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Microstructure of epitaxial STRuO 5 thin films on  (001) SrTiO4
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Metallic oxide films of SrRu@ deposited or(001) SrTiO; by pulsed laser deposition have been
investigated by transmission electron microscdp¥eM) 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 t§{601) surface of the SrTi@substrate. The films grew
along the[110] directions with an in-plane orientation relationship of either SrRUDD]/SrTiO;

[100] and SrRu@001]/SrTi0;010], or SrRuQ[110]//SrTiO;010] and SrRu@O001)//SrTiO;

[100]. Domains with a rotation of 90° around SrRy{010] were observed in the dark-field image

of plan-view samples. €1998 American Institute of Physids$S0003-695(98)03308-7

Heterostructures based on semiconductors, metals, insu- SrRuGQ, thin films were deposited of001) SrTiO; by
lators, superconductors, ferroelectrics, and metal oxides af@eans of pulsed laser ablation. Details on the growth proce-
considered as important material systems. This is becausfure were described in the literatufeCross-sectional slices
they are important in the development of device applicationsyere obtained by cutting SrRy3rTiO; along the[100] or
as well as in fundamental issues such as in interface physi¢g10] directions of SrTiQ, and then were glued face to face
and grOWth mechanisms of artificial Structu?§§SemiC0n- by joining SrRuQ surface. Cross-sectional as well as p|an-
ducting heterostructures have been extensively investigatagew specimens for TEM observations were prepared by me-
over the past two decades, both theoretically and experimehanical grinding, polishing, and dimpling, followed by Ar-
tally, while the study of heterostructures of metal oxides isjgn milling using a Gatan Precision lon Polishing System
still in the early stages of development. In the present lettergpips™ Model 691, Pleasanton, Tat 5 kV at an angle of
we report a transmission electron microscd¥M) study  6°. Electron diffraction patterns and dark-field images were
of the heterostructure of SrRy@hin films on a SrTi@sub-  recorded in a Philips EM420 electron microscope operated at
strate prepared by pulsed laser ablation. 100 kV.

SrRu@; belongs to the ternary ruthenium oxide system Figure 1 is a low magnification TEM micrograph of a
which includes compounds such as CaRBu®aRuQ and  cross-sectional sample, showing the morphology of a
SrRuO,.** It is a distorted, pseudo-cubic perovski®end  srRyQ, film on SrTiO,. The film has a flat surface and sharp
was reported to be an orthorhombic phase of GdRgMe’®  interface and maintains a uniform thickness of 150 nm over
The space group was determined to be Phifo. 62 angi the entire specimen. The surface roughness is approximately
lattice parametera=5.5670,0=5.5304, anc=7.8446 A" 5 fe nanometers. It should be noted that Fig. 1 is a dark-
It is paramagnetic and metallic conductive at roomfie|q jmage formed by one of the reflections of the SrRuO

; 4
temper'atu'r%anc'i ferromagnetic below-160 K. film. This image shows the existence of two different “do-

Epitaxial thin films of SrRu@ have been found useful ,5ins” in the film (see the upper and lower parts of the
for electrodes and junctions in microelectronic devices, duq”m)_ The details of this will be studied in the following.

to the high resistance to chemical corrosion, outstanding
thermal conductivity, and stability. Recently, thin crystalline
films of high quality were reported to be successfully grown
on different substrate materials by different methods, such as
on SrTi0y(100 and LaAlOy(100) by 90° off-axis sputtering
technique’. on LaAlOy(100*° and on SrTiQ00D* by
pulsed laser ablation. However, to our knowledge, detailed
studies on the structural characteristics of these films have
not yet been reported. To examine the quality of the films
and to determine their crystallographic structure in order to
understand their influence on physical properties, TEM in-
vestigations of both cross-sectional and plan-view specimens
of the SrRuQ@ films have been conducted in the present
work.

FIG. 1. Dark-field image using th(e.Tl) reflection of SrRu@showing two
types of domain structurdsvhite and black Dark straight linegmarked by
¥Electronic mail: panx@engin.umich.edu an arrow within the white regions are antiphase bounda(BBs).
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FIG. 2. SAED patterns of the cross-sectional SrRISETIO;. (a) [001] zone of SrTiQ. (b), (c), and(d) are the[110], [001], and[111] zones of the SrRu
film, respectively.

Figure Za) shows g 001] zone axis selected-area elec- From the above results it can be concluded that the
tron diffraction(SAED) pattern of the SrTi@substrate from  SrRuG, thin film grew along thd 110] direction and consists
the same cross-sectional specimen. Figufbgsanhd 2c) are  of two types of domain structures which can be clearly seen
the SAED patterns taken from two different regions of thefrom the dark-field image. An example is given in Fig. 1
SrRuG film, for which the electron beam direction is the which was taken under nearly two-beam conditions using the
same as for Fig. @). Electron diffraction patterns of the (111) reflection in Fig. 2b). White and black regions corre-
SrRu@; films show that the film consists of small domains spond to the electron diffraction patterns of Figgh)2and
with two different orientationgFigs. 2b) and 2c)] with re-  2(c), respectively. Both types of domains are epitaxially
spect to the substrate. FigurébRis identified to be th¢110] grown on the(001) SrTiO; surface, and each type of domain
zone electron diffraction pattern of the SrRuSructure, in  has a definite orientation relationship to the substrate. Over
which the[110] direction is parallel to the normal of the the entire film, SrRug110])//SrTiO;[001]. Moreover, if one
as-grown film surface, i.e., the growth direction, while theassumes that one type of domain has an in-plane orientation
[001] direction is located in the film plane. FigurécRis the  relationship with SrRu@110]//SrTi05[100] and
[001] electron diffraction pattern of the SrRyGtructure. SrRuQ[001)//SrTiO;[010], then the other type of domain
Again, Fig. Zc) shows that the growth direction of the flmis will have an in-plane orientation relationship of
along the[110] direction instead of thg001] direction pro-  SrRuQ110]//SrTiOj[010] and SrRu@001)//SrTiO; [100].
posed previously® Tilt experiments were also conducted to This means that the two types of domains are rotated around
further confirm this conclusion. Figure(d shows a[111] the growth direction with respect to each other by 90°.
zone SAED pattern of the SrRy@tructure, which was ob- The 90° rotational domain structures in SrRufiims
tained by tilting the specimen around the growth direction,were also observed in the plan-view samples. Figua 3
starting from Fig. o), by either+45° or —45°. Similarly, if  shows a SAED pattern taken from a plan-view specimen
the specimen is tilted along the growth direction h#5°,  from the same film studied by cross-sectional TEM. It shows
starting from Fig. 2c), the same electron diffraction pattern different features from th¢001] zone electron diffraction
as shown in Fig. @) will be obtained. In other words, if the [shown in Fig. Zc)]. It is a superposition of tw$110] zone
specimen is tilted around the growth direction from fh&0] SAED patterns that are rotated around the zone axis with
zone SAED[Fig. 2(b)] by 90°, the[001] zone electron dif- respect to each other by 90°. Reflections located in the center
fraction pattern shown in Fig.(@ will be obtained, and vice of the square, formed by strong reflections, result from
versa. double diffraction between the two types of 90° rotational
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SrTiOy110] and SrRu@010)//SrTiOy[110]. The lattice mis-
matches along the SrRy@100] and [010Q] directions are
equal to 0.14% and 0.81%, respectively, which was calcu-
lated using the formula given in the literatureSimilarly, if

the SrRuQ@ films grow with the[110] axis normal to the
SrTiO; (001 surface, then the in-plane orientation relation-
ship is: SrRu@110)/SrTiOj[100] and SrRu@O001)/
SrTiOj[010]. The lattice mismatches along the SrRU®10]
and[001] directions are then 0.44% and 0.47%, respectively.
By comparing these two possible models, we find that the
strain field from the lattice mismatch is more isotropic for
the latter case than for the former case. Therefore, it is likely
that the growth of SrRugXilms along thg110] axis is more
favorable.

The mechanism for the formation of a 90° rotational
domain structure is not yet clear. There are some results in
the literaturé® which indicate that the misorientation of the
substrate is responsible for the formation of the single crys-
talline films. It can be predicted that surface properties, such
as orientation of the substrate, roughness, steps, kinks, and
even surface reconstruction may play an important role in
growing single crystal films. Detailed studies of SrRu@in
films grown on the SrTi@Qsubstrates with different degrees
of misorientations from th€¢001) planes are in progress.

In conclusion, we have determined that metallic oxide
thin films of SrRuQ, produced by pulsed laser deposition,
were epitaxially grown orf001) SrTiO; along the[110] di-
rections and rather well lattice matched to the substrate. The
films are composed of two types of 90° rotational domain
structures. Each type of domain has an in-plane orientation
relationship with respect to the substrate of either SrRuO
[110)//SITiO4100] and SrRu@O001)/SrTiO010], or
SrRuQ110}/SrTiOj010] and SrRu@001]//SrTiO5[100].
Antiphase boundaries were observed within each domain
structure.
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