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bstract

agnetron sputtered and laser deposited SrTiO3 thin films are deposited on CeO2 buffered sapphire substrates. Their structural and ferroelectric
roperties are analyzed and possible (mutual) correlations between these properties are investigated. It is shown, that the biaxial compressive strain
mposed by the substrate on the ferroelectric films leads to a considerable increase of the Curie temperature, as well as the dielectric constant and
he tenability of these films in technically relevant temperature regimes. Generally, the dielectric constant and the tuning decreases with increasing
train. However, the ferroelectric phase transition of the SrTiO films is shifted to higher temperatures compared to that of single crystalline SrTiO .
3 3

s a consequence, the dielectric constant of the films is larger than that of undistorted SrTiO3 single crystals for small strain (�a/a < 0.005) and
emperatures above the Curie temperature. Furthermore, a linear dependence of the loss tangent and the tunability on the dielectric constant is
bserved, which indicates, that all three properties are affected by the same mechanism that itself is affected by the lattice strain.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

Owing to the strong connection between strain and ferroelec-
ricity, large shifts of the Curie temperature Tc are expected1,2

nd have been observed3,4 in ferroelectric material that is
xposed to strain. An ideal method to introduce substantial strain
o these materials exists for ferroelectric thin films. Depending
n the choice of the substrate, tensile or compressive in-plane
train can be imparted upon epitaxial ferroelectric thin films. It
as been speculated,2 that in both cases (tensile and compres-
ive strain) Tc is shifted to higher temperatures resulting in a
ore profitable temperature dependence of the dielectric con-

tant ε. This effect has been experimentally demonstrated for
ensile in-plain strained SrTiO3 (STO).3 However, compressive
n-plane strained STO on LSAT did not lead to an improvement
f the permittivity. In this paper we show, that also in-plane

ompressive strain induced by CeO2 buffered sapphire on STO
an lead to a significant increase of the dielectric constant at
emperatures above Tc. Furthermore, we will show that the fer-
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oelectric properties strongly depend upon the magnitude of
train.

. Experimental results and discussion

A series of SrTiO3 (STO) films (thickness of 400 nm) is
rown on CeO2 buffered r-cut sapphire (Al2O3) at various
emperatures (650–870 ◦C) via on-axis magnetron rf sputtering
echnique (MST) and pulsed laser deposition (PLD) at various
ressures. In order to provide identical growth conditions for
he STO layers, all CeO2 buffer layers are deposited via MST
t identical conditions (i.e., rf-power of 130 W on a 6′′ cath-
de, Ar/O2 gas mixture of ratio 6.6/1 at a pressure of 13 Pa,
nd a heater temperature of 850 ◦C resulting in a deposition rate
f 0.5 nm/min). Subsequently the STO layers are deposited via
ST and PLD. The MST deposition of STO is performed in a

as mixture of Ar/O2 of 3.3/1 at 4 Pa and a rf power of 260 W
n a 6′′ magnetron target. The PLD depositions are performed

n pure O2 atmosphere at two different conditions, (i) a pressure
f 50 Pa using a laser power of about 2 J/cm2 at the target and at
0 Hz and (ii) a pressure of 1 Pa, laser power of about 5 J/cm2 at
he target and at 10 Hz.

mailto:r.woerdenweber@fz-juelich.de
dx.doi.org/10.1016/j.jeurceramsoc.2006.11.063
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Fig. 1. Growth rates of low-pressure PLD (top), high-pressure PLD (middle)
a
d
S

t
m
a
M
r
t
o
a
p
G
o
i
t
l
t
D
a
i
p
(
S
t
e

c
2
m
f
u

Fig. 2. Temperature dependence of the permittivity (a) and inverse permittivity
of STO films deposited via PLD at different heater temperatures. Additionally
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nd MST (bottom) deposited STO as function of the heater temperature during
eposition. The dashed lines separate different temperature regimes of different
TO phase formations.

The growth rates, phase formation and ferroelectric proper-
ies of the STO layers strongly depend upon the preparation

ethod and preparation parameters. The STO growth rates
re (1.6–2.6) nm/min, (25–32) nm/min, and 180 nm/min for
ST, high-pressure PLD, and low-pressure PLD deposition,

espectively. Furthermore, depending on the technology and
he deposition parameters different structural orientations are
btained. Fig. 1 shows the dependence of the STO growth rate
nd orientation of the epitaxial STO phases on the heater tem-
erature for MST, high-pressure PLD and low-pressure PLD.
enerally, the growth of the different STO phases depends (i)
n the choice of the substrate and (ii) the particle energy dur-
ng the nucleation and growth. The first is mainly given by
he lattice mismatch between substrate and STO, whereas the
atter is mainly defined by the particle energy at the target,
he pressure during deposition and the substrate temperature.
epending on the particle energy the deposition rate, the phase

nd the resulting strain in the film is changed. With increas-
ng particle energy the deposition rate increases (Fig. 1), the
hase changes from polycrystalline, via (1 1 0), (1 1 0) + (1 1 1),
1 0 0)+ small amounts of (1 1 0), to finally pure (1 0 0) oriented
TO (Fig. 1). This modification is accompanied by a decrease of

he strain of the STO film. The strain has been analyzed by XRD
xperiments.

The dielectric properties of the films are determined by
apacitance measurements of planar capacitors at 1 MHz and

–4 GHz. Fig. 2 shows the temperature dependence of the per-
ittivity of the high-pressure PLD deposited STO layers and,

or comparison, the permittivity of a STO single crystal. In pure,
nstressed form, STO is an incipient ferroelectric. It remains

h
i
o
p

he data of single crystalline STO is given, which is obtained from measurements
f a planar capacitor on a single crystalline STO substrate. All data are recorded
frequency of 1 MHz.

araelectric down to about 0 K. This is among others visible in
he perfect Curie-Weiss behavior:

∝ 1

(T − Tc)
(1)

ith an experimentally determined Curie temperatures
c ≈ 4–7 K (Fig. 2). In contrast to the single crystal, the
lms show a Curie-Weiss like behavior only at high tem-
eratures T >150 K. From the linear dependence of ε−1,
urie-temperatures of Tc ≈ 50–75 K are obtained for all films.
owever, the temperature dependence of the permittivity of all
lms shows a pronounce maximum. The position of the maxi-
um depends upon the preparation parameter, it is observed for

emperatures around 80–120 K our samples. This maximum can
lso be associated with a Curie temperature.5 Moreover, mea-
urements of the hysteretic behavior of our films indicate, that
erroelectricity persist even up to 180–220 K in our films.

This indicates that the Curie temperature is clearly enhanced
n the compressively strained films. An unambiguous determi-
ation of Tc is not possible. Possible ranges for Tc are given in
ig. 3 together with theoretical predictions2 and experimental
alues for STO films on other substrates. The increase of Tc

as been demonstrated for STO films on DyScO3 with tensile
n-plane strained STO.4,6 However, due to experimental results
f STO films on LSAT it has been speculated, that for com-
ressively strained STO the Curie temperature is not increased.
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Fig. 3. Curie temperature of STO films on CeO2 buffered sapphire, LSAT4 and
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yScO and theoretical predictions as function of lattice mismatch between
he substrate and film. The Tc values for our films are obtained from different
efinitions.

owever, although the determination of Tc obtained by (i) Curie-
eiss behavior, (ii) maxima in the temperature dependence of

he permittivity or (iii) the hysteretic behavior of ε are quite dif-
erent, they agree with the theoretical predictions. Furthermore,
ur experiments clearly demonstrate, that a substantial increase
f Tc is possible not only for tensile stain, but for compressive
trained STO, too.

In order to discuss and compare the different data, let us
onsider the structural dependence of the ferroelectric prop-
rties. Fig. 4 shows the permittivity, losses, and tunability
= [ε(0)/ε(E)] − 1 of the films as function of the normal lattice
istortion normal to the film surface. E represents the applied

c electric field. All three properties decrease in a similar way
ith increasing lattice distortion. The distortion represents an

xpansion of the lattice constant a⊥ normal to the film surface.

m
a
l

ig. 4. Dielectric constant ((a) and (b)), loss tangent (c), and tunability (d) at 77 K (a
ubstrate surface for high-pressure PLD (open circles) and MST (solid circles) STO fi
n Ceramic Society 27 (2007) 2899–2902 2901

ince the volume of the unit cell should be conserved, the in-
lane STO lattice constant a‖ will be compressed by up to 1.6%.
his is consistent with the structural restrains from the nearly
ndistorted CeO2 buffer layer that defines the starting condition
or the epitaxial STO phase.

It is known, that strain is one of the important factors affect-
ng the ferroelectric properties since it is directly related to
he ionic polarization in ferroelectrics.7–10 It has been demon-
trated, that strain modifies the ferroelectric phase transition,
he dielectric constant, and the dielectric tuning.4,11–17 Gen-
rally it is assumed, that with increasing stain (tensional as
ell as compressive) the permittivity and ferroelectric tun-

ng will decrease.3 However, due to the demonstrated increase
f the Curie temperature, the dielectric constant and, as a
onsequence, the dielectric tenability is increased at elevated
emperature.

On the one hand, we do observe the general tendency, that
and n decreases with increasing strain for the STO films on
eO2 buffered sapphire (see Fig. 4). On the other hand, the

hift of Tc to higher temperatures leads to a strong increase of ε

or �a/a < 0.005 and n compared to the values recorded for the
ndistorted STO single crystal.

Finally, we consider the mutual dependence of the different
roperties of the ferroelectric layers. Fig. 5 indicates, that the
ielectric constant, the loss tangent, and the tunability seem to
e correlated. We observe a linear dependence of the loss tangent
nd the tunability on the dielectric constant. The Kramers-
ronig integral relation is often used to describe the relation
etween the real and imaginary part of the dielectric suscepti-
ight be taken as an indication, that all three parameters are
ffected by the same mechanism that itself is affected by the
attice strain.

nd 300 K in (a)) as function of the normalized lattice distortion normal to the
lms measured at 1 MHz.
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Fig. 5. Double logarithmic plot of the dielectric losses and tunability of the MST
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open circles), high-pressure PLD (solid circles), and low-pressure PLD (stars)
TO films at 77 K as function of the permittivity. The dashed lines indicate the

inear dependence between the different properties.

. Conclusions

Magnetron sputtered and laser deposited SrTiO3 thin films
ere fabricated on CeO2 buffered sapphire substrates. The struc-

ural properties and, especially, the strain are investigated and
orrelated to the dielectric properties of the films.

In agreement with the theoretical predictions,2 the Curie
emperature of the biaxial compressively strained STO films
s shifted to higher temperatures (50–220 K, depending of the
train and definition of Tc) compared to that of single crystalline
TO (Tc <7 K). As a consequence, the dielectric constant of the
lms is larger than that of the undistorted STO single crystal for
mall strain (�a/a < 0.005) and temperatures above the Curie
emperature. Furthermore, we observe a linear dependence of
he loss tangent and the tunability of the dielectric constant. This
orrelation between the different parameters might be taken as
n indication, that all three parameters are affected by the same

echanism that itself is affected by the lattice strain.
It seems that not only biaxial tensile strain, but also biax-

al compressive strain can lead to a considerable increase of the
ielectric constant and tuning of SrTiO3 thin films in technically

1

1

n Ceramic Society 27 (2007) 2899–2902

elevant temperature regimes. Considering the advantage of the
se of sapphire as a low-loss technical substrate, this makes
his system – SrTiO3 on CeO2 buffered sapphire – an interest-
ng system for rf applications like rf tunable devices or phase
hifters.

cknowledgements

The authors would like to thank R. Ott, T. Hürtgen, R.
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