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Induced ferroelectricity in strained epitaxial SrTiO3 films
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The impact of strain on structure and ferroelectric properties of epitaxial SrTiO3 films on various
substrate materials—substrates with larger �DyScO3� and smaller �NdGaO3 and CeO2/Al2O3�
in-plane lattice constant, respectively—was analyzed. In all cases, �001�-oriented strained epitaxial
SrTiO3 was obtained. It is demonstrated that the mismatch of the lattices or, alternatively, the
mismatch of the thermal expansion coefficients of films and substrate, imposes biaxial strain on the
SrTiO3 films. The strain leads to a small tetragonal distortion of the SrTiO3 lattice and has a large
impact on the ferroelectric properties of the films. With decreasing film thickness and at low
temperatures the permittivity deviates from the “classical” Curie-Weiss behavior. Furthermore,
strain-induced ferroelectricity is observed, which agrees with theoretical predictions. For electric
fields parallel to the film, surface-induced ferroelectricity is observed for SrTiO3 that is exposed to
in-plane tensile strain, i.e., SrTiO3 on DyScO3 and sapphire. Transition temperatures of To

�210 K and To�325 K are obtained for SrTiO3 on CeO2/Al2O3 and DyScO3, respectively.
© 2007 American Institute of Physics. �DOI: 10.1063/1.2773680�

I. INTRODUCTION

In the past, SrTiO3 �STO� has been of considerable in-
terest due to its low-temperature properties. Nowadays the
interest has revived due to recently introduced concepts that
allow modification or even engineering of the properties to-
ward various electronic room-temperature applications in
ferro- or paraelectronic devices �e.g., spin-based electronics,
tunable varactors, or phase shifters for microwave applica-
tions�.

Generally, the dielectric properties of STO are qualita-
tively similar to those of the paraelectric phase of typical
perovskite ferroelectrics like BaTiO3. In these materials a
soft transverse optical mode exists whose frequency tends to
zero with decreasing temperature.1,2 This leads to an increase
of the permittivity of STO when the material is cooled.3

However, in contrast to BaTiO3, STO is an incipient ferro-
electric or a quantum paraelectric,3–5 i.e., it does not undergo
a ferroelectric transition. This is attributed to quantum fluc-
tuations in the material at low temperatures that suppress the
ferroelectric transition. However, this quantum paraelectric
state is very sensitive to perturbations of the lattice. Thus, a
ferroelectric transition can been induced in STO by small
levels of impurities or doping,6 applied electric fields,7 18O
substitution,8 or mechanical stress.9,10 As a result the Curie
temperature can be increased and the material can be made
suitable for room-temperature applications. On the other
hand, oxide ceramics have a large potential to serve as sub-
strate material for the epitaxial growth of oxide ferroelectric
thin films like STO. Depending on the composition of the
substrate, different lattice constants and thermal expansions
can be realized that result in different strain situations within
the epitaxial film. This has recently been demonstrated for

STO on various substrates.11–13 The “engineering” of the
strain allows tuning of the ferroelectric properties or even
induces ferroelectricity in the case of epitaxial STO films.

In this article the impact of strain on the structural and
ferroelectric properties of epitaxial STO films grown on dif-
ferent substrate systems is analyzed. The strain is induced by
mismatch of the lattice constant or thermal expansion coef-
ficient, respectively. The permittivity is strongly affected by
the strain and, depending on the amount and type of lattice
distortion, ferroelectricity is induced in the STO layers up to
elevated temperatures.

II. EXPERIMENTAL RESULTS AND DISCUSSION

A series of STO films is grown on NdGaO3 �110�
�NGO�, DyScO3 �110� �DSO�, and CeO2 buffered r-cut sap-
phire �Al2O3� via pulsed laser deposition. In order to provide
similar growth conditions, all STO layers are deposited at
identical conditions. That is, the heater temperature is
850 °C, the process gas consists of pure O2 at a pressure of
1 Pa, the laser power is about 5 J /cm2 at the target, and 10
Hz repetition rate was chosen, resulting in a growth rate of
180 nm/min. The thicknesses of the STO layers are 185 and
105 nm for the films on NdGaO3 and DyScO3, respectively.
In the case of the films on CeO2 �40 nm thickness and �001�
oriented� buffered r-cut sapphire, a series of films with thick-
nesses ranging from 8 to 710 nm is prepared.

Due to the lattice mismatch, STO films on �110� DSO
substrates are expected to be exposed to tensile strain,
whereas �110� NGO or �001� CeO2 would lead to compres-
sive strain parallel to the film surface �in-plane�. At room
temperature, DSO and NGO adopt the orthorhombic �dis-
torted� perovskite structure �GdFeO3-structure, Pnma space
group 62�.14 The parameters a�b�c of the orthorhombic
lattice �see Table I� are related to the pseudocubic latticea�Corresponding author; Electronic mail: r.woerdenweber@fz-juelich.de
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constant ap of the cubic perovskites according to a�c
�ap

�2 and b=2ap, with ap�0.395 nm and ap�0.386 nm
for �110� DSO and �110� NGO, respectively. In contrast,
CeO2 possesses a cubic fluorite-type structure with lattice
constant a=b=c=0.5411 nm.14 The cubic �001� STO grows
in the �110� direction of the �001� CeO2 on the resulting
cubic lattice constant a�ap

�2 with ap�0.3826 nm. There-
fore, the resulting lattice mismatch between these substrates
and STO film is expected to be +1.18% for DSO, −1.13% for
NGO, and −2.00% for CeO2, respectively.

The crystalline properties of the different layers are ana-
lyzed via high-resolution x-ray diffraction �XRD�. The mea-
surements yield, among others, the epitaxial orientation,
structural quality, lattice parameters, and mutual angular ori-
entation of the different layers. It should be noted that the
XRD data represent integral properties of the film structure
at room temperature. The impact of the thermal expansion of
the substrate on the film’s structure as well as modifications
of the film’s structure over the thickness of the films cannot
be recorded with this analysis.

The XRD results can be summarized in the following
way. All STO films grow epitaxially. No STO phases other
than �001� orientation are detected. The STO lattice param-
eters are obtained from the XRD measurements in Bragg-
Brentano geometry using the Nelson-Riley correction of
�00�� peaks. The resulting lattice parameters �normal and
parallel to the film surface� of the STO layers are shown in
Fig. 1. For comparison, literature values for the lattice pa-
rameters of �undistorted� STO, CeO2, NGO, and DSO are
added.14

The STO films on NGO and DSO behave as expected.
The in-plane lattice parameter a� is elongated or distorted for
STO on DSO or on NGO, respectively. This modification of
the lattice parameter perfectly agrees with the expected im-
pact of the lattice parameter of the underlying substrate �see
Fig. 1�b��. As a consequence the out-of-plane lattice param-
eter a� is also modified. However, this modification occurs
in the opposite way in order to �partially� compensate the
effect of the in-plane strain upon the volume of the unit cell,
i.e., a� is elongated for NGO and reduced for DSO. The
resulting measured volume of the unit cell slightly deviates
from the literature value by ±1.7% �depending on the sub-
strate� and the tetragonality is smaller than expected, i.e.,
a� /a�=0.987 and 1.016 for NGO and DSO, respectively
�compare with Table I�.

The STO films on CeO2 buffered sapphire behave quite
differently. For all films �8 to 710 nm� both lattice param-
eters �normal and perpendicular to the surface� are quite
similar to the literature value of undistorted STO. Thus, our
STO films on CeO2/sapphire seem to be nearly unstrained at
room temperature. The lattice mismatch between the CeO2

and STO does not seem to affect the in-plane lattice param-
eter of the STO in the same way as is observed for the other
systems �STO on NGO and DSO�. There are different pos-
sible explanations for this distinct difference. Considering
also the discussion of the ferroelectric properties of these
films �see below�, we would favor the following interpreta-
tion.

TABLE I. Bulk lattice parameters of undistorted DyScO3 �orthorhombic�, NdGaO3 �orthorhombic�, CeO2

�cubic�, and SrTiO3 �cubic�. Furthermore, the effective lattice constant ap for the epitaxial growth �e.g.,
pseudocubic lattice constant�, theoretical lattice mismatch �between substrate and STO�, the resulting expected
tetragonality, and the thermal expansion coefficient �Ref. 19� are given for the chosen orientation of the
substrate material.

a
�nm�

b
�nm�

c
�nm� Orientation

ap

�nm� Mismatch Tetragonality

Thermal exp.
coeff.

�10−6 K−1�

DyScO3 0.5449 0.7931 0.5726 �110� 0.395 +1.18% 0.9654 8.4
NdGaO3 0.543 0.772 0.550 �110� 0.386 −1.13% 1.0347 10.2
CeO2 �cubic� 0.5411 �001� 0.3826 −2.00% 1.0625
SrTiO3 �cubic� 0.3904 �001� 9.4
Al2O3 r-cut 0.349 −10.8% 6–8.7

FIG. 1. STO lattice parameters normal and parallel to the substrate surface.
In �a� the thickness dependence of the out-of-plane lattice parameter a� of
STO and, for the films on sapphire, ap of CeO2 are given. In �b� the volume
of the unit cell is plotted as function of the in-plane lattice parameter a�. The
latter is obtained from XRD measurements of �111� and �103� reflexes. For
undistorted STO a volume of the unit cell of 59.5 Å3 is expected �see dotted
line�. Literature values for the undistorted lattice parameters �or ap� of the
different systems are added in both plots.
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First, in the case of DSO and NGO, STO grows on a
�pseudo-� cubic lattice with an only slightly larger �DSO� or
smaller �NGO� lattice constant ap �see Table I�. In contrast,
on CeO2 �a� the effective lattice mismatch is much larger and
�b� the STO grows under a 45° in-plane rotation with only
half of the Sr positions matched to a Ce atomic position. This
is a quite different type of epitaxy. In this way, distortions
and defects can easily be accommodated at the STO/CeO2

interface and can lead to a growth with strongly reduced
lattice-induced strain.

Second, additional to the lattice mismatch, differences in
the thermal expansion between substrate and STO film do
lead to strain in the film. This effect depends on the expan-
sion coefficient and is obviously temperature dependent. It
seems to be small for NGO and DSO. Furthermore, for these
substrates this effect does not counteract the effect of lattice
mismatch �see Table I�. However, for STO grown on sap-
phire the difference in thermal expansion coefficient seems
to be important. The film is grown at elevated temperature
�850 °C�. Upon cooling, the substrate shrinks less than the
STO film, which results in a compensation of the strain at
given temperature and, subsequently, even a tensile in-plane
strain at lower temperatures. This might be the explanation
for the slight tensile in-plane strain observed for some of our
STO films on sapphire �see Fig. 1�b�� that is in contrast to the
expected compressive in-plane strain due to lattice mis-
match. This might also be the reason for the induced ferro-
electricity at relatively high temperatures in this system that
is demonstrated and discussed below.

The dielectric properties of the STO films are deter-
mined by capacitance measurements of planar capacitors at 1
MHz and 2–4 GHz. These experiments selectively record the
in-plane polarization with an accuracy better than 1%. Fur-
thermore, a comparison of the low-frequency data and mea-
surements up to the terahertz regime15 demonstrates that the
permittivity is independent of frequency up to about 0.5 THz
for our samples. Figure 2 shows a comparison of the tem-
perature and thickness dependence of the permittivity �at
zero bias voltage and electric field component parallel to the
surface� for the STO films on sapphire and, for comparison,
a STO single crystal.

First, the room-temperature permittivity measured for
thick STO films �hf �100 nm� is similar to that of the single
crystal �i.e., ��300 K��350�, whereas, for thin STO films
�hf �100 nm� the permittivity increases with decreasing
thickness. For our thinnest sample �hf =8 nm� we measured
��300 K��790, which is more than twice as large compared
to the value obtained for single crystals.

Second, the STO single crystal and the thicker STO
films �hf �100 nm� show perfect Curie-Weiss behavior for
elevated temperatures, i.e., �=C / �T−Tc�. The resulting
Curie-Weiss temperature Tc�40 K is comparable to the lit-
erature values for bulk STO. Moreover, even a quantitative
agreement of the ��T�-values of single crystals and thick
films is given for high temperatures. Only for T�150 K the
data diverge. With decreasing temperature the permittivity of
the single crystal outranges the permittivity of the thick films
by far.

Finally, with decreasing thickness of the STO layers

�hf �100 nm�, the high-temperature behavior of the permit-
tivity diverges more and more from the Curie-Weiss behav-
ior of the single-crystalline STO. Whereas the film with a
thickness of hf =69 nm still shows Curie-Weiss behavior
with a Tc comparable to that of bulk material �but with en-
hanced permittivity�, the temperature dependence of �−1 of
the thinnest films �hf �25 nm� is not Curie-Weiss-type. Fur-
thermore, the curves obtained for the thinner samples show a
clear maximum around room temperature. The position of
this maximum shifts to lower temperatures with decreasing
film thickness.

The thickness dependence of the room-temperature per-
mittivity and the different temperature dependences of �−1

�Fig. 2� can consistently be explained by the scenario that
has been sketched above for the explanation of the structural
data:

• The strain is relaxed over the STO film thickness. This
explains the quantitative and qualitative �Curie-Weiss
behavior� agreement of the permittivity of thick films
�hf �100 nm� and single crystals at elevated tempera-
tures �T�150 K�.

• In thinner STO films �hf �100 nm� the strain cannot
relax or only partially relax, which results in a modi-
fication �increase� of the permittivity at room tempera-
ture.

• The deviation from the Curie-Weiss behavior and, es-
pecially, the maximum in the temperature dependence

FIG. 2. Temperature dependence of the permittivity �a� and inverse permit-
tivity �b� for STO films on CeO2 buffered sapphire �the numbers represent
the thickness of the STO films� and a STO single crystal. The inset shows
the thickness dependence of the permittivity of the STO films �circles� and
the permittivity of the single crystal measured at room temperature.
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of �−1 observed for thin films, indicates that the strain
in this system �STO on CeO2/Al2O3� is not dominated
by the lattice mismatch between carrier and STO. It is
more likely that the difference in thermal expansion
between the substrate and the STO film leads to a
temperature-dependent strain in the films on sapphire.
This is consistent with the XRD observations that are
discussed above. It can also explain the deviation from
Curie-Weiss behavior that is observed for all films
�even the thick STO layers� at low temperatures
�Fig. 2�.

In contrast to the single crystal, some thin films show a large
paraelectric tunability and ferroelectricity up to elevated tem-
peratures. A hysteretic behavior of the current-voltage char-
acteristics is a clear fingerprint of the presence of ferroelec-
tricity �inset, Fig. 3�. Thus, the presence of ferroelectricity
can be analyzed by measurements of the slope d� /dE at zero
voltage which is obtained after applying a large positive or
negative bias field E, respectively. For hysteric behavior �i.e.,
ferroelectricity� a nonzero value of d� /dE should be mea-
sured. In order to distinguish between real ferroelectricity
and relaxor behavior,11 the measurement was performed at
different frequencies �kHz-GHz� and amplitudes of the de-
tection field.

Figure 3 shows the temperature dependence of the nor-
malized slope �d� /dE� /� for zero-bias field for our films and,
for comparison, an unstrained STO single crystal. In our pla-
nar capacitor structures �gap of 4 �m�, the electric bias field
is applied parallel to the film surface. The STO single crystal
and the STO film on NGO show no indication of ferroelec-
tricity down to the lowest temperature of 4 K �i.e.,
�d� /dE� /��0�, whereas the films on DSO and sapphire
show nonzero values up to elevated temperatures. According
to these measurements, ferroelectricity is present in STO on
CeO2/Al2O3 up to about To�200–220 K, although the Cu-
rie temperature Tc�40 K is not changed. The temperature
dependence of �d� /dE� /� is similar and the transition tem-
perature To is independent of the thickness of the films on
sapphire. For STO on DSO ferroelectricity persists even up
to room temperature, i.e., To�325 K.

The temperatures of phase transition can be compared
with theoretical predictions for induced ferroelectricity due
to biaxial strain in epitaxial STO thin films.16,17 These pre-
dictions are based on the Landau-Ginsburg-Devonshire
theory and minimization of the Helmholtz free energy, taking
into account the electric polarization in a bias field. It pre-
dicts true ferroelectric phases due to the coupling between
the polarization and strain �electrostriction�, the resulting
transition temperatures for STO films are calculated as func-
tion of strain �see Fig. 4�. For our configuration �E parallel to
the film surface� an enhancement of To is predicted for ten-
sile strain only. Our data �and literature data18� confirm this
tendency �Fig. 4�. No phase transition �To�4 K� is mea-
sured for STO on NGO and the single crystal, whereas
To�4 K for STO on DSO and CeO2/Al2O3 are obtained.
Moreover, even the quantitative agreement is excellent. Tak-
ing into account, that the strain �given by the lattice mis-
match measured at room temperature� for STO on
CeO2/Al2O3 is probably underestimated at To�210 K, even
the data for STO on CeO2/Al2O3 might perfectly fit to the
theoretical prediction.

III. CONCLUSIONS

The impact of strain on structure and ferroelectric prop-
erties of epitaxial SrTiO3 films is analyzed. STO films are
grown on substrates with larger �DSO� and smaller �NGO
and CeO2/Al2O3� in-plane lattice constant ap. In all cases
�001�-oriented strained epitaxial STO is obtained. In the case
of films that are directly grown onto the single-crystalline
carrier �DSO and NGO�, the strain is dominated by the lat-
tice mismatch between substrate and film, whereas for STO
on CeO2 the difference in thermal expansion for substrate
and film seems to be responsible for the strain. In the latter
case, the STO films are exposed to tensile in-plane strain in
spite of the negative lattice mismatch. Possible explanations
are given for the different epitaxial growth mechanisms that
are observed for these systems. The in-plane strain leads to a
modification of the in-plane lattice constant. As a result, the
out-of plane lattice constant is also modified in order to con-

FIG. 3. Temperature dependence of the normalized slope �d� /dE���−1 at
zero voltage obtained after application of large positive or negative bias
fields, respectively, for STO films on different substrates and a STO single
crystal. The data of STO on DSO are reduced by a factor of 3. The electric
fields are applied parallel to the film surface.

FIG. 4. Shift of the transition temperature To of �001� STO as function of
the biaxial in-plane strain for electric fields �bias and rf field� parallel to the
film surface. Theoretical predictions �Ref. 16� and literature values for STO
on DSO and LSAT �Ref. 18� are added.
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serve the volume of the unit cell. However, this conservation
of the volume of the unit cell is incomplete; the tetragonality
is smaller than theoretically expected.

Furthermore, the impact of strain on the ferroelectric
properties is demonstrated for the different systems. With
decreasing film thickness and at low temperatures the per-
mittivity deviates from the classical Curie-Weiss behavior
for STO on sapphire. In comparison to the single crystal, a
more than twice as large permittivity is measured at room
temperature for the thinnest sample �8 nm�. The deviation
from the Curie-Weiss behavior and the thickness dependence
of the permittivity can be explained by the same scenario
that is used for the explanation of the structural data.

Finally, strain-induced ferroelectricity is observed for
two of the systems. These observations agree with theoretical
predictions based on the Landau-Ginsburg-Devonshire
theory.16,17 For electric fields parallel to the film, surface-
induced ferroelectricity is present in STO films that are ex-
posed to in-plane tensile strain, i.e., STO on DSO and sap-
phire. Transition temperatures of To�210 K and To

�325 K are obtained for STO on CeO2/Al2O3 and DSO,
respectively. Due to the orientation of the electric field, no
ferroelectricity is recorded for STO on NGO, i.e., compres-
sive in-plane strain is expected to lead to modification of the
polarization normal to the film surface.13,16,17

In general, our experiments demonstrate that mismatch
of the lattices or mismatch of the thermal expansion coeffi-
cients of films and substrate imposes biaxial strain on STO
films. Since the strain leads to modification of the structural
and ferroelectric properties of STO, the use of different sub-
strate materials might be of interest for engineering the ferro-
electric properties of these materials. This could lead to the
development of improved electronic applications in the field
of spintronic, tunable microwave devices, or even electro-
calorimetric devices.
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