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The dielectric permittivity, tunability (��/�), and loss tangent of Ba1�xSrxTiO3 (BST) �lms
grown by pulsed-laser deposition are studied by near-�eld microwave microscopy. Based on theoret-
ical simulations, a method is developed to measure the uniaxial dielectric anisotropy, �?/�k, in BST
�lms grown at di�erent oxygen pressures. The measured �?/�k decreases with the �lm-growth oxy-
gen pressure, consistent with the structural anisotropy. The �lms prepared at 50 mT, with �? � �k,
have the highest permittivity, tunability, and �gure of merit.
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Ba1�xSrxTiO3 (BST) thin �lms have a high dielectric
permittivity that can be tuned by a bias electric �eld. As
a result, they have been studied extensively and are being
used to develop microwave devices, such as tunable os-
cillators, delay lines and phase shifters.1{5 The dielectric
properties of BST �lms can be optimized for device op-
eration at di�erent temperatures. At room temperature
Ba0:5Sr0:5TiO3 �lms have high dielectric permittivity
and tunability because their Curie temperature is just be-
low the room temperature. To measure the microwave di-
electric properties, interdigitated electrodes1{4 and near-
�eld scanning microwave microscopy6;7;9;10 have been
used. The former method measures mainly the in-plane
dielectric properties2 while the latter detects a combina-
tion of both the in-plane and out-of-plane components of
dielectric matrix and is able to map the local variation
of dielectric properties.7 Measurements by the two meth-
ods can give di�erent results if the sample is dielectrically
anisotropic.

Anisotropy is often an essential property of dielectrics,
whether arising from intrinsic11 or extrinsic sources2;4.
Thin �lms of the bulk isotropic materials can become
anisotropic due to the biaxial stress2;4 imposed by sub-
strates and/or surface e�ects.12 Considering the many
applications dependent on dielectric �lms like BST, it
is not only scienti�cally interesting but also practically
important to develop a means to measure the dielec-
tric anisotropy of �lms. Thus, in this paper we develop
a method to characterize the dielectric anisotropy of a
series of BST �lms with known structural anisotropy,
based on calculations of the resonant frequency of a near-
�eld microwave microscope as a function of dielectric
anisotropy. We also measure the dielectric permittivity,
tunability, and loss tangent of the BST �lms by near-�eld
microwave microscopy.

The 500 nm thick BST �lms are grown by pulsed laser
deposition onto (001) MgO single crystals using a sto-

chiometric Ba0:5Sr0:5TiO3 target.
1;2 The oxygen pressure

in the deposition chamber varies from 10 to 500 mTorr,
while the substrate temperature is maintained at 750 0C.
The dielectric properties are measured using a near-�eld
microwave microscope consisting of a quarter wavelength
cavity and an HP8753D Network Analyzer.7 An electro-
chemically polished tungsten tip protrudes from the cen-
tral conductor of the cavity and provides close coupling
to the sample under study. Thus, the dielectric constant
and loss tangent can be calculated from the measured
resonant frequency and quality factor, and near-�eld mi-
croscopy in the submicron range can be realized.6;7

To accurately control the placement of the sample in
three dimensions, piezoelectric actuators are used for po-
sitioning. While horizontal scans are not reported in this
letter, accurate vertical positioning is critical to the re-
sults presented here. The dielectric constant measure-
ments are made by stepping the sample towards the tip in
10 nm steps until the sample just contacts the tip (areal
measurements could be implemented by simply moving
the sample to a new position and repeating the verti-
cal scan). The dielectric constant is then calculated from
the slope of the change in resonance frequency, df/dz.8 In
these measurements, 20 vertical scans are made for each
data point. The possibility of tip damage is assessed by
checking the consistency of the data over time, and by
post-measurement optical imaging of the tips. In these
ways we are able to rule out any signi�cant e�ect due to
tip blunting during the course of the experiment.

The experimental con�guration is simulated by calcu-
lating the resonant-frequency shift of the cavity-tip as-
sembly in close proximity to a dielectrically anisotropic
�lm using perturbation theory: the small contribution
of tip-sample region is assumed to be capacitively cou-
pled to the cavity. The electric �eld in the tip-sample
assembly is obtained by numerically solving Maxwell's
equations under a static approximation considering that
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the tip size and the tip-sample distance are much smaller
than the wavelength (15 cm at 2 GHz). The tip is mod-
eled as a cylinder capped by a cone with a spherical end,
all held at a constant potential of 1V. For calculations
with di�erent tips, only the radius of the spherical cap,
R (see inset of Fig. 1(a)), varies, while the length of the
conical section and the dimensions of the cylinder remain
constant. We also use a commercial software package,
Maxwell 3D Field Simulator,13 to verify our results.
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FIG. 1. Calculated radial pro�les of the in-plane, Ek, and
out-of-plane, E?, components of electric �eld in a �lm with a
thickness of 0.5 �m and �=300. The solid, dashed, and dotted
curves are results calculated at tip radii, R, of 1, 10, and 90
�m, respectively. The substrate has an �=10. The inset in
(a) shows the ending part of a tip composed of a conical and
a spherical section with radius R.

Our calculations reveal the interesting result that the
ratio of the out-of-plane vs. in-plane component of the
probe �eld, E?/Ek(or Ez/Er in cylindrical coordinates),
decreases with increasing tip radius. This is demon-
strated in Figure 1, where we plot radial pro�les of Ek
and E? in the central plane of a 0.5 �m �lm. The curves
shown in the Figure are calculated for three tips with
radii, R, of 1 (solid), 10 (dashed), and 90 �m (dotted),
respectively. The �lm and substrate have dielectric con-
stants of 300 and 10, respectively. As expected, both the
Ek and E? in the �lm decrease radially. However, the
E? is mainly concentrated in a region with a diameter
about 1 �m below the tip, while the e�ective area of Ek
is much larger and depends more strongly on the tip size
(note the di�erence in x-axis scales in Fig. 1 (a) and (b)).
As a result, the total E?/Ek decreases with tip radius.
For example, the calculated average values of E?/Ek are
0.4, 0.14, and 0.01 for tips with radii of 1, 10, and 90 �m,
respectively. This implies that small tips detect a combi-
nation of the in-plane and out-of-plane components while
large tips are mainly sensitive to the in-plane component
of the dielectric matrix of the �lm.

The sensitivity of E?/Ek on tip radius indicates that

dielectric anisotropy, �?/�k, can be measured by using
di�erent-sized tips. This is shown by the dependence of
the calculated shifts in resonant frequency on �lm dielec-
tric anisotropy for di�erent tip radii (see Fig. 2). Con-
sidering that the total shift in resonant frequency, �f ,
increases with tip size, the curves are scaled to intersect
for the isotropic case. For all calculations, the average
dielectric constant, (�k � 2 + �?)/3, of the �lm is held
�xed. It is obvious that larger tips are more sensitive to
dielectric anisotropy. This can be understood from the
dependence of E?/Ek on tip size.

We experimentally demonstrate the decreasing sensi-
tivity to �k for sharper tips by measuring the tunability
of a BST �lm grown in 50 mT of oxygen. 50 �m and 1
�m tips are placed in the center of a 100 �m gap between
two parallel, coplanar electrodes. When an electric �eld
of 1.5 V/�m is applied, the dielectric constant decreases
by 22% and 15% respectively for the 50 �m and 1 �m
tips. These results are consistent with our simulations.
However, the measured tunabilities are lower than the
60% reported in Reference 1, where a higher bias �eld of
8 V/�m is used and where, unlike our measurements, the
microwave and dc-bias electric-�eld vectors are parallel.
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FIG. 2. Calculated shift in resonant frequency, �f , of the
cavity vs. �lm dielectric anisotropy and tip radius. The values
of �f are scaled to intersect when �k = �?, and the average
dielectric constant of the �lm, (�k�2+�?)/3, is kept constant.
f0 is the resonant frequency of the cavity.

The dielectric permittivities of BST �lms grown at
oxygen pressures of 10, 50, 350, and 500 mT are mea-
sured using a microwave microscope. Fig. 3 (a) shows
the measured shifts in resonant frequency for tips with
radii R identical to those used in the simulations. The
values of �f are scaled so that measurements of a bare
MgO substrate using di�erent-sized tips are coincident.
With increasing tip radius, the measured �f decreases
for the �lms grown at 10 mT, and increases for �lms
grown at 350 and 500 mT. For the �lms grown at an
oxygen pressure of 50 mT, there is negligible di�erence
between measurements with di�erent-sized tips. The fre-
quency shifts shown here can be converted into the di-
electric anisotropy of the BST �lms by comparing these
results with the calculations shown in Fig. 2. The com-
parison reveals that �?/�k >1 for the �lms grown at 10
mT, �?/�k <1 for the �lms grown at 350 and 500 mT,
and �k/�? �1 for the �lms grown at 50 mT. The ob-
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tained dielectric anisotropy agrees qualitatively with the
structural anisotropy obtained by x-ray di�raction, as
shown in Fig. 3 (b). Hence, the ratio of out-of-plane
vs. in-plane lattice parameter, a?/ak, and the ratio of
�?/�k show the same dependence on �lm-growth oxy-
gen pressure. To quantitatively determine the dielectric
anisotropy, however, samples with known in-plane and
out-of-plane dielectric permittivities are needed for cali-
brations.
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FIG. 3. The measured shifts in resonant frequency using
di�erent-sized tips (a), dielectric anisotropy and lattice pa-
rameters (b), tunability at 4 V/�m (c), and loss tangent
and �gure of merit (d) of Ba0:5Sr0:5TiO3 �lms as functions
of �lm-growth oxygen pressure.

The correlation between the structural and dielectric
anisotropies seems to suggest a rotation of polar axis of
the ferroelectric-tetragonal phase in �lms grown under
increasing oxygen pressure. However, the �lms are nom-
inally paraelectric at room temperature,1;14 and we pro-
pose that the observed lattice deformations arise from
the interplay between stress and self-ordering of oxygen
vacancies. It has been known since the work of Grenier et

al.15 that an increase in the density of oxygen vacancies in
the perovskites leads to two-dimensional planar ordering.
In this picture, the oxygen vacancies cause the structure
to deform, and so introduce ordering �elds within the
�lm, which results in dielectric anisotropy. This behavior
is also observed as soft-mode hardening in SrTiO3 �lms
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and single crystals18. Thus, increasing the oxygen pres-
sure during deposition reverses this tendency by reducing
the density of oxygen vacancies and consequently changes

the �lm dielectric anisotropy. On the other hand, the
contributions of ferroelectric nanodomains in the �lms
cannot be excluded because BST �lms show many char-
acteristics of relaxors, namely, signi�cant broadening of
the phase transition and the coexistence of paraelectric
and ferroelectric phases.14 Notably, the same dependence
of structural anisotropy on oxygen pressure is reported
for PbTiO3 �lms on MgO substrates.16

The tunability and loss tangent of a set of BST �lms
have also been measured, with the results shown in Fig.
3 (c) and (d), respectively. For studying the tunabil-
ity, �lms with interdigitated electrodes are used, and DC
bias �elds up to 4V/�m are applied between the �ngers,
with the tip placed in the center of the gap. The mea-
surements reported in Reference 1 show the same depen-
dence of tunability and �gure of merit (Figure of merit =
(��/�)/tanÆ) on oxygen pressure. Films prepared at 50
mT, with �?=�k, have the highest tunability and �gure
of merit. For �lms deposited at 10 mT, the measured di-
electric permittivity and loss tangent are markably higher
than those in Reference 1, which is expected, since the
latter measurement is insensitive to �?.

It should be mentioned that the method to measure di-
electric anisotropy with di�erent-sized tips will also work
at low frequency because of the static approximation used
in the simulations. In some geometries, an electrode is
placed below the �lm. Then the calculated E?/Ek is ex-
pected to increase rather than decrease with increasing
tip radius.
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