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To obtain the electrical properties of strained ferroelectric thin films, bottom electrodes with lattice
constants and thermal coefficients matched to both films and substrates are needed. The interface
structure, strain configuration, and strain relaxation in such bilayer systems are different from those
in single layer systems. Here, we report transmission electron microscopy studies of epitaxial
BaTiO3 films grown on GdScO3 and DyScO3 substrates with buried SrRuO3 layers. We found that
the different strain relaxation behaviors observed in the bilayer are mainly dependent on lattice
mismatch of each layer to the substrate and the thicknesses of each layer. © 2007 American Institute
of Physics. �DOI: 10.1063/1.2819684�

Barium titanate �BaTiO3� thin films are widely used in
modern electronic and optical devices, such as optical
switches and modulators. It is well known that the properties
of BaTiO3 thin films and the performance of related devices
are strongly dependent on thin film microstructures, strains,
and defects.1–3 On the other hand, the strain resulting from
the mismatch in lattice constants and thermal expansion co-
efficients between the substrates and BaTiO3 films can be
used to manipulate the properties of the BaTiO3. Strain in
epitaxial thin films can be controlled by carefully choosing
the structure and orientation of substrates and/or epitaxial
buffer layers with suitable lattice constants and thermal ex-
pansion coefficients. Recently, a series of rare earth scan-
dates �including DyScO3 and GdScO3� have been used as
substrates for the growth of strained BaTiO3 thin films be-
cause their lattice constants �considered as pseudocubic
structure� and thermal expansion coefficients closely match
those of BaTiO3.4,5 Choi et al. reported the enhancement of
Curie temperature of BaTiO3 thin films from 400 °C when
grown on GdScO3 to 540 °C by using DyScO3 as substrates
�the Curie temperature of bulk BaTiO3 is 130 °C�. They also
showed an increase in the remnant polarization in these
strained BaTiO3 thin films over that in bulk BaTiO3.6 The
key to the improvement of the physical properties in these
BaTiO3 thin films is the existence of a uniform strain in-
duced by the coherently epitaxial growth on the rare earth
scandate substrates. In contrast to the rich understanding of
strain relaxation in semiconductor thin films,7 strain relax-
ation studies in perovskite oxide thin films have mainly fo-
cused on single layer films grown on substrates.8 To deter-
mine the electrical properties of epitaxial ferroelectric thin
films, a bottom electrode such as epitaxial SrRuO3 is re-
quired. The strain configuration and its relaxation mechanism
in such bilayer and multilayer systems may be different from
those in single epitaxial films. As yet, there are few reports
on strain relaxation and defects in bilayer perovskite oxide

systems.9 Therefore, it is important to understand the strain
relaxation phenomena of bilayer such as BaTiO3 /SrRuO3
grown on substrates. In this paper, transmission electron mi-
croscopy �TEM� was carried out to study the microstruc-
tures, the interface structures, and defect configurations of
epitaxial BaTiO3 thin films grown on �110� GdScO3 and
�110� DyScO3 substrates with buried coherent SrRuO3 buffer
layers. The strain relaxation in these BaTiO3 films was ad-
dressed by thermodynamic equilibrium theory accounting for
the thickness and lattice mismatch of each layer with respect
to substrates.

Three epitaxial BaTiO3 /SrRuO3 bilayer films with dif-
ferent thicknesses were prepared by pulsed-laser deposition:
BaTiO3 �200 nm� /SrRuO3 �50 nm� / �110� GdScO3, BaTiO3

�50 nm� /SrRuO3 �200 nm� / �110� DyScO3, and BaTiO3

�100 nm� /SrRuO3 �100 nm� / �110� DyScO3. Details of the
growth condition and TEM observations have been described
elsewhere.6,10

Figure 1�a� shows a typical low-magnification cross-
sectional bright-field image of a BaTiO3 �200 nm� /SrRuO3

�50 nm� bilayer grown on �110� GdScO3. It shows that both
BaTiO3 /SrRuO3 and SrRuO3 /GdScO3 interfaces are free of
dislocations. The dark band at the BaTiO3 /SrRuO3 interface
is due to diffraction contrast at the interface. The atomic
structures at the BaTiO3 /SrRuO3 and SrRuO3 /GdScO3 in-
terfaces, with electron beam aligned along the �100� zone
axis of BaTiO3, are shown in Figs. 1�b� and 1�c�, respec-
tively. It can be seen that the both interfaces are fully coher-
ent and atomically sharp.

Similar results were obtained from BaTiO3
�50 nm� /SrRuO3 �200 nm� bilayer grown on �110� DyScO3.
Figure 2�a� shows a cross-sectional TEM image in which
both BaTiO3 /SrRuO3 and SrRuO3 /GdScO3 interfaces are
free of dislocations. High-resolution transmission electron
microscopy �HRTEM� images �not shown here� show the
coherent, atomically sharp interfaces similar to Figs. 1�b�
and 1�c�. As the thickness of the BaTiO3 layer increases, the
interface between BaTiO3 and SrRuO3 becomes partially re-
laxed and misfit dislocations form at the interface. Figure

a�Author to whom correspondence should be addressed. Electronic mail:
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2�b� is a cross-sectional image of a BaTiO3
�100 nm� /SrRuO3 �100 nm� bilayer grown on �110�
DyScO3. Dislocation cores at the BaTiO3 /SrRuO3 interface
are observed, while the SrRuO3 /DyScO3 interface is free of
dislocations. Both diffraction contrast images and HRTEM
images �not shown here� prove that the Burgers vector of the
misfit dislocations is a�100�BaTiO3

. The distribution of dislo-
cations along the BaTiO3 /SrRuO3 interface is inhomoge-
neous. The average dislocation spacing of about 58 nm is
much larger than the theoretical equilibrium dislocation
spacing of 25 nm,10 which indicates that BaTiO3 thin film is
partially relaxed. Figure 2�c� is a planar-view TEM image of
the same film. The orthogonal dislocation network consists
of two perpendicular edge dislocation lines with Burgers
vectors a�100�BaTiO3

and a�010�BaTiO3
, respectively. X-ray

energy dispersion spectroscopy analysis confirmed that the
area imaged includes BaTiO3, SrRuO3, and DyScO3.

The above TEM results show that the 200 nm BaTiO3
thin film grown on a GdScO3 substrate with a 50 nm coher-
ent SrRuO3 layer is still strained with fully coherent inter-
faces, while critical thickness of BaTiO3 thin films grown on
DyScO3 substrate with coherent SrRuO3 layer is between 50
and 100 nm. These results can be understood via thermody-
namic equilibrium theory. In general, to ensure coherent
growth in bilayer systems, the important structural param-

eters are the thicknesses of each layer and the lattice mis-
match between each layer and substrate.11 As a rule of
thumb, if the buffer layer in a bilayer system is coherent and
very thin relative to the substrate, then layers that are subse-
quently grown on top of the buffer layer will be strained to
match the substrate, as though there were no buffer layer
present. When the misfit strain between the two layers is of
an opposite sign, as in the case for BaTiO3 and SrRuO3

layers on either GdScO3 or DyScO3 �Table I�, then it will be
energetically unfavorable to lose coherency at the substrate/
buffer-layer interface before losing it at the second interface.
In other words, the critical thickness for a second layer on a
coherent buffer layer is expected to be identical to the critical
thickness in a single layer configuration, provided the strains
in the two layers are of opposite signs. If the strains in the
two layers are of the same sign, it could be energetically
favorable to relax the strains in both layers by losing coher-
ency at the substrate/buffer-layer interface, before reaching

FIG. 1. �a� Cross-sectional TEM image of the BaTiO3 �200 nm� /SrRuO3

�50 nm� bilayer grown on �110� GdScO3 showing the sharp interfaces be-
tween BaTiO3 and SrRuO3 as well as between SrRuO3 and GdScO3. The
interfaces are indicated by arrows. �b� HRTEM image of the
BaTiO3 /SrRuO3 interface. �c� HRTEM image of the SrRuO3 /GdScO3

interface.

FIG. 2. �a� Cross-sectional TEM image of the BaTiO3 �50 nm� /SrRuO3

�200 nm� bilayer grown on �110� DyScO3 showing coherent sharp interfaces
between BaTiO3 and SrRuO3 as well as between SrRuO3 and DyScO3. The
interfaces are indicated by arrowheads. �b� Cross-sectional image of the
BaTiO3 �100 nm� /SrRuO3 �100 nm� grown on �110� DyScO3 showing the
dislocation cores at interface between BaTiO3 and SrRuO3. �c� Planar-view
TEM image of the same sample showing a two-dimensional dislocation
network.
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the critical thickness at which coherency is lost at the second
interface.

Within the framework of a thermodynamic equilibrium
theory, there are two widely accepted criteria for the critical
thickness: the Matthews-Blakeslee �mechanical equilibrium�
model11 and the People-Bean �energy equilibrium� model.12

The former model requires the total energy being at its mini-
mum under critical thickness, while the latter assumes that
the elastic energy is equal to the dislocation energy at critical
thickness. Generally, the Matthews-Blakeslee model, which
has its physical basis stemming from force balance, is fre-
quently used to describe strain relaxation in thin film sys-
tems, while the People-Bean model is more accurate in cer-
tain thin film systems which have extremely low initial
dislocation densities, low dislocation mobility at growth tem-
perature and small lattice mismatches ��1.0% � between the
thin films and the substrate.12,13 The critical thicknesses cal-
culated by the Matthews-Blakeslee model and the People-
Bean model for different lattice mismatch values are shown
in Fig. 3. In the present experiments the critical thickness of
the BaTiO3 film at which coherency is lost at the BaTiO3 /
SrRuO3 interface is significantly greater than that expected
from the classical Matthews-Blakeslee model, and might ap-
pear to be more consistent with the People-Bean model �Fig.
3�. However, it should be recognized that the Matthews-
Blakeslee model provides a lower thermodynamic bound,

based on equilibrium considerations, to the thickness at
which coherency is lost. In practice, misfit dislocations might
not be observed in the TEM until thicknesses considerably in
excess of those predicted by Matthews-Blakeslee because of
either kinetic limitations or nucleation limitations. Therefore,
the experimental critical thickness for strain relaxation may
depend on experimental conditions such as growth tempera-
ture, stoichiometry, postgrowth annealing, etc.10,14,15 More
studies must be conducted to fully understand strain relax-
ation behaviors in these systems.

In conclusion, we have studied strain relaxation of
BaTiO3 thin films grown on �110� GdScO3 and DyScO3 sub-
strates with buried coherent SrRuO3 layer by transmission
electron microscopy. The different strain relaxation behav-
iors in BaTiO3 films are mainly dependent on lattice mis-
match of each layer with respect to the substrate and the
thicknesses of each layer. Therefore, strain engineering of
multifunctional oxide multilayer is feasible by choosing suit-
able substrate and controlling thickness of each component
layer.

This work was supported by the Department of Energy
�DE-FG02-07ER46416� and the National Science Founda-
tion �DMR-0313764, DMR-9871177, and ECS-0210449�,
and the Chinese Natural Science Foundation �50428202�.
The authors �X.Q.P. and Y.B.C.� would like to thank Profes-
sor Michael Thouless for discussions on strain relaxation
mechanism in thin films.

1V. G. Koukhar, N. A. Pertsev, and R. Waser, Phys. Rev. B 64, 214103
�2001�.

2T. Zhao, H. B. Lu, F. Chen, G. Z. Yang, and Z. H. Chen, J. Appl. Phys. 87,
7448 �2000�.

3N. A. Pertsev, A. G. Zembilgotov, S. Hoffmann, R. Waser, and A. K.
Tagantsev, J. Appl. Phys. 85, 1698 �1999�.

4J. Schubert, O. Trithaveesak, A. Petraru, C. L. Jia, R. Uecker, P. Reiche,
and D. G. Schlom, Appl. Phys. Lett. 82, 3460 �2003�.

5M. D. Biegalski, J. H. Haeni, S. Trolier-McKinstry, D. G. Schlom, C. D.
Brandle, and A. J. Ven Graitis, J. Mater. Res. 20, 952 �2005�.

6K. J. Choi, M. Biegalski, Y. L. Li, A. Sharan, J. Schubert, R. Uecker, P.
Reiche, Y. B. Chen, X. Q. Pan, V. Gopalan, L. Q. Chen, D. G. Shlom, and
C. B. Eom, Science 306, 1005 �2004�.

7D. J. Dunstan, J. Mater. Sci.: Mater. Electron. 8, 337 �1997�.
8H. P. Sun, X. Q. Pan, J. H. Haeni, and D. G. Schlom, Appl. Phys. Lett. 85,
1967 �2004�; W. K. Simon, E. K. Akdogan, and A. Safari, ibid. 89,
022902 �2006�; T. Suzuki, Y. Nishi, and M. Fujimoto, Philos. Mag. A 79,
2461 �1999�; C. J. Lu, L. A. Bendersky, K. Chang, and I. Takeuchi, Philos.
Mag. 83, 1565 �2003�; S. H. Oh and C. G. Park, J. Appl. Phys. 95, 4691
�2004�.

9C. L. Jia, X. H. Zeng, X. X. Xi, and K. Urban, Phys. Rev. B 64, 075416
�2001�; J. S. Wu, C. L. Jia, K. Urban, J. H. Hao, and X. X. Xi, J. Appl.
Phys. 89, 5653 �2001�; S. B. Mi, C. L. Jia, M. I. Faley, U. Poppe, and K.
Urban, J. Cryst. Growth 300, 478 �2007�.

10H. P. Sun, W. Tian, X. Q. Pan, J. H. Haeni, and D. G. Schlom, Appl. Phys.
Lett. 84, 3298 �2004�.

11J. W. Matthews and A. E. Blakeslee, J. Cryst. Growth 27, 118 �1974�; 29,
273 �1975�; 32, 265 �1976�.

12R. People and J. C. Bean, Appl. Phys. Lett. 47, 322 �1985�; 49, 229�E�
�1986�.

13L. B. Freund, J. Mech. Phys. Solids 38, 657 �1990�.
14A. Petraru, N. A. Pertsev, H. Kohlstedt, U. Poppe, R. Waser, A. Solbach,

and U. Klemradt, J. Appl. Phys. 101, 114106 �2007�.
15I. Vrejoiu, G. Le Rhun, L. Pintilie, D. Hesse, M. Alexe, and U. Gosele,

Adv. Mater. �Weinheim, Ger.� 18, 1657 �2006�.

TABLE I. The average lattice mismatch between BaTiO3 �SrRuO3� and
GdScO3 �DyScO3� �Refs. 4 and 5�, where the lattice mismatch is defined as
f = �asub−afilm� /afilm, asub and afilm are the average in-plane spacings of the
substrate and thin films, respectively.

Film/substrate Average mismatch �%�

SrRuO3 /DyScO3 0.41
BaTiO3 /DyScO3 −1.20
SrRuO3 /GdScO3 1.10
BaTiO3 /GdScO3 −0.56

FIG. 3. �Color online� The theoretical critical thickness for strain relaxation
in single layer systems as a function of lattice mismatch between film and
substrate, calculated via energy balance model �black curve� and mechanical
equilibrium model �blue curve�.
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