as in Figs. 5~g! and 5~h!, respectively#, and ~c! JCPDS card #34-0411 fo
Ba0.6Sr0.4TiO3 powder.
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with a BST buffer layer shown in Figs. 5~c! and 5~e! show
that the regions of the voids in the buffer layer are filled w
an aggregation of small grains~<0.1 mm! during the film
deposition at a high temperature~i.e., 750 °C!. After a post-
deposition anneal, the grain size is observed to increase
nificantly up to a size of;0.5 mm by reducing grain bound
aries which preexisted in the as-deposited BST films,
shown in Figs. 5~d! and 5~f!.

These structural~i.e., lattice structure and microstruc
ture! analyses indicate that BST film strain due to the film
substrate mismatches~i.e., lattice and thermal expansion!
could be effectively avoided using an optimized BST buf
layer during film deposition and postannealing process
Thus, optimal annealing effects~i.e., reducing defects and
growing grains! can be achieved without thermally induce
film strain due to the film–substrate thermal expansion m
match.

FIG. 5. SEM images of:~a! as-deposited and~b! annealed BST film without
a buffer layer,~c! as-deposited and~d! annealed BST film with a 200-Å-
thick BST buffer layer,~e! as-deposited, and~f! annealed BST film a 600-
Å-thick BST buffer layer,~g! nearly amorphous BST buffer layer and~h!
fully crystalline BST buffer layer.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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B. Microwave dielectric properties

Figures 6 and 7 show typical resonance transmiss
(S21) and reflection (S11) measurements of planar capacito
containing strained (ai.a') and strain-relieved BST thin
films at different applied dc bias voltages at room tempe
ture, respectively. The resonance and reflection curves
strain-relieved BST thin films are observed to be sign
cantly different from those for strained (ai.a') BST thin
films in terms of the peak height (S21) and 3 dB width (D f )
of the resonance and in terms of the reflection curve posi
with respect to the outer boundary of the Smith chart for
reflection measurements. The resonance peaks for st
relieved BST films show less dependence on applied dc
voltage @Fig. 6~b!#, while the peaks of strained (ai.a')
BST thin films have a clear dc dependence by exhibit
higher insertion loss (S21) and broader 3 dB width (D f ) at
lower dc voltages@Fig. 6~a!#. Also, the reflection curves
measured at 0 and 40 V on the Smith chart for strain-relie
BST films, appear very close to the outer boundary of
Smith chart, which corresponds to a low loss capacita
@Fig. 7~b!#. The curves of strained (ai.a') BST thin films
show a dc dependence and the curve measured at 0 V ap
further away from the outer boundary of the Smith cha
which indicates that the capacitor has greater loss@Fig. 7~a!#.
The observed differences in insertion lossS21, 3 dB width
D f , and reflection lossS11 between strained (ai.a') and
strain-relieved BST films are directly related to the diffe
ences in dielectric loss~tand! of the films.13–15Another dif-
ference in the measurements between strain-relieved

FIG. 6. Resonance curves (S21) of a stripline resonator incorporating single
gap planar capacitors of~a! strained (ai.a') and ~b! strain-relieved BST
films at different applied dc bias voltages up to 200 V at room temperat
Downloaded 23 Jul 2002 to 132.250.134.99. Redistribution subject to A
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strained (ai.a') BST thin films is observed in terms of th
resonance peak position or the reflection curve length at
which are determined by the capacitance~or the dielectric
constant!, and in terms of the range of resonance frequen
shift or the difference in reflection curve length with dc bi
voltages, which corresponds to the dielectric tuning,
shown in Figs. 6 and 7. All the differences in resonan
curvesS21 and reflection curvesS11 of planar capacitors con
taining strained (ai.a') and strain-relieved BST thin films
come from the differences in the dielectric properties of
films, which are originated by the differences in the fil
strain.

Typical in-plane film dielectric constants forai.a'

strained, strain-relieved, andai,a' strained BST thin films

e.

FIG. 7. Reflection curves (S11) on the Smith chart for interdigitated capac
tors of BST films grown~a! strained (ai.a') and ~b! strain-relieved BST
films at 0 and 40 V bias over the frequency range from 0.045 to 20.045 G
at room temperature.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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as shown in Table I were observed to be 800, 500, and 3
respectively. Figure 8 shows the dielectric tuning of capa
tance C, defined as@C(0) –C(Vdc)#/C(0), and dielectric
Q(51/tand) of strained ~ai.a' and ai,a'! and strain-
relieved BST thin films as a function of applied dc elect
field. The strain-relieved BST films exhibit a relatively hig
dielectricQ0 V(;100) with a reasonably good dielectric tu
ing ~;20% at 20 V/mm!. The strained BST films show eithe
high dielectric tuning~;50% at 25 V/mm! with a low dielec-
tric Q0 V(;20) or high dielectricQ0 V(.150) with a low
dielectric tuning~;5% at 25 V/mm!, depending on the film
strain,ai.a' or ai,a' , respectively. Most film strains du
to lattice mismatch and oxygen vacancies are thought to
relieved in such a way as to minimize the film energy~i.e.,
the interface energy between the film and substrate and
film bulk energy! during the postannealing process. Ho
ever, as far as BST films are strained due to thermal exp
sion mismatch between the film and substrate during
postannealing process, the films cannot have desirable
electric properties exhibiting both high dielectricQ and high
dielectric tuning because of the film strain, even thou
structural defects are significantly reduced and crystal
grains are largely grown in the film during the postanneal
process. For example, Dimoset al. show that reduction in
loss is realized by dramatically increasing the grain size
the dielectric films.20 The increase in grain size is realized b
heating the film to a temperature at which the grains exp
ence regrowth. However, after postannealing, theQ value at
0 Vdc of the epitaxial dielectric films grown on LaAlO3 sub-

FIG. 8. ~a! Dielectric tuning and~b! dielectric Q of strained and strain-
relieved BST thin films as a function of applied dc electric field. The bla
and white data points were obtained fromS21 measurements at 8 GHz an
from S11 measurements at 10 GHz, respectively.
Downloaded 23 Jul 2002 to 132.250.134.99. Redistribution subject to A
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strates are even lower (Q0 V530) with higher dielectric tun-
ing ~64%–69% atE53 – 5 V/mm! at 1–2 GHz than the
films without postannealing~i.e., Q0 V540– 50 with a 36%–
38% dielectric tuning!. Presumably, the resulting dielectr
properties result because, after postannealing, the epita
films are strained further into an in-plane tetragonal dist
tion due to thermal expansion mismatch between the fi
and substrate, even though film grains are expected to
grow during the postannealing process. As shown in Fig
strain-relieved BST thin films using an optimized BST buff
layer are free to be heat treated without a thermally indu
structural distortion caused by film strain due to thermal
pansion mismatch during the postannealing process,
therefore have only a desirable annealing effect~i.e., reduc-
ing defects and growing grains!. The strain-relieved and
defect-reduced BST films exhibit much better dielect
properties at high frequencies~i.e., >2 GHz! compared to
conventional BST films that could be defect reduced but s
strained.

A further increase in the dielectricQ was observed in
strain-relieved BST thin films mixed with MgO and strain
relieved BST thin films doped with W. Figure 9 shows th
dielectric tuning and dielectricQ of strain-relieved BST thin
films mixed with MgO~0.0, 1.0, 40.0, and 60.0 wt %! as a
function of applied dc electric field. The data were obtain
from S21 measurements at 8 GHz. The strain-relieved B
film mixed with 1.0 wt % MgO shows a further increase
the dielectric Q0 V(;150) with a less dielectric tuning
~;10% at 15 V/mm! compared to the strain-relieved BS

FIG. 9. ~a! Dielectric tuning and~b! dielectricQ of strain-relieved BST thin
films mixed with MgO ~0.0, 1.0, 40.0, and 60.0 wt %! as a function of
applied dc electric field. The data were obtained fromS21 measurements a
8 GHz.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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film. However, the strain-relieved BST films mixed with 40
and 60.0 wt % MgO show an extremely small dielectric tu
ing ~,5% at 25 V/mm! although their dielectricQs are rela-
tively quite high. More measurements of small signal mic
wave properties of single-gap planar capacitor contain
strain-relieved BST thin films doped with 1 mol % W we
made as a function of capacitor gap size ranging from 6 to
mm. Figures 10 and 11 are plots of dielectric tuning a
dielectric Q of strain-relieved BST thin films doped with
mol % W as a function of capacitor gap size at applied
bias voltages up to 300 V except for the circled data po
with VMAX 550– 250 Vdc as noted in the figure. The dat
were obtained fromS21 measurements at 2 and 8 GH
Trends in the dielectric properties illustrated in Figs. 10 a
11 are further validated by the fact that many of the d
points represent data obtained from several different cap
tors with the same gap size. While the dielectric tuning
both frequencies, 2 and 8 GHz, tends to increase as the
size decreases, the dielectricQ does not show any clear tren
with gap size and reveals high dielectricQs independent of
the gap sizes for values ranging from 6 to 18mm, for the
strain-relieved BST films doped with 1 mol % W. As show
in Figs. 10 and 11, these state of the art results show tha
strain-relieved BST thin films doped with 1 mol % W have
high dielectricQ0 V (Qaverage.150) with a reasonable dielec
tric tuning of ;50% at 50 V/mm at 2 and 8 GHz. Also, as
shown in Fig. 12, the strain-relieved BST thin films dop
with 1 mol % W show a stable temperature dependence

FIG. 10. ~a! Dielectric tuning and~b! dielectric Q of strain-relieved BST
thin films doped with W~1 mol %! as a function of varactor gap size a
applied dc bias voltages up to 300 V. The data were obtained fromS21

measurements at 2 GHz.
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the dielectric properties@i.e., the dielectric tuning of capaci
tance and the dielectricQ(51/tand)# over 220–60 °C, and
can be used for room temperature tunable microwave ap
cations.

FIG. 11. ~a! Dielectric tuning and~b! dielectric Q of strain-relieved BST
thin films doped with W~1 mol %! as a function of varactor gap size a
applied dc bias voltages up to 300 V. The data were obtained fromS21

measurements at 8 GHz.

FIG. 12. Capacitance and dielectric loss~tand! of strain-relieved BST thin
film doped with W~1 mol %! as a function of temperature at applied dc bi
voltages up to 300 V. The data were obtained fromS21 measurements at 2
GHz. Also, dielectric tuning and dielectricQ of the same BST film measured
at 8 GHz and room temperature are noted.
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Further work will be performed to reduce the distan
between electrodes to less than 1000 Å while preserving
desirable dielectric properties of the strain-relieved BST t
films. This will enable reduction of dc biases to,10 Vdc as
needed for low voltage tunable microwave applications. T
is probably achievable because very thin~,1000 Å! strain-
relieved BST films should experience much less interf
effect21 due to lattice and thermal mismatches between
film and substrate, unlike that which has been observe
significantly degrade the dielectric properties of thin strain
BST films.

IV. SUMMARY

The microstructure of BST thin films is observed to
dependent on the presence of a BST buffer layer. BST
films ~;0.3 mm thick! deposited onto~100! MgO at 200
mTorr oxygen pressure by PLD without a buffer lay
showed a strain-induced in-plane tetragonal distortionai

.a') and the BST films with a nominal 200-Å-thick BS
buffer layer showed a strain-induced normal tetragonal
tortion (ai,a'). State of the art results in tunable micr
wave dielectric properties are observed in the strain-relie
1 mol % W doped BST thin films with a nominal 600-Å
thick BST buffer layer exhibiting a high dielectricQ0 V

(;100– 200) with a reasonable dielectric tuning of;50% at
50 V/mm. A further investigation will be performed to reduc
the distance between electrodes to less than 1000 Å w
keeping the desirable dielectric properties of the stra
relieved BST thin films.
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