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Highly c-axis oriented Ba0.5Sr0.5TiO3-based composite thin films were grown on MgO �001�
single-crystal substrates by pulsed laser deposition and the in-plane dielectric properties of the films
evaluated. X-ray diffraction characterization revealed a good crystallinity. The dielectric constant
and loss were found to be 200 and 0.001–0.007 at room temperature, respectively. The
butterfly-shaped C-V characteristic curve evidenced an enhanced in-plane dielectric tunability of
�90% in the films at 1 MHz under a dc bias field of 0.8 MV/cm. A brief discussion is given on the
abnormal C-V curves. Various tunable microwave applications of Ba0.5Sr0.5TiO3–Bi1.5ZnNb1.5O7

composite thin films are expected. © 2006 American Institute of Physics.
�DOI: 10.1063/1.2358934�

In recent years, there is a rapidly growing demand for
electrically tunable microwave devices in advanced radar
and communication devices. The high dielectric nonlinearity
�i.e., the strong dependence of permittivity on electric field�
of ferroelectric materials with perovskite structure has made
them promising candidates for these applications. Many
research efforts have been focused on the ferroelectric
BaxSr1−xTiO3 �BST� systems.1,2 Since many important new
generation elements will depend on the use of thin films to
achieve improved and enhanced performance, a considerable
amount of research work has been done to develop tunable
ferroelectric thin films for fabricating electric field dependent
microwave devices. Generally, ferroelectrics with Curie tem-
perature below the operating temperature are employed in
practical device applications because the paraelectric state of
ferroelectric materials has lower dielectric loss due to the
disappearance of hysteresis. Another effective way, which
has been done to reduce the dielectric loss of ferroelectric
materials, is to dope selected low loss oxides �e.g., MgO,3

Al2O3,4 etc.� into ferroelectric materials.
A nonferroelectric thin film material, Bi1.5ZnNb1.5O7

�BZN�, which has the cubic pyrochlore structure and a mod-
erate permittivity ��150�, has attracted considerable interest
due to its very low loss ��5�10−4� and large tunability
�55% at 2.4 MV/cm� at room temperature.5–7 These proper-
ties offer us a good opportunity to use BZN as a dopant to
substitute the above mentioned oxides, which are all nontun-
able and of relatively low dielectric constant to improve the
microwave dielectric properties of BST thin films.8 It is logi-
cal to explore BZN doped composite thin films as modifiers
for their electrical properties. In this letter, we report the
preparation and characterization of BST-BZN composite
thin films using pulsed laser deposition �PLD� technique.
Moderate dielectric constant, high dielectric tunability, and
low dielectric loss were obtained, showing that these com-

posites are promising materials for use in tunable microwave
applications.

To obtain BST �usually sintered at �1300 °C� and BZN
�usually sintered below 1000 °C �Refs. 9–11�� PLD targets
using the traditional solid-state reaction processes, nanos-
caled BST powder with an average particle size of about
17–25 nm �Refs. 12 and 13� was used in order that the com-
bined BST-BZN target can be sintered at a relatively low
temperature. In this study, stoichiometric compositions of
BZN derived from reagent grade oxides of Bi2O3, ZnO, and
Nb2O5 were mixed and ball ground in water for 12 h, dried,
and then calcined at 800 °C for 4 h. Approximately 20 wt %
BZN was used to prepare the composite target, the mixtures
including 80 wt % of nano-BST powders were ball ground
for 4 h, dried, and then pressed with a pressure of
2–3 ton/cm2. The PLD target �BST-BZN20� was sintered at
1050 °C for 2 h in atmosphere.

The composite thin films were grown on MgO �001�
single-crystal substrates using a KrF excimer laser �Lambda
Physik COMPex 205� with a wavelength of 248 nm. The
laser was set to a 10 Hz repetition rate and 3 J /cm2 energy
density was used to irradiate a rotating target. The target-
substrate distance was 50 mm. Deposition was performed in
a vacuum chamber that was first evacuated to a base pressure
of 2�10−5 Torr and then back filled with pure oxygen
and/or argon, keeping the working pressure near 100 mTorr.

The substrate temperature ��650 °C� was determined
by a thermocouple embedded directly underneath the sub-
strate in the face plate of the substrate holder. After deposi-
tion, the samples ��150 nm� were kept in a chamber at the
deposition temperature for 10 min with 200 mTorr of oxy-
gen ambience by inputting pure oxygen. The films were then
cooled down to room temperature at the same oxygen ambi-
ence. Phase analyses of target and thin films were performed
by x-ray diffraction �XRD� using a Philips x-ray diffracto-
meter �model: X’Pert-Pro MPD� with Cu K� radiation. The
out-of-plane alignment of the composite thin film was
measured by its diffraction from the �001� plane and by
rotating this sample about the �001� axis �labeled ��. Thea�Electronic mail: aphytian@polyu.edu.hk
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relative permittivity and loss were measured from
1 kHz to 1 MHz and the samples were fixed in a cryostat
�Oxford Instrument� with the temperature controlled to vary
from −195 to 120 °C. The C-V characteristics were mea-
sured under a bias field of 0.8–1.3 MV/cm at room
temperature.

According to differential scanning calorimetry analysis
of pure BZN ceramic powder �not shown here�, it shows
exothermic peaks between 760 and 825 °C, meaning the
solid-state reaction happens in this temperature range. It was
speculated that the final compound BZN was formed from
850 °C to higher temperatures.10,11 However, the product
in the compound is not a pure single phase, i.e., the coexist-
ence of cubic pyrochlore Bi1.5ZnNb1.5O7 and monoclinic
Bi2Zn2/3Nb4/3O7 in the powders calcined at 800 °C. The
monoclinic phases disappeared when the samples were sin-
tered over 1000 °C. Higher sintering temperature leads to
the formation of some protuberances on the surface and
some voids in the bulk. BST-BZN20 composite ceramics
were sintered at 1050 °C for 2 h, and the XRD pattern in
Fig. 1�a� shows the presence of a cubic pyrochlore structure
for the BZN phase in the sample. Figure 1�b� is an XRD
pattern of the BST-BZN20 thin films on a MgO substrate. It
shows that, in addition to a peak around 30° from BZN, only
the �00l� peaks of BST appear in the � /2� scan pattern,
which shows that BST has a pure perovskite phase. The
rocking curve measurement of the BST �001� reflection, as
shown in the inset of Fig. 1�b�, indicating a c-axis textured
growth revealed that the full width at half maximum is
about 1°.

The in-plane dielectric characterization was carried out
using coplanar interdigital electrodes �IDEs�, as shown in
Fig. 2. The top electrodes constituting an interdigitated finger
pattern were prepared by rf sputtering of Au with a thickness
of 200 nm on the composite thin film surface followed by
patterning using standard photolithography and wet chemical
etching process. The IDE structure and dimensions could be
found elsewhere.14 The metal-dielectric-metal structure can
be modeled by a series of alternating thin parallel electrodes.
Considering the given dimensions and materials constants,
the capacitance per unit area of such a structure can be esti-
mated using the following formulas:15

C =
�0��d + �s�

�w + s�
�

�ln 2 + 2 arctan x�
, �1�

where x=cos1/4�2u� / cos u and u=� /4�s /w+1�. �0 is the
permittivity of free space, and �d and �s are the dielectric
constants for the dielectric layer and the substrate, respec-
tively. The finger and gap widths are denoted by w and s,
respectively.

A frequency dispersion of dielectric properties was
observed where the permittivity value dropped and the
maxima in the dielectric constant curves of pure BZN were
found to decrease and shift to higher temperature with in-
creasing measuring frequency.5–7 The permittivity �a� and
loss �b� of BST-BZN20 thin film were evaluated between
1 kHz and 1 MHz, as shown in Fig. 3. The dielectric con-
stants increased at different frequencies, instead of dropping,
when increasing the temperature beyond the maximum
points. However, the corresponding maxima of loss shifted
to higher temperature with increasing measuring frequency.
It was speculated that there exist different mechanisms in
this process. At lower temperature, the relaxation tendency
was identical to pure BZN.5,6 In BZN, the relaxation might
stem from the hopping of dynamically disordered Bi and Zn
atoms at the A sites and hopping of O� atoms among 12
sites.16 It is visible as an increase in loss peaks from
−177.6 °C�1 kHz� to −14.5 °C �1 MHz� with increasing

FIG. 1. XRD patterns of � /2� scan from �a� BST-BZN20 composite ce-
ramic sintered at 1050 °C for 2 h and �b� thin film deposited on MgO �001�
substrate. The inset in �b� is the rocking curve of BST along �001� peak.

FIG. 2. �Color online� �a� Cross-sectional view and �b� top view of the
interdigitated finger pattern.

FIG. 3. �a� Permittivity and �b� loss of BST-BZN20 composite thin film as
a function of temperature and frequency between 1 kHz and 1 MHz.
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frequency. However, the relatively broader low-temperature
dielectric relaxation was demonstrated in BST-BZN20 com-
posite thin film. A uniform distribution of random fields
has been suggested to be responsible for the dielectric
relaxation.17 An increase in the dielectric constants was
likely attributed to variations of activation energy, which
causes more movements, e.g., thermal hopping increases at
elevated temperatures. From a device impedance matching
point of view, moderate dielectric constant and low loss tan-
gent are required. The dielectric constants are between 150
and 250 in the frequency range of 1 kHz to 1 MHz at room
temperature and losses are from 0.001 to 0.007, which are
proper for microwave device applications.

Figure 4 shows the capacitance–dc-bias voltage �C-V�
curves obtained with a dc bias field of 0.8 MV/cm �12 V� at
the frequency of 1 MHz with small ac signal amplitude of
50 mV. In the initial scanning from 0 to 12 V, a small peak
appeared and then a large peak appeared after decreasing
from the maxima to 0 V. The difference between the two
peaks is 0.6 V. The similar hysteresis character was also ob-
served when scanning continually from 0 to −12 V and then
from −12 to 0 V, as shown in the left inset. The presence of
doubly positive oxygen vacancies are the most probable
source of positive charges, which could cause the observed
shift.17 The C���-V curve looks quite different from regular
ones observed in single phase ferroelectric thin films. Under
a relatively small dc bias �i.e., sweeping up from
−2.25 to 2.4 V and sweeping down from 2.25 to −2.4 V�,
the dielectric constant remained almost unchanged ��
�180�. It was speculated that the built-in potential played an
important role at a low bias field and neutralized the effect of
the bias field up to saturation.18 As increasing the bias field,
the dramatic decrease in capacitance indicated the existence
of symmetrical Schottky barriers. The dependence of the ca-
pacitance on the voltage shows a strongly nonlinear charac-
ter. The interface capacitance formed by the Schottky barrier
results in clear hysteresis effect and its symmetry. It can be
assumed that the MFM configuration behaves as a normal
Schottky contact. The relationship of 1 /C2�V or 1/�2�V
can be employed to evaluate the like semiconductor Schottky
contact.19 As expected, the linear variation was shown with
the slope of 0.0020 for the film at a bias field of 0.8 MV/cm,

as shown in the inset of Fig. 4. An onset temperature exists
�i.e., 4 V�; the slope is close to zero below it. The character-
ization of dielectric constant depending on the bias dc volt-
age provides a main evaluation in tunable devices. The tun-
ability of dielectric constant of the thin films is defined as
���0�−��E�� /��0�, where ��E� is the dielectric constant at
the maximum applied field and ��0� is the dielectric constant
at zero bias. Under a dc bias of 0.8 MV/cm, the in-plane
dielectric tunability is �90%. The mechanism responsible
for the irregular C-V curve and high tunability of the com-
posite thin film, however, is not yet clear due to the very
complicated composition and microstructure. More micro-
structure analyses will be conducted to reveal the mechanism
for the abnormal dielectric behavior.

In summary, we have shown that the BST-BZN20 com-
posite thin film was textured and highly c axis oriented by
PLD at 650 °C. The dielectric properties were investigated
along the in-plane direction using IDE pattern. The obvious
dielectric relaxation was observed at low temperature, and
the maxima in the dielectric loss tangent curves of the com-
posite thin film were found to decrease and shift to higher
temperature with increasing measuring frequency. The di-
electric constant and loss are 200 and 0.001–0.007 at room
temperature, respectively. Abnormal butterfly-shaped C-V
curves with four peaks were obtained. The high dielectric
tunability of over 90% at a bias field 0.8 MV/cm may make
these films promising candidates for tunable capacitor
applications.
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FIG. 4. Bias field dependence of permittivity of BST-BZN20 composite thin
film in IDE structure measured at 1 MHz and room temperature. The left
inset shows the corresponding loss and the right inset shows the relationship
of 1 /C2�1/�2��V.
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