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Abstract

Epitaxial strontium titanate (SrTiO3 or STO) thin films were prepared by an off-axis pulsed laser deposition technique on neodymium
gallate (NdGaO3 or NGO) substrates held at temperature of 820 �C. This technique allows different film growth rates in a deposition.
Coplanar capacitors were fabricated and dielectric responses were measured at 1 MHz and at 2 GHz, and from 300 K to 4 K. The electric
field tunability of the dielectric constant and loss tangent were taken with a range of electric field. The structure and morphology of the
films were analyzed using high-resolution X-ray diffractometry and atomic force microscopy, respectively. The results showed that the
films are crystalline with (100) orientation and the grains are columnar. Increased in-plane grain size and reduced surface to volume ratio
were found to play a major role in improved performance of the film coplanar capacitors. The film with the growth rate of approximate
40 Å/min showed the highest change in the dielectric constant with an electric field of 4 V/lm. The film also showed the largest in-plane
grain size of about 3000 Å.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Strontium titanate (SrTiO3 or STO) in its pure and
unstressed form, is an incipient ferroelectric that has a
number of interesting properties that are potentially useful
in many applications. An incipient ferroelectric is a mate-
rial that remains paraelectric down to 0 K, is not normally
ferroelectric at any temperature, but shows a large increase
in dielectric constant (�r) with decreasing temperature. This
behavior is similar to what is seen in ferroelectrics when
approaching the paraelectric to ferroelectric phase transi-
tion. Due to its matched lattice parameters and chemical
compatibility with high temperature superconductors such
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as yttrium barium copper oxide (YBa2Cu3O7�d or YBCO),
STO is ideal for use in YBCO/STO multilayer growth stud-
ies [1]. Undoped STO has applications in radio and micro-
wave-frequency tunable capacitor devices particularly at
low temperatures due to its high dielectric constant, low
loss and the electric field tunability of its dielectric constant
[2]. The main goal of improving the performance in these
devices is to increase the tunability and decrease the dielec-
tric loss at the same time, especially at microwave frequen-
cies [1–3].

Thin films of STO show dramatic differences compared
to the bulk. The dielectric constant of bulk STO increases
nonlinearly from 300 at room temperature to 30,000 at
4 K with loss in the 10�3–10�4 range. Between 4 K and
0.3 K, the bulk STO dielectric constant was found to be
temperature independent due to the quantum-mechanical
stabilization of the paraelectric phase [4]. On the other
hand, STO thin films show a dielectric constant close
to 300 at room temperature, which typically reaches a
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2 For interpretation of color in Fig. 1, the reader is referred to the web
version of this article.
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maximum between 1000 and 10,000 in the 30–100 K range
and then decreases steadily. STO thin films also show
higher dielectric loss, typically in the range of 10�2–10�3.
The high dielectric constant at low temperatures is associ-
ated with a low frequency transverse optical phonon mode
or a soft mode, in which the oscillation of the Ti ion against
the oxygen octahedral site is involved [5,6].

Most of the studies in STO polycrystalline and crystal-
line with a specific orientation have been made on different
types of substrates such as Si, SrRuO3 and LaAlO3. In this
article, we report the properties of epitaxy STO thin films
grown by pulsed laser deposition on neodymium gallate
(NdGaO3) single crystal substrate with different growth
rates in a deposition. We fabricated coplanar capacitors
and measured dielectric properties as a function of temper-
ature, frequency and electric field. We also characterized
film structures, and investigated the correlation between
their dielectric properties and crystal structures, and also
their grain size. It has previously been found that the grain
size has a major influence on the dielectric properties of
thin films [7,8] and ceramic samples [9]. Normally, the
growth temperature and annealing in oxygen atmosphere
influence the film surface morphology and electrical prop-
erties [10]. With a fixed growth temperature, and also con-
stant oxygen-annealing pressure, one of the variables that
we found to profoundly affect the film properties is the film
growth location with respect to the pulsed laser deposition
plume. Structural and morphological variations of the
STO/NGO films resulting from different deposition loca-
tions are reported for the first time.

2. Experimental details

We deposited strontium titanate thin films on neodym-
ium gallate (NdGaO3 or NGO) substrates by off-axis
pulsed laser deposition technique [11]. The purpose of this
experiment is to characterize the effects of growing films on
NGO substrates mounted at different regions relative to the
ablation plume axis, resulting in different film growth rates.
The choice of the substrate was based on using low dielec-
tric loss materials, with possibly minimum lattice mismatch
with STO (lattice parameters: 3.905 Å for STO (100) and
3.86 Å for NGO (110), respectively, lattice mismatch:
1.1%). Other commercially available substrates such as
KTaO3 (3.989 Å), MgO (4.212 Å), and LaAlO3 (3.79 Å)
have larger lattice mismatches than that of NGO. Cleaned
substrates were carefully mounted with colloidal silver on a
2 in. diameter heating stage, and placed in a vacuum cham-
ber with a base pressure of 1 · 10�4 Pa before an oxygen
pressure of 80 Pa was introduced. The temperature of the
stage was slowly increased from room temperature to
820 �C. Fig. 1a shows the uniform temperature of sub-
strates mounted across the heating stage. In our experimen-
tal setup, the heating stage is located 8.7 cm from the
ablation target. A KrF excimer laser (�2 J/cm2, 248 nm,
4 Hz) was focus with a 45 angle on a rotating STO target
(single crystal, purity 99.9%. The oxygen pressure was
maintained at 80 Pa and the temperature of the stage was
kept at 820 �C during the film growth. These optimized
growth conditions were obtained from previous studies in
our laboratory [12]. After the growth, the films were cooled
down under an oxygen pressure of 8 · 104 Pa. This was
done because post-growth annealing treatments in oxygen
atmosphere reduce oxygen vacancies in the films, minimiz-
ing the concentration of this type of defects [13,14]. During
the annealing, the temperature was lowered to room tem-
perature at a rate of 10 �C/min. Fig. 1b shows color2

fringes on the heating stage after the film deposition. The
plume axis intersects the stage surface at the point indi-
cated by the cross. Ellipsometry was used to measure the
film thickness, which varied depending on where the films
were deposited relatively to the plume axis. The film
growth rate was determined by the ratio of the measured
thickness and the deposition duration as shown in Table
1. In order to perform dielectric function measurements,
Ti/Au coplanar capacitor electrodes were fabricated with
a 25 lm gap separation, 1.5 mm total gap width and with
an overall 1 · 3 mm size using photolithography and evap-
oration techniques. A thin layer of Ti (200 Å) is evaporated
on the sample before Au (3000 Å) because Au does not
adhere very well on most substrates. The interdigital elec-
trode coplanar capacitor is shown in Fig. 2a and b for cross
sectional view and optical micrograph, respectively. Capac-
itance measurements were taken with LCR meter (HP
4275A) in the low frequency range and with network ana-
lyzer (HP 8510) for microwave frequencies using a previ-
ously described ring resonator technique [12,15].

3. Results and discussion

Fig. 3 shows the temperature dependence at 1 MHz of
the dielectric constant and the loss for STO coplanar
capacitors. The temperature range is from room tempera-
ture to 4 K. These films were grown under very similar con-
ditions and differ primarily in their locations relative to the
center of the laser ablation plume. The radial distance from
where the plume center hits the heating stage is also pre-
sented in the Table 1. Separate studies of the local temper-
ature variations on the heating stage indicated a uniform
temperature distribution across the stage. Therefore, we
attribute the differences in the films to differences in how
and at what rates material is delivered to the substrate by
the ablation plume. The growth rates increase as the films
were deposited closer to the center of the ablation plume
axis. In all cases (see Fig. 3a), the dielectric behavior of
STO films is significantly different from that of the bulk
(solid line) especially below 100 K. The dielectric constant
for these films have a maximum between 30 and 60 K
whereas that of the bulk increases monotonically down to
4 K. We note that films grown on NGO mounted at



Fig. 1. (a) The uniform temperature of substrates mounted across the heating stage. (b) The color fringes on the heating stage after the film deposition (the
cross indicates the plume axis).

Table 1
The characteristics of the studied films

Films STO1 STO2 STO3 STO4

Distance from the plume axis (cm) 2.9 2.7 2.2 3.3
Peak �r (1 MHz) 3300 2600 1800 1000
Loss peak (1 MHz) 0.010 0.008 0.005 0.005
Growth rate (Å/min) 40 48 64 12
Thickness (ellipsometry) (Å) 4000 4800 6400 1200
Lattice parameter (XRD) (Å) 3.906 3.9057 3.913 3.916
In-plane grain size (AFM) (Å) 3100 2500 1400 1200
Tunability (4 K, 2 GHz) (%) 67 63 35 32
Average figure of merit (4 K, 2 GHz) (lm/V) 70 55 27 15
Grain boundary defects (%) 0.70 0.79 1.2 2.0

Fig. 2. Interdigitated coplanar capacitor. (a) Cross sectional view. (b)
Optical micrograph of a finished coplanar capacitor.
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2.9 cm and 2.7 cm far from the plume axis (STO1: open
squares and STO2: open diamonds in Fig. 3, respectively)
show the dielectric constant similar to that of the bulk
STO from 75 K to room temperature. Other films grown
on NGO mounted too close to the plume axis and too
far from the plume axis (STO3: open triangle and STO4:
cross, respectively) show deviations in the dielectric con-
stant from that for bulk STO starting from 200 K to 4 K.
Fig. 3b shows that the associated loss tangent is in the
0.005–0.03 range for our films, but it is less than 0.01 for
bulk STO. Clearly the response of our capacitors in the
MHz frequency can nearly match that for bulk STO if
the films were grown at a certain region with respect to
the ablation plume. We extended the measurement of
dielectric response into the microwave frequency because
many applications would require the use of STO films at
that regime [1,15]. Fig. 4 shows the decreasing in maximum
dielectric constant and increasing loss tangent of the best
film (STO1) in microwave frequency measurement compar-
ing with radio frequency measurements (at 10 kHz,
100 kHz, and 1 MHz). We observed two relaxation loss
peaks around 50–70 K and 10 K, respectively. Viana
et al. [6] have reported low frequency dielectric measure-
ments on bulk STO, and observed two relaxation loss
peaks around 100 K and 10 K, respectively. The high tem-
perature loss peak indicates the phase transition from a
cubic to a tetragonal structure [6]. Note that the loss peaks
shift to higher temperature as the frequency of measure-



Fig. 3. (a) Dielectric function (�r) measured at 1 MHz as a function of
temperature for films STO grown on NGO. For comparison, the solid line
represents the bulk STO data. (b) Loss tangent at 1 MHz as a function of
temperature for films STO grown on NGO.

Fig. 4. Microwave frequency measurement comparing with 10 kHz,
100 kHz, and 1 MHz measurements of the STO1 film.

Fig. 5. The dielectric constant and loss tuning (at 2 GHz and 4 K) for
applied electric fields in the range of 4 V/lm: (a) STO1 and (b) STO2.
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ment increases. This behavior suggests that dielectric losses
are associated with thermally activated barriers. It is clearly
seen that the high loss in ferroelectrics at microwave fre-
quency limits the performance for devices. In the literature
[16], a commonly used for determining the device perfor-
mance, the figure of merit (K), is defined as the ratio of
the tunability to the peak loss;

K ¼ eðE0Þ � eðEmaxÞ
eðE0Þ

1

tan dmax

ð1Þ

where the tunability is given by the ratio between the
change of dielectric constant when applying bias at the
maximum and the dielectric constant at zero bias:

Tuning ¼ eðE0Þ � eðEmaxÞ
eðE0Þ

ð2Þ

However, it is difficult to compare the figure of merit of
our films to those from other groups due to experimental
factors such as the range of the applied electric field, the
different temperature taken, and different measurement
frequencies. Indeed, the K factor is temperature dependent
as well as the tunability [16]. At room temperature, the
dielectric responses of our strontium titanate thin films
are independent of applied electric field indicating the
paraelectric phase of the films. Fig. 5 shows the microwave
measurements at 4 K of the dielectric constant and loss
tangent tuning for applied electric fields in the range of
4 V/lm. The results of tuning and figure of merit (K) are
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presented in Table 1. STO1 and STO2 show a microwave
loss peak below 0.015 while a large electric field tunability
is maintained, resulting in high figure of merit of 70 lm/V
and 55 lm/V, with high tunability of 67% and 63%, respec-
tively. STO3 film which was grown at close to the plume
axis shows low tunability of 35% resulting in low figure
of merit of 27 lm/V. STO4 film grown too far from the
plume axis shows lowest tunability of 32% and lowest fig-
ure of merit of 15 lm/V. The best film, STO1 was grown
2.9 cm measured from the ablation plume axis on the heat-
ing stage. We suggested that the optimum film growth rate
of about 40 Å/min significantly enhances the dielectric per-
formance of STO coplanar capacitor device.

3.1. Characterization of the film structure

It is desirable to establish how the films grown under dif-
ferent growth rates differ from a structural point of view.
Furthermore, given the wide variety of dielectric behavior,
we expect to find strong correlations between the dielectric
properties and the internal film structure. We have there-
fore carried out a series of high resolution X-ray diffraction
experiments to investigate these issues. Specially, we stud-
ied the correlation between the dielectric properties of these
films and their crystal structure and microstructure using
X-ray diffraction and atomic force microscopy, respec-
tively. We performed the high resolution X-ray mea-
surements with a synchrotron diffraction beamline (k =
1.55857 Å) [17]. Our STO films have preferential [100]
growth perpendicular to the surface of the (110) NGO sub-
strates. Fig. 6a and b show the data obtained with synchro-
tron radiation for the first order (100) diffraction pattern
for STO films grown on NGO. The data shown in
Fig. 6a corresponds to the film STO1 prepared away from
the plume axis and with a correspondingly high dielectric
constant and low loss. The high symmetry of the peak
and the presence of fringes are indicative of high crystallin-
Fig. 6. High resolution X-ray diffraction (k = 1.55857 Å
ity, uniform layer and low strain [18]. The narrow peak
suggests that the film STO1 (FWHM = 0.025�) has very
low concentration of defects [19]. In contrast, the film
STO3 (FWHM = 0.035�) (see Fig. 6b) grown near the
plume center displays clearly asymmetrical and wider dif-
fraction patterns. Crystal imperfections such as the out-
of-plane lattice strain, in-plane strain (mismatch with the
substrate), point defects, line defects and volume defects
can also contribute to the observed asymmetric shapes
[20]. The line in Fig. 6 is the best fit provided by the Riet-
veld method [21] using the Generalized Structure and Anal-
ysis Software (GSAS) package [22]. The residuals are
shown in the bottom curve in Fig. 6. The peaks were mod-
elled by a Pseudo Voigt function [22] with the assumption
of a cubic point group for STO [23]. The refined lattice
parameters are presented in Table 1. We found that in all
cases the crystallite size in a direction perpendicular to
the plane of the film (out-of-plane grain size) is consistent
with the film thickness obtained from our ellipsometry
measurements indicating the columnar grains.

The microstructure of the films such as grain size, disor-
der, pores and boundary defects can be seen in the atomic
force microscopy images. Fig. 7 shows atomic force micros-
copy (AFM) 2 · 2 lm images of the STO thin films. The in-
plane grain size of these films is in the 1000–3000 Å range,
slightly larger than the in-plane grain size of STO thin films
reported in literature [12,24,25] which is in 500–2000 Å
range. For comparison, the grain size in STO ceramics is
in the 1–50 lm range [24]. Fig. 7 show that the film
STO3 prepared close to the plume axis have smaller grain
sizes than that of the films grown at far from the plume axis
STO1 and STO2. Fig. 7d shows the surface of the STO4
film having a thickness only 1000 Å. The in-plane grain size
of this film is small compared to other films in Fig. 7 even
though it was grown far from the plume. This suggests that
for the columnar type of growth observed in our films there
is a minimum aspect ratio that is necessary to grow a large
) on the (100) STO films: (a) STO1 and (b) STO3.



Fig. 7. The 2 lm · 2 lm atomic force microscope images of the strontium titanate films: (a) STO1, (b) STO2, (c) STO3 and (d) STO4.
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crystal. The film STO4 lies below such crystallization onset,
and thus it is too thin to form large grains. One possible
reason for this behavior is the presence of strain in the crys-
tallites due to the lattice mismatch with the substrate.
Indeed, complete strain relaxation of the STO film takes
place at film thickness in the 500–2500 Å range depending
on the deposition temperature [26].

The observed columnar growth suggests that strain
inducing defects at the boundary between grains may be
formed due to differences in the growth rate between neigh-
boring columns. Film–substrate lattice mismatch is known
to introduce strain on the films. [26,27] The release of the
strain by lift off was shown to reduce the loss without an
appreciable change in the dielectric constant [27]. We spec-
ulate that the strain between the film–substrate and
between the grains play a major role in determining the
dielectric constant and loss of the films.

The proportion of grain boundary defects in the crystal-
lites will scale with the surface to volume ratio of the
grains. The smallest possible defect containing entity is a
unit lattice cell. Thus, the proportion of defects should
scale with the ratio of the number of surface cells to the
total number of lattice cells in the grain. Assuming a cylin-
drical shape for the columnar grains, the volume of each
grain is simply V = pr2t where r is the radius of a grain
and t is the film thickness. The area of the grains is esti-
mated as A = pr2 + pr2 + 2prt. We thus estimate the frac-
tion of defects containing unit cells as
Number of surface cells ¼ A
ða� aÞ ð3Þ

where a is a lattice constant for STO films (see Table 1).
The total number of volume cells in the cylindrical grain
is given by

Number of volume cells ¼ V
ða� a� aÞ ð4Þ

The maximum percentage of boundary defects is given
by the number of surface cells divided by the total number
of volume cells.

Boundary defectð%Þ ¼ Number of surface cells

Number of volume cells

� 100 ð5Þ

The calculated percentage of boundary defects for our
films are shown in Table 1.

In Fig. 8, the figure of merit for studied films at 4 K and
2 GHz is plotted with the in-plane grain size and the
boundary defects. The STO1 film with highest figure of
merit shows the highest in-plane grain size and the lowest
boundary defect. The data shows a nearly linearly propor-
tional dependence of the figure of merit with the in plane
grain size. Extrapolation of this trend to zero grain size
yields zero figure of merit within the error bars, as expected
for this limit. Interestingly a similar limit is found for bar-
ium titanate nanoparticles (average diameter of 30 nm) for



Fig. 8. Plot of grain size, boundary defect and figure of merit as described
in the text.
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which the ferroelectric behavior is prevented because these
crystals are not large enough to have more than one ferro-
electric domain [8]. There have been previous reports show-
ing strong correlation between grain size and dielectric
constant. For STO films on lanthanum aluminate, Dal-
berth et al. found that the films with large static dielectric
function also have larger grain size [12]. Our best STO/
NGO film obtained from off-axis growth show improved
dielectric performance, with a figure of merit at least two
times larger than that of the free-standing films [27]. A pro-
nounced correlation was also found between the dielectric
boundary and the grain size for diamond films [28] and
for barium titanate films [7]. Clearly in plane grain size
has a major impact on the figure of merit for our coplanar
capacitors. In contrast, the performance for our fabricated
capacitors does not depend on the out of plane grain size.
This could be due to the direction of applied electric field
parallel to the in plane grain size. The rms roughness for
our films was in the 2–5 nm range which is less than 3%
of the thickness for all of our films and on the order of
the roughness of the bare substrate which is approximately
1 nm. Thus, we concluded that the observed variations in
figure of merit are not due to differences in the roughness
among our films.

A recently published article showed that thermal cycling
in oxygen rich atmosphere increased the dielectric proper-
ties of the films [29]. Interestingly such oxygen treatments
improved the figure of merit at the MHz frequency, but
not in the GHz range. The result of our experiments pro-
vide an important insight towards how to improve the
quality of STO films at MHz and GHz frequencies. It is
expected that a slow rate of material delivery by the plume
in the deposition process will tend to provide the largest in
plane grain size producing films with low loss and high
dielectric constant. No clear correlation between the lattice
parameters of the films and the figure of merit can be con-
cluded from our data set, which is consistent with the
results of other studies [30].
4. Conclusions

STO films have been grown by off-axis pulsed laser
deposition on NGO single crystal substrates, at 820 �C
and oxygen pressure of 80 Pa. The STO/NGO film with
the growth rate of approximate 40 Å/min, the largest in-
plane grain size, and the smallest grain boundary defects
showed the highest figure of merit of 70 lm/V at 2 GHz
and 4 K, and a change in the dielectric constant of 67%
with an electric field of 4 V/lm. The morphology of the
films and their dielectric behavior are strongly dependent
on the position of the substrate relative to the plume axis
as well as the film growth rate. The correlation of dielectric
performance in our coplanar capacitor and in-plane grain
size and percentage of defects could be useful in controlling
the quality of the films. We have found that in-plane grain
size is the most important factor determining the dielectric
performance of film coplanar capacitors.
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