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Microstructure of epitaxial SrRuO 3 thin films on „001… SrTiO3
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Metallic oxide films of SrRuO3 deposited on~001! SrTiO3 by pulsed laser deposition have been
investigated by transmission electron microscopy~TEM! techniques. These films have a single
crystalline structure with an extremely smooth surface. A TEM study of cross-sectional samples
shows that the film grew epitaxially on the~001! surface of the SrTiO3 substrate. The films grew
along the@110# directions with an in-plane orientation relationship of either SrRuO3@1̄10#//SrTiO3

@100# and SrRuO3@001#//SrTiO3@010#, or SrRuO3@11̄0#//SrTiO3@010# and SrRuO3@001#//SrTiO3

@100#. Domains with a rotation of 90° around SrRuO3@110# were observed in the dark-field image
of plan-view samples. ©1998 American Institute of Physics.@S0003-6951~98!03308-7#
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Heterostructures based on semiconductors, metals, i
lators, superconductors, ferroelectrics, and metal oxides
considered as important material systems. This is beca
they are important in the development of device applicatio
as well as in fundamental issues such as in interface phy
and growth mechanisms of artificial structures.1–3 Semicon-
ducting heterostructures have been extensively investig
over the past two decades, both theoretically and experim
tally, while the study of heterostructures of metal oxides
still in the early stages of development. In the present let
we report a transmission electron microscopy~TEM! study
of the heterostructure of SrRuO3 thin films on a SrTiO3 sub-
strate prepared by pulsed laser ablation.

SrRuO3 belongs to the ternary ruthenium oxide syste
which includes compounds such as CaRuO3, BaRuO3 and
Sr2RuO4.

4,5 It is a distorted, pseudo-cubic perovskite5 and
was reported to be an orthorhombic phase of GdFeO3 type.6

The space group was determined to be Pbnm~No. 62! and
lattice parametersa55.5670,b55.5304, andc57.8446 Å.7

It is paramagnetic and metallic conductive at roo
temperature8 and ferromagnetic below;160 K.4

Epitaxial thin films of SrRuO3 have been found usefu
for electrodes and junctions in microelectronic devices, d
to the high resistance to chemical corrosion, outstand
thermal conductivity, and stability. Recently, thin crystallin
films of high quality were reported to be successfully gro
on different substrate materials by different methods, suc
on SrTiO3~100! and LaAlO3~100! by 90° off-axis sputtering
technique,9 on LaAlO3~100!10 and on SrTiO3~001!11 by
pulsed laser ablation. However, to our knowledge, deta
studies on the structural characteristics of these films h
not yet been reported. To examine the quality of the fil
and to determine their crystallographic structure in order
understand their influence on physical properties, TEM
vestigations of both cross-sectional and plan-view specim
of the SrRuO3 films have been conducted in the prese
work.

a!Electronic mail: panx@engin.umich.edu
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SrRuO3 thin films were deposited on~001! SrTiO3 by
means of pulsed laser ablation. Details on the growth pro
dure were described in the literature.11 Cross-sectional slices
were obtained by cutting SrRuO3/SrTiO3 along the@100# or
@010# directions of SrTiO3, and then were glued face to fac
by joining SrRuO3 surface. Cross-sectional as well as pla
view specimens for TEM observations were prepared by m
chanical grinding, polishing, and dimpling, followed by A
ion milling using a Gatan Precision Ion Polishing Syste
~PIPS™, Model 691, Pleasanton, CA! at 5 kV at an angle of
6°. Electron diffraction patterns and dark-field images we
recorded in a Philips EM420 electron microscope operate
100 kV.

Figure 1 is a low magnification TEM micrograph of
cross-sectional sample, showing the morphology of
SrRuO3 film on SrTiO3. The film has a flat surface and sha
interface and maintains a uniform thickness of 150 nm o
the entire specimen. The surface roughness is approxima
a few nanometers. It should be noted that Fig. 1 is a da
field image formed by one of the reflections of the SrRu3

film. This image shows the existence of two different ‘‘d
mains’’ in the film ~see the upper and lower parts of th
film!. The details of this will be studied in the following.

FIG. 1. Dark-field image using the~11̄1! reflection of SrRuO3 showing two
types of domain structures~white and black!. Dark straight lines~marked by
an arrow! within the white regions are antiphase boundaries~APBs!.
© 1998 American Institute of Physics
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FIG. 2. SAED patterns of the cross-sectional SrRuO3/SrTiO3. ~a! @001# zone of SrTiO3. ~b!, ~c!, and~d! are the@110#, @001#, and@111# zones of the SrRuO3
film, respectively.
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Figure 2~a! shows a@001# zone axis selected-area ele
tron diffraction~SAED! pattern of the SrTiO3 substrate from
the same cross-sectional specimen. Figures 2~b! and 2~c! are
the SAED patterns taken from two different regions of t
SrRuO3 film, for which the electron beam direction is th
same as for Fig. 2~a!. Electron diffraction patterns of the
SrRuO3 films show that the film consists of small domai
with two different orientations@Figs. 2~b! and 2~c!# with re-
spect to the substrate. Figure 2~b! is identified to be the@110#
zone electron diffraction pattern of the SrRuO3 structure, in
which the @11̄0# direction is parallel to the normal of th
as-grown film surface, i.e., the growth direction, while t
@001# direction is located in the film plane. Figure 2~c! is the
@001# electron diffraction pattern of the SrRuO3 structure.
Again, Fig. 2~c! shows that the growth direction of the film
along the@11̄0# direction instead of the@001# direction pro-
posed previously.11 Tilt experiments were also conducted
further confirm this conclusion. Figure 2~d! shows a@111#
zone SAED pattern of the SrRuO3 structure, which was ob
tained by tilting the specimen around the growth directio
starting from Fig. 2~b!, by either145° or245°. Similarly, if
the specimen is tilted along the growth direction by645°,
starting from Fig. 2~c!, the same electron diffraction patter
as shown in Fig. 2~d! will be obtained. In other words, if the
specimen is tilted around the growth direction from the@110#
zone SAED@Fig. 2~b!# by 90°, the@001# zone electron dif-
fraction pattern shown in Fig. 2~c! will be obtained, and vice
versa.
,

From the above results it can be concluded that
SrRuO3 thin film grew along the@11̄0# direction and consists
of two types of domain structures which can be clearly se
from the dark-field image. An example is given in Fig.
which was taken under nearly two-beam conditions using
~11̄1! reflection in Fig. 2~b!. White and black regions corre
spond to the electron diffraction patterns of Figs. 2~b! and
2~c!, respectively. Both types of domains are epitaxia
grown on the~001! SrTiO3 surface, and each type of doma
has a definite orientation relationship to the substrate. O
the entire film, SrRuO3@110#//SrTiO3@001#. Moreover, if one
assumes that one type of domain has an in-plane orienta
relationship with SrRuO3@1̄10#//SrTiO3@100# and
SrRuO3@001#//SrTiO3@010#, then the other type of domain
will have an in-plane orientation relationship o
SrRuO3@11̄0#//SrTiO3@010# and SrRuO3@001#//SrTiO3 @100#.
This means that the two types of domains are rotated aro
the growth direction with respect to each other by 90°.

The 90° rotational domain structures in SrRuO3 films
were also observed in the plan-view samples. Figure 3~a!
shows a SAED pattern taken from a plan-view specim
from the same film studied by cross-sectional TEM. It sho
different features from the@001# zone electron diffraction
@shown in Fig. 2~c!#. It is a superposition of two@11̄0# zone
SAED patterns that are rotated around the zone axis w
respect to each other by 90°. Reflections located in the ce
of the square, formed by strong reflections, result fro
double diffraction between the two types of 90° rotation
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domain structures, which can be clearly distinguished by c
rying out dark-field imaging. Figures 3~b! and 3~c! are dark-
field images using weak reflections ‘‘1’’ and ‘‘2,’’ respec
tively @Fig. 3~a!#, which belong to two different@110#
electron diffraction patterns, for which the crystal lattice
rotated by 90° around@11̄0#. The black and white contrast i
images@Figs. 3~b! and 3~c!# represent two different types o
domain structures. The contrasts in these two images
reversed, which indicate that the SrRuO3 thin films consist of
only these two 90° rotational domain structures. Additio
ally, fine dark straight lines@marked by arrows in Figs. 3~b!
and 3~c!# within each domain are APBs, similar to thos
shown in Fig. 1.

At first, the growth of SrRuO3 films along the@110#
direction seems illogical. However, if we consider the po
sible interfacial structure model of SrRuO3/SrTiO3, we find
that this is reasonable. Let us assume that the SrRuO3 films
grow with theirc axes normal to the SrTiO3 ~001! surface.
Then the in-plane orientation relationship is: SrRuO3@100#//

FIG. 3. ~a! A SAED pattern taken from a plan-view specimen showing
superposition of two 90° rotational@11̄0# zone SAED patterns.~b! and ~c!
are dark-field images obtained by using weak reflections 1 and 2 from~a!,
respectively. Fine dark straight lines~marked by arrows! in ~b! and ~c! are
APBs.
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SrTiO3@110# and SrRuO3@010#//SrTiO3@11̄0#. The lattice mis-
matches along the SrRuO3 @100# and @010# directions are
equal to 0.14% and 0.81%, respectively, which was cal
lated using the formula given in the literature.11 Similarly, if
the SrRuO3 films grow with the @110# axis normal to the
SrTiO3 ~001! surface, then the in-plane orientation relatio
ship is: SrRuO3@1̄10#//SrTiO3@100# and SrRuO3@001#//
SrTiO3@010#. The lattice mismatches along the SrRuO3 @11̄0#
and@001# directions are then 0.44% and 0.47%, respective
By comparing these two possible models, we find that
strain field from the lattice mismatch is more isotropic f
the latter case than for the former case. Therefore, it is lik
that the growth of SrRuO3 films along the@110# axis is more
favorable.

The mechanism for the formation of a 90° rotation
domain structure is not yet clear. There are some result
the literature12 which indicate that the misorientation of th
substrate is responsible for the formation of the single cr
talline films. It can be predicted that surface properties, s
as orientation of the substrate, roughness, steps, kinks,
even surface reconstruction may play an important role
growing single crystal films. Detailed studies of SrRuO3 thin
films grown on the SrTiO3 substrates with different degree
of misorientations from the~001! planes are in progress.

In conclusion, we have determined that metallic oxi
thin films of SrRuO3, produced by pulsed laser depositio
were epitaxially grown on~001! SrTiO3 along the@110# di-
rections and rather well lattice matched to the substrate.
films are composed of two types of 90° rotational doma
structures. Each type of domain has an in-plane orienta
relationship with respect to the substrate of either SrRu3

@1̄10#//SrTiO3@100# and SrRuO3@001#//SrTiO3@010#, or
SrRuO3@11̄0#//SrTiO3@010# and SrRuO3@001#//SrTiO3@100#.
Antiphase boundaries were observed within each dom
structure.

The authors wish to thank Eric Wang~Materials Science
and Engineering, University of Michigan! for his assistance
during specimen preparation. This work was supported
the College of Engineering, the University of Michigan.

1Epitaxy of Semiconductor Layered Structures,edited by R. T. Tung, L. R.
Dawson, and R. L. Sunshor, MRS Symposia Proceedings No. 102~Mate-
rials Research Society, Pittsburgh, 1988!.

2M. K. Wu, L. R. Ashburn, C. J. Torng, P. H. Hor, R. L. Meng, L. Gao, Z
J. Huang, Y. Q. Wang, and C. W. Chu, Phys. Rev. Lett.58, 908 ~1987!.

3Z. Z. Sheng and A. M. Hermann, Nature~London! 332, 138 ~1988!.
4A. Callaghan, C. W. Moeller, and R. Ward, Inorg. Chem.5, 1572~1966!.
5J. Randall and R. Ward, J. Am. Chem. Soc.81, 2629~1959!.
6S. Geller, J. Chem. Phys.24, 1236~1956!.
7C. W. Jones, P. D. Battle, P. Lightfoot, and W. T. A. Harrison, Ac
Crystallogr.45, 365 ~1989!.

8R. J. Bouchard and J. L. Gillson, Mater. Res. Bull.7, 873 ~1972!.
9C. B. Eom, R. J. Cava, R. M. Fleming, J. M. Philips, R. B. van Dover,
H. Marshall, J. W. P. Hsu, J. J. Krajewski, and W. F. Peck, Jr., Scie
258, 1768~1992!.

10X. D. Wu, S. R. Foltyn, R. C. Due, and R. E. Muenchausen, Appl. Ph
Lett. 62, 2434~1993!.

11C. L. Chen, Y. Cao, Z. J. Huang, Q. D. Jiang, Z. H. Zhang, Y. Y. Sun,
N. Kang, L. M. Dezaneti, W. K. Chu, and C. W. Chu, Appl. Phys. Le
71, 1047~1997!.

12Q. Gan, R. A. Rao, and C. B. Eom, Appl. Phys. Lett.70, 1962~1997!.


