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Conservative antiphase boundary in SrTiO 3 films on LaAlO 3 substrates
with SrRuO 3 buffer layers
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We have studied the microstructure of SrTiO3 films on LaAlO3 substrates with the SrRuO3 buffer
layer using high-resolution transmission electron microscopy. While high density of defects due to
lattice mismatch were found at the SrRuO3/LaAlO3 interface, no misfit dislocation was observed at
the SrTiO3/SrRuO3 interface. The$111% stacking fault in the SrRuO3 buffer layer propagates into
the SrTiO3 film, giving rise to a type of antiphase boundary on the$110% plane with a
crystallographic shear vector ofa/2^001&. The boundary is a conservative one which does not lead
to any charge defects. A model based on dislocation interactions is proposed to explain the
generation mechanism of the antiphase boundary. ©2001 American Institute of Physics.
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I. INTRODUCTION

It is known that SrTiO3 is an interesting dielectric mate
rial and suitable in various applications such as voltage t
able filters, oscillators, and phase shifters for microwave
cuits. However, the properties of SrTiO3 thin films, which
are necessary for device applications, often deviate from
bulk values.1,2 In this connection, it has been found that t
atomic structure can deviate substantially from that obser
in bulk materials. In SrTiO3 thin films, a columnar structure
has been reported as the dominant structu
characteristic.1–4 The columnar subgrain boundaries we
found to be associated with misfit dislocations at the fil
substrate interface in epitaxial SrTiO3 films on LaAlO3

substrates.4 Recently, employing SrRuO3 as the buffer layer,
high-quality SrTiO3 films with near single-crystal level di
electric loss were successfully prepared on LaAl3

substrates.5

In this article, we report on a detailed structural analy
of these films, in which a type of conservative antipha
boundary was observed. A high density of planar defect
the SrRuO3/LaAlO3 interface was found in agreement wi
earlier observations in single-layer SrRuO3 films on LaAlO3

substrates.6 Instead of perfect misfit dislocations, stackin
faults bounding partial dislocations were found to play
important role in misfit accommodation. However, in t
SrTiO3/SrRuO3 interface we hardly find any misfit disloca
tions since the misfit between SrTiO3 and SrRuO3 is small.
According to the lattice parameters of their pseudocub
perovskite unit cells at room temperature, the misfit betw
SrRuO3 and LaAlO3 is 3.6%, while that for the
SrTiO3/SrRuO3 system is only 0.64%. The antiphase boun
aries identified in SrTiO3 layer are the results of planar de
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fects in the SrRuO3 layer which run across the interface in
the SrTiO3 device layers.

II. EXPERIMENT

The bilayer SrTiO3/SrRuO3 films were grown by pulsed
laser deposition on single crystal LaAlO3 substrates. Details
of the growth procedure are given in the literature.5,7 Cross-
sectional samples were prepared by cutting films along
~100! and ~110! planes of LaAlO3 ~referring to the
pseudocubic-perovskite unit cell!. Two slices were glued
face to face and then embedded in epoxy resin. After the g
had been cured, disks with a diameter of 3 mm were
tained by cutting away redundant epoxy. These disks w
then ground, dimpled and polished, followed by Ar-ion mi
ing in a stage cooled with liquid nitrogen. High-resolutio
transmission electron microscopy~HRTEM! investigations
were carried out in a JEOL 4000EX electron microsco
operated at 400 kV. HRTEM image simulations were carr
out using the Mac-Tempas software.8

III. RESULTS AND DISCUSSION

Figure 1 shows a cross-sectional image at low magn
cation of a two-layer SrTiO3/SrRuO3 film on LaAlO3 taken
along the@110# axis ~in this article, we will refer to their
pseudocubic-perovskite unit cells!. The lower SrRuO3 layer
exhibits two$111% planar defects. They run into the interfac
at positions marked by two arrows labeled 1 and 2. At th
locations faults originate which run into the SrTiO3 layer.
The fault at arrow 1 does not show any contrast due t
relatively high specimen thickness. Close inspection of
fault at arrow 2, in an area of lower specimen thickne
shows that the fault can shift its habit plane stepwise in
@1̄10# direction.

Figure 2 shows the area indicated by arrow 2 in Fig. 1
a high magnification. A~11̄1! stacking fault in the SrRuO3
te
3 © 2001 American Institute of Physics
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layer ~lower part of the image! propagates upward until i
reaches the SrTiO3/SrRuO3 interface. As a consequence, a
antiphase boundary is introduced in the SrTiO3 crystal. Apart
from these two types of planar defects, the cubic-to-cu
epitaxial relationship is perfectly developed. The stack
fault in the SrRuO3 layer can be determined as an extrins
one with an extra plane inserted between two~11̄1! lattice
planes. We use a Burgers circuit exhibiting three clos
failures to identify the Burgers vector of the dislocation
the junction of the stacking fault and the antiphase bound
As shown in Fig. 2, the first one is a projected displacem
vector crossing the stacking fault a1. The second is a p
jected displacement vector crossing the antiphase boun
a2, while the third is an additional displacement vector
Thus, the projected Burgers vector of the dislocation can
calculated as: bproj5a11a21a35a/3@ 1̄14̄#1a/2@ 1̄12#
5a/6@ 2̄21#.

FIG. 1. A cross-sectional HRTEM image at low magnification of a SrTi3

film on LaAlO3 substrate with SrRuO3 as buffer layer, taken along the@110#
direction. Columnar grain boundaries are associated with$111% planar de-
fects in the SrRuO3 layer.

FIG. 2. Cross-sectional image of the area around arrow 2 of Fig. 1 at
magnification. A staking fault in the SrRuO3 layer propagates upward to th
SrTiO3 /SrRuO3 interface and introduces an antiphase boundary in
SrTiO3 layer. A Burgers cicruit consisting of three parts of closure failure
drawn to determine the Burgers vector of the dislocation at the junctio
the stacking fault and the antiphase boundary. A black dotted line mark
SrTiO3 /SrRuO3 interface.
Downloaded 15 Dec 2006 to 134.94.122.39. Redistribution subject to AIP
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In general, antiphase boundaries are characterized
crystallographic shear vectorR describing the relative dis
placement of the two parts of the crystal on either side of
interface. In Fig. 2, the antiphase boundary in the SrT3

layer is in the~1̄10! plane although the stacking fault in th
SrRuO3 layer is in the~11̄1! plane. For the crystallographi
shear vector of the antiphase boundary there are two po
bilities, according to Fig. 2. The first type isR5a/2@001#, as
shown in Fig. 3~a!, while the second type hasR5a/2@ 1̄1̄1#
in Fig. 3~b!. The shear vector can only be identified if th
same type of defect is studied along another direction, e
@100#.

Figure 4 shows a cross-sectional image of t
SrTiO3/SrRuO3 interface taken along the@100# direction.
Stacking faults in the SrRuO3 layer and antiphase boundarie
in SrTiO3 cannot be seen directly in this orientation sin
they are not in an edge-on condition along this directio
However, possible displacement components along the@010#
and @001# directions could still be recognized if such com
ponents occur. According to the structural models in Fig.
in the projection along the@100# direction there is an area
where the two parts separated by the antiphase boun
overlap. Thus, the boundary appears extended in the fig

h

e

f
he

FIG. 3. Two atomic structural models of the antiphase boundaries in
~1̄10! plane, with a crystallographic shear vectorR5a/2@001# ~a! and R
5a/2@ 1̄1̄1# ~b!.

FIG. 4. Cross-sectional image taken along the@100# direction. In the middle,
an antiphase boundary grows into SrTiO3 crystal from SrRuO3 layer. A
simulated image of SrTiO3 /SrRuO3 interface for a defocus value of268 nm
and a sample thickness of 5.2 nm is patched in. In the simulated image
relatively bright dots represent the position of Sr atoms in SrRuO3 crystal.
Cubic perovskite unit cells formed by connecting the dots reprsenting
atoms in SrTiO3 crystal are related to each other by a projected shear ve
a/2@001# crossing the antiphase boundary. A white dotted line illustrates
SrTiO3 /SrRuO3 interface.
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Once again, the cubic-to-cubic orientation relationship
well established in the left-hand and right-hand parts se
rated by the planar defects, respectively. In order to dis
guish the Sr and Ti positions in the SrTiO3 crystal, we con-
struct an atomic structural model of the SrTiO3/SrRuO3

interface with the atomic layer sequence
•••(SrO!~RuO2!/~SrO!~TiO2!•••. The simulated image~defo-
cus value268 nm and sample thickness 5.2 nm! which best
matched the experimental one was inserted in the left-h
part of Fig. 4, where the atomic planes are also indicated
the SrRuO3 layer part of the image, the relatively bright dot
correspond to the Sr atomic positions. In the SrTiO3 layer
part under the same calculating conditions, however, the
no pronounced difference in image contrast between the
and Ti atomic positions, which is consistent with the expe
mental observation. Connecting those dots representin
atoms to form the perovskite cubic unit cells as shown
white rectangles, it is found that they are related to e
other by a shear ofa/2@001# crossing the antiphase boun
ary. In other words, no displacement along the@010# axis is
found. Thus, the crystallographic shear vectorR is deter-
mined asa/2@001# which is constant with the atomic struc
tural model in Fig. 3~a!.

We note that the antiphase boundary is in the (11̄0)
plane and the displacement vectorR is a/2@001#. This is
different from the well-known ‘‘Ruddlesden–Popper’’ pla
nar defects with a crystallographic shear ofa/2^111& in the
$100% planes in Sr-rich~SrO!~SrTiO3!n phases, wheren is the
number of perovskite layers separating the defects.9,10 Since
R"n50 wheren is the normal vector of the boundary plan
the antiphase boundary is a conservative one. It implies
this type of antiphase boundary does not change the l
composition nor does it generate any charged defects.
may provide an explanation for the observation that
SrTiO3 films on the SrRuO3 buffer layers showed physica
properties similar to those of a single crystal. It has be
reported that deviations from the ideal stoichiometric co
position, with special regard to the O and Sr contents, w
detrimental for the properties of SrTiO3 films.4

In the following, we will discuss the formation mecha
nism of this type of antiphase boundary based on a mode
interaction of the dislocations. In general, the crystal
graphic shear vector of a antiphase boundary is equal to
burgers vector of the dislocation that produces the antiph
boundary on glide. In SrRuO3 crystal with perovskite struc-
ture, the$111% stacking fault is assumed to extend driving
a gliding Shockley partial withb5a/3^112&.11 As shown in
Fig. 2, the dislocation with projected Burgers vector in t
~1̄10! plane beinga/6@ 2̄21# is found at the junction of the
(11̄1) stacking fault and the (11̄0) antiphase boundary
Since the vectora/6@ 2̄21# is in the~110! plane, its projection
on the plane yields the same result. Considering the poss
reactions between dislocations, we can derive the disloca
reaction as

a/3@ 1̄12#→a/6@ 2̄21#1a/2@001#.

The reaction is energetically favorable since theubu3e2/a2

values decrease from 6/9 to 1/411/451/2. The partial with
Downloaded 15 Dec 2006 to 134.94.122.39. Redistribution subject to AIP
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b5a/6@ 2̄21# remains at the junction to compensate for so
displacement components of the Shockley partial. At
same time, the partial dislocation withb5a/2@001# glides in
the (1̄10) plane producing a type of antiphase boundary
SrTiO3. Obviously, the Burgers vector of this partial equa
the crystallographic shear vectorR of the antiphase bound
ary. In such a way, a$111% stacking fault in SrRuO3 layer
transforms smoothly into a$110% antiphase boundary in th
SrTiO3 layer.

The dissociation of Shockley partial dislocations also o
curs in the SrRuO3 layer. Figure 5 shows such a situation
Bragg diffraction contrast. Here the antiphase bound
forms in the SrRuO3 layer as shown by an arrow and the
propagates into the SrTiO3 layer. In Fig. 4, if we draw a
Burgers circuit around the region with the antiphase bou
ary involved in SrTiO3/SrRuO3 interface, no dislocation can
be found. Thus, Fig. 4 in fact shows the same phenome
where the antiphase boundary is formed in the SrRuO3 layer
and then grows directly into the SrTiO3 crystal.

IV. CONCLUSIONS

In conclusion, the columnar subgrain boundary in t
SrTiO3 on the SrRuO3 buffer is determined as a type o
antiphase boundary in the~1̄10! plane with a crystallographic
shear vectorR of a/2@001#. Composition fluctuations at the
grain boundaries and charged defects harmful to the phys
properties are avoided since this type of antiphase boun
is a conservative one. The partial dislocation withb
5a/2^001& producing the antiphase boundary in the SrTi3

layer is dissociated from a Shockley partial withb
5a/3^112& bounding a$111% stacking fault in the SrRuO3
buffer layer. This type of antiphase boundary is generated
the stacking fault in the buffer layer which can be conside
as the result of ‘‘defect epitaxy.’’
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