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Microstructure of BaRuO 3 thin films grown on „001… SrTiO3
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BaRuO3 thin films with hexagonal 4H structure were grown on~001! SrTiO3 by a 90° off-axis
rf-sputtering technique. The thin films were epitaxially grown on the~001! surface of SrTiO3, with
(202̄3) planes parallel to the surface of the substrate. Within the growth plane, the film consists of
four different crystallographic orientations with respect to the substrate, defined by the surface
symmetry of the~001! SrTiO3 substrate. BaRuO3 grains of all four orientations show an anisotropic
shape elongated along the@ 1̄21̄0# direction. The reason for the anisotropic growth is that the lattice
mismatch between BaRuO3 and SrTiO3 is smaller along the@ 1̄21̄0# direction of SrTiO3 in
comparison to that along its perpendicular direction. Stacking faults and intergrowths of the 9R
structure were observed in small local regions of the film. ©2000 American Institute of Physics.
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Ternary ruthenium oxides (ARuO3:A5Ba, Sr, and Ca!
have attracted increasing interest due to their unique ele
cal and magnetic properties, which exhibit potential appli
tions in microelectronic devices.1–3 The structure ofARuO3

can be considered as a close-packed stacking ofAO3 layers
in which the atomic configuration is similar to the~111!
atomic plane of the cubic perovskite. The cubic close-pac
stacking ofAO3 layers results in a cubic-like perovskite. I
this perovskite structure, oxygen atoms form octahe
which are corner shared and filled by small Ru atom
CaRuO3 and SrRuO3 belong to this structure.4 This cubic-
like structure gives rise to oxygen intermediate Ru–O–Ru
bonding. In contrast, a hexagonal close-packed stackin
AO3 layers will lead to a hexagonal structure (2H). In the
hexagonal 2H structure RuO6 octahedra are only face share
between different layers, giving rise to direct Ru–Ru bon
ing. In addition to these two extreme cases, a numbe
polymorphic structures can be found by mixing cubic a
hexagonal stacking sequences ofAO3 layers. For instance
three different hexagonal phases were reported
BaRuO3.

5,6 A four-layer hexagonal structure o
BaRuO3(4H) can be formed by stackingAO3 layers with a
sequence ofCHCHCHwhere ‘‘C’’ and ‘‘ H’’ represent cubic
and hexagonal close-packing, respectively. Similarly,
six-layer hexagonal phase of BaRuO3 (6H) displays a stack-
ing sequence ofCCHCCH, and the nine-layer rhombohedr
phase (9R) has a stacking sequence ofCHHCHHCHH. It
was found that the 9R phase is the most stable phase exist
at atmospheric pressure with a space group ofR3̄m ~No.
166! and lattice constantsa55.75 Å andc521.6 Å.6 As
pressure is increased, the 9R structure transforms throug
the 4H structure with a space groupP63 /mmm ~No. 194!
and lattice constantsa55.73 Å andc59.5 Å ~Ref. 7! into
the 6H structure with a space groupP63 /mmmand lattice
constantsa55.71 Å and c514.0 Å.8 A cubic-like perov-
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skite polymorph of BaRuO3 was predicted to exist as pres
sure is increased to approximately 120 kbar.8

Although the 4H phase is considered to be metastable
has been successfully synthesized utilizing single-crys
growth methods.7,9 Recently, Leeet al.10 reported the syn-
thesis and electrical transport and magnetic properties of
itaxial thin films of c-axis oriented metastable 4H BaRuO3

thin films on ~111! SrTiO3 substrates. It was found that th
electrical properties of the 9R phase differ significantly from
the 4H phase below;100 K. This variation of electrical
properties was ascribed to the different percentage of di
Ru–Ru bonds and oxygen intermediate Ru–O–Rubonds in
the 9R and 4H phases.9 To separate the roles of direc
Ru–Ru and Ru–O–Rubonds in determining the physica
properties, it is desirable to synthesize BaRuO3 with cubic-
like and pure hexagonal close-packed structures.

It is well accepted that structural stabilization throu
thin-film epitaxy is a feasible way to form metastable pha
of material.11 Recently, Fukushimaet al.12 reported epitaxial
growth of pseudocubic perovskite BaRuO3 thin films on
~001! SrTiO3 substrates by means of rf sputtering. Howev
both x-ray diffraction13 and the present transmission electr
microscopy~TEM! studies of BaRuO3 thin films, which were
grown on ~001! SrTiO3 by 90° off-axis rf sputtering, re-
vealed that the film has the 4H or/and 9R hexagonal struc-
ture rather than the pseudocubic perovskite structure.

In the present work, BaRuO3 films were grown on~001!
SrTiO3 substrates using 90° off-axis sputtering. Details
the growth condition can be found elsewhere.10 The TEM
specimens were prepared by conventional cross-sec
TEM sample preparation procedures which ended with
milling TEM studies were conducted with a JEOL 4000E
high-resolution transmission electron microscope~HRTEM!
which has a point resolution of;0.17 nm.

Figure 1~a! is a low-magnification bright-field TEM im-
age showing a cross-section view of a BaRuO3 thin film
grown on~001! SrTiO3. The mean-film thickness was dete
mined to be;320 nm. As shown in Fig. 1~a!, the film has a
5 © 2000 American Institute of Physics
IP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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sharp interface with the substrate, but it shows a rough
face with the amplitude of height fluctuation of;60 nm. It is
also seen that the film consists of columnar grains wit
mean size of;300 nm, which is comparable with the film
thickness. To identify the crystallographic orientation re
tionships between these BaRuO3 grains and the SrTiO3 sub-
strate, selected-area electron-diffraction studies were ca
out. Figure 1~b! is an electron-diffraction pattern taken fro
the SrTiO3 substrate along the@110# zone axis. Figures 1~c!,
1~d!, and 1~e! are electron-diffraction patterns taken fro
areas marked bya, g, andb in Fig. 1~a!, respectively. Fig-
ures 1~c! and 1~d! are identified to be the@ 1̄21̄0# and
@12̄10# zone diffraction patterns of the hexagonal 4H struc-
ture of BaRuO3, respectively. This means that graina has a
rotation of 180° around the film normal with respect to gra
g. Figure 1~e! was determined to be either the@ 3̄034# or
@303̄4̄# zone-axis diffraction pattern of the 4H BaRuO3. The
weak spots in Fig. 1~e! are due to dynamic double diffrac
tions of the crystal and from high-order Laue zones. By ca
fully checking the whole specimen, the electron-diffracti
pattern of each grain observed in the specimen can be i
tified to be one of these four types of diffraction pattern
Comparing the diffraction patterns of BaRuO3 films @~Figs.
1~c!–1~e!# with that of the SrTiO3 substrate@Fig. 1~b!#, it is
concluded that all grains in the BaRuO3 film are aligned with
their (202̄3) plane parallel to the~001! surface of the sub-
strate. This indicates that the BaRuO3 thin film has the hex-
agonal 4H structure and grows with the (2023̄) plane paral-
lel to the ~001! surface of SrTiO3.

FIG. 1. ~a! Bright-field cross-section TEM image of a BaRuO3 film showing
different columnar grains.~b! Electron-diffraction pattern along the@110#
zone of the SrTiO3 substrate.~c! @ 1̄21̄0# zone diffraction pattern of 4H
BaRuO3 recorded from the grain marked bya in ~a!. ~d! @12̄10# zone
diffraction pattern taken from the grain marked byg in ~a!. ~e! @ 3̄034# zone
diffraction pattern from the grain marked byb in ~a!.
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BaRuO3 grains with the@ 3̄034# or @303̄4̄# direction par-
allel the SrTiO3 @110# direction cannot be distinguished i
the @ 3̄034# and @303̄4̄# electron-diffraction patterns take
from a TEM specimen cut along~110! SrTiO3, because these
two patterns appear the same, as shown in Fig. 1~e!. How-
ever, these two orientated grains can be unambiguously
tinguished from each other by tilting the specimen within t
TEM. Alternatively, they are distinct in the electron
diffraction pattern of a specimen cut from (11̄0) SrTiO3, in
which the@ 1̄21̄0# and@12̄10# zone-axis diffraction patterns
are obtained, as shown in Figs. 1~c! and 1~d!. Detailed TEM
studies of both specimens showed that these four differe
oriented grains in the film are randomly distributed with t
same volume fraction. This was further confirmed by TE
observations of a plan-view specimen. Figure 2~a! is a plan-
view TEM image of the same film as in Fig. 1. BaRuO3

grains in the film are elongated along the@ 1̄21̄0# direction in
the plane, as shown in Fig. 2~b!. This implies the existence
of an anisotropic driving force for BaRuO3 grain growth on
~001! SrTiO3.

It should be noted that the diffraction spots in Figs. 1~c!
and 1~d! are strongly streaked along thec direction of the 4H
hexagonal structure. This results from a high density
stacking faults existing in some local regions of the BaRu3

film. The stacking faults appear as fine fringes in the cro
section TEM images, as shown in Fig. 1~a!. Furthermore,
high-resolution transmission electron microscopy studies
veal that the atomic stacking sequence in many~HRTEM!
faulted regions, where stacking faults are periodically d
tributed along thec axis, is in accord with that of the 9R
structure. Therefore, the intergrowth of the 9R phase occurs
occasionally in some small regions. Figure 3 shows a cro
section HRTEM image of a highly defective region in th
film. The isolated stacking faults marked by arrows are
fact one third or two thirds of one unit cell of the 9R struc-

FIG. 2. ~a! Plan-view TEM micrograph showing the microstructure of
BaRuO3 film grown on ~001! SrTiO3. Note the elongated shape of th
BaRuO3 grains.~b! Schematic showing the BaRuO3 grain arrangements on
the ~001! surface of SrTiO3. The @3̄034# and @1̄21̄0# direction of BaRuO3
grains are parallel to the@110# and @11̄0# direction of SrTiO3, respectively.
IP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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ture along thec axis. As a result of the connection of the
stacking faults, 9R phases of one or two unit cells along th
c axis exist, as indicated by the arrows in Fig. 3. The occ
rence of stacking faults and intergrowths of the 9R structure
in the film is most likely due to the subtle difference betwe
the formation enthalpies of 9R and 4H phases. The inter
growths are favorable because the free energy reduces
increasing the entropy in the system by the randomly laye
mixture of 9R and 4H phases. However, the intergrowths
the 6R structure were not observed. This may suggest
the 6R phase has a greater formation enthalpy than theH
and 9R phases. This is consistent with a previous stu3

which shows that the 6R structure is the most unstable pol
morph of BaRuO3.

The film microstructure and grain orientation relatio
ships observed in TEM can be understood by considering
crystallographic structure of the BaRuO3 film and the SrTiO3

substrate. SrTiO3 is a cubic perovskite with the space grou
Pm3̄m and lattice constant 3.905 Å. The~001! surface of
SrTiO3 has a fourfold rotation symmetry around the surfa
normal. When the 4HBaRuO3 phase forms on the~001! sur-
face of SrTiO3 with (202̄3) parallel to the substrate surfac
there are four different crystallographic orientations in t
growth plane:

~a! BaRuO3@ 3̄034#iSrTiO3@110# and
BaRuO3@ 1̄21̄0#iSrTiO3@11̄0#,

~b! BaRuO3@ 3̄034#iSrTiO3@ 1̄10# and
BaRuO3@ 1̄21̄0#iSrTiO3@110#,

FIG. 3. HRTEM image showing the existence of stacking faults in a sm
region of the BaRuO3 film. Segments with a thickness of 2/3, and one a
two unit cells of the 9R BaRuO3 structure along the caxis are marked.
Downloaded 22 Feb 2004 to 128.104.193.115. Redistribution subject to A
r-

ith
d

at

e

e

~c! BaRuO3@ 3̄034#iSrTiO3@ 1̄1̄0# and
BaRuO3@ 1̄21̄0#iSrTiO3@ 1̄10#, and

~d! BaRuO3@ 3̄034#iSrTiO3@11̄0# and
BaRuO3@ 1̄21̄0#iSrTiO3@ 1̄1̄0#.

These orientation relationships are in agreement with T
observations described previously. These four orientati
are crystallographically equivalent, thus, they should have
equal probability to appear in the thin film. The observ
in-plane elongated grain growth may be a result of the d
ferent lattice mismatches along the two orthogonal directi
between the BaRuO3 film and the SrTiO3 substrate. Periods
of BaRuO3@ 1̄21̄0# and SrTiO3 @110# are 0.573 and 0.552
nm, respectively. Moreover, the atomic arrangements al
BaRuO3@ 1̄21̄0# are similar to those along SrTiO3 @110#. In
contrast, the period of BaRuO3@ 3̄034# is 4.83 nm and the
atomic arrangements along this direction differ significan
from those along SrTiO3 @110#. BaRuO3 should prefer grow-
ing along the direction which leads to a lower interfac
misfit energy. As a consequence, the BaRuO3 grains grow
with an elongation along@ 1̄21̄0#.

In conclusion, it was found that the BaRuO3 thin film
grown on ~001! SrTiO3 by 90° off-axis sputtering has th
hexagonal 4H structure. Transmission electron microsco
studies revealed that the films are grown epitaxially with
(202̄3) plane parallel to the~001! surface of the SrTiO3
substrate. In the growth plane there exists four crysta
graphic equivalent orientations defined by the fourfold ro
tion symmetry of the~001! SrTiO3 substrate surface. It wa
also found that BaRuO3 grains show an elongation along th
@ 1̄21̄0# direction which results from the nature of structur
mismatches between the BaRuO3 grains and the SrTiO3 sub-
strate. Stacking faults and intergrowths of the 9R structure
were observed in small local regions of the film.
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