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Domain structure of epitaxial STRUO 3 thin films on miscut (001) SrTiO4
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The microstructure of epitaxial SrRyGhin films grown on vicinal(001) SrTiO; substrates with
miscut angle of 1.9° and miscut direction of 12° away frgb®0| direction was studied using
transmission electron microscofyEM). Cross-section as well as plan-view TEM studies revealed
that these films are single domain with the in-plane epitaxial orientation relationship of
SrRuQ001]//SrTiOy[010] and SrRu@ 110}/SrTi0O;[100]. This result is in contrast to the previous
studies of the SrRugxhin films grown on exactly001) SrTiO;, which are composed of two types

of [110] domains with nearly the same volume fraction. The occurrence of these different domain
structures is attributed to the step-flow growth of the film on the substrate surface due to the miscut.
© 1998 American Institute of PhysidsS0003-695(98)00523-3

SrRu@; is a conductive magnetic oxide, which is para- the planes and directions of SrRyi€@ferred to in this work
magnetic at room temperatdrand ferromagnetic below 160 are based on the orthorhombic unit cell. Sri@s a cubic
K.2 Recently, epitaxial thin films of SrRuChave attracted perovskite structure with the space group of Pmand lat-
considerable attention because of its important electrical antice constant of=3.905 A 12 When SrRuQis deposited on
magnetic properties, such as high-perpendicular remnari001) SrTiO; substrate, the film can grow epitaxially with its
magnetization and large magneto-optical constamhtich ~ (001), (110), or (110) planes parallel to the SrTi(001)
make this material very useful for making various electronicsurface. Therefore, there are six possible domain structures
and optic devices. FurthermoréPb,ZnTiO5 ferroelectric  based on the possible interfacial structural models of
and BaSrTiQ high dielectric constant capacitors with SrRuG/SrTiO; as shown schematically in Fig. 1. For clar-
SrRuG thin film electrodes exhibit superior fatigue and ity, the pseudo-cubic perovskite unit cell of SrRLI®shown
leakage characteristiés. Epitaxial SrRu@ thin films have in the figure with orthorhombic indexing of the unit cell
been successfully grown on different substrates by differendirections. The SrRu©film can grow with its(110) plane
methods, such as 90° off-axis sputterfhgolecular beam parallel to the SrTi@ (001) surface with an in-plane orien-
epitaxy/ and pulsed laser ablatidn. tation relationship with respect to the SrEiGubstrate

SrRuQ thin films grown on(001) SrTiO; and (001)  of either SrRu@001)//SrTiOy[010] and SrRu@110)/
LaAlO; substrates have different magnetic properties. FOBrTiO,[100] (mode X), or SrRuQ[001)/SrTiOy100]
example, thin films formed on(001) SrTiO; and (001)  and SrRu@110]/SrTi0{010] (modeY). The SrRuQ@ film
LaAlO; show different coercive behavior at low can also grow with it€110) plane parallel to thé001) sur-
temperaturé,and thin films grown on miscu00) SITiO;  face of SrTiQ with an in-plane orientation relationship
substrate show a strong anisotropic magnetoresistancgf either SrRu@001)//SrTi0010] and SrRu@110}//
whereas those grown df01) LaAlO5 substrate show iden- SITiof100] (modeX'), or SrRuQ[001)//SrTiO4100] and
tical magnetoresistance behavior in two OrthOgonaISrRuQ[ﬁ)]//SrTiQ[OlO] (mode Y'). It is also possible

directions: It is well known that the properties of perovskite 4t the SrRu@film grows along it§001] axis normal to the

oxide devices depend strongly on the surface morpholog¥001) surface of SrTiQ with an in-plane orientation
and the microstructure of the thin films. Therefore, a major

challenge in heteroepitaxial perovskite devices is to explore
the growth mechanisms in order to produce high quality ep- ' A
itaxial thin films. The deposition conditions and the choice of S0, e .m
substrates play a key role in determining the microstructure it oy oo T58 oo
and the properties of the thin films, thus, making it possible X ot
to deliberately control the surface morphology, domain v i
structure, and properties of thin films.

SrRuG, has a GdFe@ type pseudo-cubic perovskite o (100]
structure!® At room temperature, it is an orthorhombic phase [.m,],_T/
with the space group of PbniNo. 62 and lattice param-

etersa=5.5670 A, b=5.5304 A, andc=7.8446 A* All FIG. 1. Schematic diagram showing six possible growth modes of SfRUO
thin film on the(001) substrate of SrTiQ Note that while the pseudo-cubic
perovskite unit cell of SrRu®is drawn, the cell directions are indexed
¥Electronic mail: panx@engin.umich.edu based on the orthorhombic unit cell.
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relationship of either SrRu{LO0J/SrTiO110] and
SrRuQ[010}//SrTiOy[110] (mode Z), or SrRuQ@ [100}/
SrTiO;[110] and SrRu@ [010)//SrTiO; [110] (modeZ’). If

the above six growth modes are simultaneously formed dur-
ing the process of film growth, then the six domain structures
will coexist in one thin film. Among the six types of domains ;
in the film, X(X")-, Y(Y')-, andZ(Z')-type domains can be 220000
distinguished by means of conventional transmission elec-
tron microscopyTEM), while the difference between the

(Y or Z) and X’ (Y' or Z') is not distinguishable by the
same techniques due to the pseudo-cubic characteristic of the
SrRu@; structure. In the present work, we only classify the
domains as three typeX(Y, andZ).

In order to investigate the effect of substrate miscut on
domain structures and properties, SrRu@in films were
grown on (001) SrTiO; substrates with different miscut o _
angles and directions and studied by a variety of analyticair'g\-lvii-g (:ZI ODSL';';"Z'? | mage S‘ct"rﬁgﬁjdrégﬁ’g:t‘ﬁlnt” d;f&g;'g?] dc(’i)séfgg

m_ethods, Sgulih as x-ray diffraction and atomic forcepatterns from the bright and dark regions showing[th®] and[001] zone
microscopy*>* In our previous work, we reported the mi- of SrRug, respectively.

crostructure of SrRu@thin films on exact(001) SrTiO;

substrated® It was found that SrRu@thin films grown on (o1 surface of SrTiQ while the [001] direction of the
exact (001 SrTiO; consist of both theX- and theY-type  grryQ, film lies in the film plane, indicating &-type do-
domains with nearly the same volume fraction. In this letter,,5in structure in this region. In contrast, FigicRis the
we report the TEM studies of the SrRy@hin films on @  [001] zone electron diffraction pattern of SrRyGn which
vicinal (001) SrTiO; substrates. _ the (110 plane is parallel to the SrTi(001) surface, while
~ SrRuQ thin films on a vicinal(001) SrTiO; substrate,  the[110] direction lies in the film plane, indicating attype
with a miscut anglea) of 1.9° and miscut directioi8) of  gomain structure. The TEM studies of cross-sectional speci-
12° away from the in-plang100] direction, were deposited mens cutting from different region of the same film revealed
by 90° off-axis sputtering. Herer is defined as the angle hat the film grown on the vicinal001) SrTiO, substrates
between the surface normal and the crystallograpd@l]  mainly consists of theX-type domain and that the small
direction of SrTiQ, while B is defined as the angle between Y-type domains only occasionally be observed.
the projection of the surface normal onto @®1) plane and The microstructure and the size distributionXofand Y
the in-plane[100] direction® types of domains in the film were investigated in plan-view
The cross-sectional slices for TEM studies were ob-samples of the same film. Micrographs in Figs. 3 and 4 were
tained by cutting the SrRU@SITIO; heterostructural taken from different areas of the same plan-view specimen.
samples along thg100] direction of SrTiQ and then gluing  Figure 3a) is a SAED pattern showing tHe.10] zone elec-
the cut slides face-to-face by joining the SrRulirfaces. tron diffraction patterns of the SrRu@Im. Figure 3b) is a
Plan-view and cross-section TEM specimens were preparegark-field image formed using a weak reflection marked by
by mechanical grinding, polishing, and dimpling, followed “X" in Fig. 3 (a). Comparing the diffraction pattern in Fig.
by Ar-ion milling at 5 kV. Electron diffraction patterns and 3(g) with the electron diffraction pattern of the SrTj@ub-
dark-field images were recorded in a Philips CM12 electrorstrate, it has been found that the specimen area in Fiy). 3
microscope operated at 120 kV in the EMAL at the Univer-has a crystallographic orientation of thé-type domain
sity of Michigan. structure shown in Fig. 1. From detailed TEM studies of
Figure 2a) is a dark-field image of a cross-sectional plane-view specimens prepared from different parts of the
sample, formed by th€111) reflection of a SrRu@film,  same SrRu@film, it can be concluded that thé-type do-
viewed along thg010] direction of SrTiQ. Similar to the  mains in the SrRu@film form a continuous matrix with a
previous TEM observations of the SrRy@in film grown  small amount of islands of eithaf- or Z-type domains. This
on exact(001) SrTiO; substrate? the film studied in this is shown in Fig. 4. Figure @ shows a SAED pattern taken
work has a smooth surface and a sharp interface between ti@m the same plan-view specimen as in Fig. 3. It is a super-
film and the substrate and maintains a uniform thickness oposition of SAED patterns generated from domains of all the
about 100 nm over the entire specimen. The occurrence ahree types shown in Fig. 1. The weak reflection marked by
bright and dark parts in the image indicates that the film*X”, “Y”, and “Z” in Fig. 4 (a) belong to domains oX,
consists of two types of domains. Figure®2and Zc) are Y, andZ type, respectively. Figuresd), 4(c), and 4d) are
selected area electron diffractiofBAED) patterns taken dark-field images formed by these three weak reflections,
from the two SrRu@ domains of different typegcorre-  respectively. The white contrast in Figi represenX-type
sponding to the regions marked A and B in Figa2 for  domains, while the black contrast represent the mixturé-of
which the electron beam direction is parallel to f8&0] axis  andZ-type domains, which are bright in Figsic#and 4d),
of SrTiO;. Figure Zb) is identified to be thg110] zone respectively. The fine dark lines in Figs(bB and 4b) are
electron diffraction pattern of SrRuOAccording to this dif- antiphase boundaries of SrRyQAt should be pointed out
fraction pattern, thé110 plane of the film is parallel to the that theY- and Z-type domains were only occasionally ob-
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TABLE |. The volume fraction ofX-, Y-, and Z-type domains in the
SrRug@; films grown on exact and vicindD01) SrTiO; substrates.

Substrate X-domain Y-domain Z-domain
orientation (vol. %) (vol. %) (vol. %)
Exact(001) ~50% ~50% 0

Vicinal (002 >95% <5% <1%

substrates is summarized in Table I, based on the TEM ob-
servations. The different domain structures observed in the
SrRu@ thin films grown on the exact and vicin&D021)
SrTiO; substrates reveal that the surface morphology of the
substrate has a strong effect on the SrRtiin film growth.
This effect may be ascribed to the influence of the periodic
step-terrace structure of the miscut substrate surface on the
growth mechanism of the fil® However, the understanding

of the underlying mechanisms, such as preferential formation
of a particular kind of domain structure needs further de-
tailed studies on the microstructure of the films grown on
_ R substrates with different miscut angles and directions, and
|(b) especially the study of films grown at different deposition
conditions such as growth temperature, growth rate, cooling

FIG. 3. (a) SAED pattern from a plan-view specimen showjid0] zone of
SrRUQ, (b) Dark-field image using weak reflection marked by “X” fa), rate, and Oxygen pressure. o _
showing one purelyX-type domain. In conclusion, the SrRugthin films deposited by 90°

off-axis sputtering on the vicingl001) SrTiO; show a dif-
ferent domain structure compared to those grown on exact
9(001) SrTiO; substrate. The film on miscuD0l) SrTiO,
substrate consists of some small regionsYefand Z-type
domains embedded in a matrix domain which hasXkgpe
edomain orientation. These studies reveal that a miscut of the
(%'0]) SrTiO; substrate along thil 00] direction has a strong
influence on the microstructure of the SrRufdm. Further
studies of domain configurations and interfacial atomistic
structures of thin films grown at different conditions are nec-
essary to understand the underlying mechanisms of the ef-
fect.

served. However, the previous x-ray diffraction studies usin
a four-circle diffractometéf showed that the as-grown film
on the vicinal (001 SrTiO; substrate consists of a single
domain (the X-type domain structure. The reason for this
inconsistency is so far unclear, based on the present studi
The present TEM investigations of the SrRu@in films
deposited on the vicinal001) SrTiO; show that the film
consists of a matrix domain of thé-type with some small
islands of the other-type domains. The previous TEM
investigation®® showed that the SrRu@hin films grown on
exact(001) SrTiO; substrate are composed of both and

Y-type domains with nearly the same volume fraction. The  This work was supported by the College of Engineering,
volume fraction ofX-, Y-, andZ-type domains presented in the University of Michigan, Ann Arbor, Michigan.
the SrRuQ films grown on exact and vicindD01) SrTiO;
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