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Abstract

Atomic resolution high-angle annular dark-field imaging (HAADF) in scanning
transmission electron microscopy was used to investigate the interface atomic structure of
epitaxial, (111) oriented SrTiO; films on epitaxial Pt electrodes grown on (0001) sapphire.
The cube-on-cube orientation relationship of SrTiO; on Pt was promoted by the use of a Ti
adhesion layer underneath the Pt electrode. While a Ti-rich Pt surface was observed before
SrTiO, growth, HAADF images showed an atomically abrupt SrTiO,/Pt interface with no

interfacial layers. The SrTiO, films contained two twin variants that were related by a 180°
rotation about the <1 1 1> surface normal. HAADF images showed two different interface

atomic arrangements for the two twins. The role of Ti in promoting (111) epitaxy and the

implications for the dielectric properties are discussed.



Metal-perovskite-metal thin film heterostructures are the key elements of devices
such as non-volatile ferroelectric memories [1], tunable microwave capacitors [2] or
ferroelectric tunnel junctions [3]. Metal/ferroelectric interfaces control properties such as
leakage currents [4], ferroelectric fatigue [5], tunnel barriers [3], and “interfacial
deadlayers”, i.e. an apparent thickness dependence of the polarizability of paraelectric
perovskite thin films [6]. For many applications elemental metal electrodes such as Pt are
preferred, because of their high electrical conductivities needed for high-frequency
applications [7-9]. Despite their technological importance, relatively few studies have
succeeded in obtaining an atomic level understanding of these interfaces. Pt/SrTiO, thin
film heterostructures are an ideal model system [10-13]. SrTiO; is an incipient ferroelectric
with the cubic perovskite structure and it has a small lattice mismatch with Pt (~ 0.4 % at
room temperature). We have recently shown that (111) SrTiO; thin films can be grown
epitaxially on (111) oriented epitaxial Pt electrodes on (0001) sapphire if a thin (~ 3 nm) Ti
layer was deposited under the Pt electrode [13]. If no Ti layer was present, the SrTiO; thin
films were predominantly (110) oriented, although they also showed an epitaxial
relationship with the (111) Pt electrode [12]. Ti adhesion or surface layers have also been
shown to promote epitaxial growth on (111) Pt grains for other perovskite films [14-17].
Although it is well-known that Ti diffuses through Pt electrodes [18-21], the precise
mechanisms by which Ti underlayers control perovskite thin film textures are not fully
understood. In the literature, it has been suggested that either a Pt-Ti intermetallic or TiO,
on the Pt surface provide a templating layer for (111) epitaxial perovskite growth [14,17].
Furthermore, (111) oriented epitaxial SrTiO; thin films showed a much more pronounced

thickness dependence of their permittivity than (110) oriented films [22]. This thickness



dependence is commonly modeled by an interfacial capacitance with a lower permittivity
than the “bulk” of the film [6,23], but its origins are not understood. The goal of the
present paper is therefore to determine the atomic structure of (111) SrTiO,/Pt interfaces
[11] with the ultimate objective of gaining an improved understanding of their role in
controlling film orientation and dielectric properties.

200 nm thick Pt electrodes were deposited on basal plane sapphire substrates
coated with a ~ 3 nm Ti layer using DC sputtering at a substrate temperature of 650 °C.
The Ti layer was deposited by electron beam evaporation at room temperature. The surface
root mean square roughness of the Pt electrodes was about 0.47 nm. The close-packed

(111) Pt planes were aligned with the (0001) sapphire oxygen planes as described by

(1), ] (0001), . and [01T] [[[10T0] . SrTiO, films of about 100+10 nm thickness

203 Al,O4
were grown by radio-frequency magnetron sputtering from a stoichiometric target at about

700 °C in a Ar/O, gas mixture, using sputter conditions described elsewhere [24].

Interfaces were imaged along <1 10> and <1 12> by cross-section transmission electron

microscopy (TEM). TEM samples were prepared by conventional methods with Ar ion
milling as the final step. A field emission TEM operated at 300 kV (FEI Tecnai F30UT, Cq
~ (0.52mm) was used for high-angle annular dark field (HAADF) imaging in scanning
transmission electron microscopy (STEM) and conventional high resolution TEM
(HRTEM). The detector inner semi angle for HAADF was 68 mrad. Secondary ion mass
spectrometry (Physical Electronics 6650 Quadrupole SIMS) and x-ray photoelectron
spectroscopy (Kratos Axis Ultra XPS) were used to analyze a Pt/Ti coated sapphire wafer
without SrTiO;. This wafer had been exposed to a 5 min “pre-sputtering” treatment in the

SrTiO; growth chamber, which involved exposure to the sputter gases at the growth



temperature but with the shutters closed to prevent transport of the target species to the
substrate. SIMS showed that Ti had diffused through the Pt electrode and that the surface
was enriched with Ti. XPS showed that the surface Ti was oxidized, similar to what was
observed by others [19,21]. X-ray diffraction (XRD) and selected area electron diffraction

in TEM showed an epitaxial relationship between the SrTiO; film and the Pt electrode, as

described by (1 1 1)

(1 1 l)Pt and [01 T] [01 T]Pt . Both the Pt electrode and the

SrTiO, SrTiO,

SrTiO; film contained two twin orientation variants, denoted “A” and “B”, that were related

by a 180° rotation about the <1 1 1> surface normal [12,13]. In SrTiO;, the two twin variants

differed in stacking along [111], i.e. AaBbCcAaBbCc vs. AcCbBaAcCbBa, where capital
and small letters represent Sr-O or Ti layers, respectively. In the film interior twin
boundaries were oriented mostly perpendicular to the film surface, but did not show
pronounced faceting [13]. Films grew in an island (Volmer-Weber) growth mode, with
threading dislocations accommodating small misorientations between the nuclei upon

coalescence [13].

Figure 1 shows an HRTEM image of the interface between Pt and one of the SrTiO,
twin variants. The interface appeared atomically abrupt. The inset in Fig. 1 shows an
atomic resolution HAADF/STEM image of a twin boundary. HAADF images are not
subject to contrast reversals [25], and interface atomic arrangements of cations can be
directly inferred. The contrast in HAADF reflects atomic number (Z) differences [25].
Bright features corresponded to Sr-O columns and weaker features to the Ti columns.
Oxygen-only columns were not visible in these images. The overlay shows the atomic

arrangement observed in this portion of the twin boundary, which corresponded to a



symmetrical Z3(T 12) [1 10] twin; however, other atomic configurations were also observed
[13]. The spacings between adjacent (1 1 1) planes measured across the boundary were

larger than expected from a simple coincidence site lattice model of the boundary and
adjacent Ti columns were significantly shifted along the film normal.

Figure 2 shows atomic resolution HAADF/STEM images of the interface between
the two SrTiO; twin variants and one of the Pt variants. Due to the strong Z-contrast of this
technique, Pt (Z = 78) was extremely bright. To show the atomic arrangement of both
SrTiO; and Pt across the interface in one image, the brightness/contrast settings were
adjusted differently in the upper and lower portions of the images, which is the origin of the

artificial sharp line below the terminating Pt layer. In bulk SrTiO,, SrO?" planes alternate
with Ti* layers along <1 1 1>. No crystallographically distinct interface phase, i.e. with an

atomic arrangement not found in either bulk Pt or SrTiO;, could be observed in these
images.
Both twins showed identical lattice translations parallel to the interface within an

error of about 0.16 A when imaged along <1 10> (corrections were made for image

distortions typical for STEM by calibrating the spacings in the bulk of the films to bulk
lattice parameters). In contrast, the two twins differed in their atomic arrangement in the
direction normal to the interface. Quantified in terms of the distance between the first
clearly identifiable Sr-O plane and the last Pt plane, the separation was 0.33+0.04 nm for
twin A [Fig. 2(a)], whereas in twin B [Fig. 2(b)] it was 0.25+£0.04 nm (see horizontal lines
in Fig. 2). The distance between the terminating Pt and first Ti plane in twin A was

0.2+0.02 nm. The difference in the stacking normal to the interface for the two twin



variants was confirmed using several images and resulted in a relative shift of the two twins
parallel to the twin boundary, which was found to relax through the film thickness.

The terminating SrTiO; plane of twin B was clearly a Sr-O plane. In twin A, the
last clearly visible plane near the interface was a Ti plane (see Fig. 2), but it was possible
that a partially occupied Sr-O plane was present very close to the Pt as some contrast that
could correspond to Sr columns was occasionally observed. The difficulty in detecting Sr
(or any other light atom) very near the last Pt layer stems from the large difference in
background intensity between the heavy Pt electrode and the lighter SrTiO; film, as pointed
out elsewhere [26]. This caused the background intensity at the interface plane to be
intermediate between that of Pt and in SrTiO,, potentially obscuring lighter atoms if they
were present very close to the terminating Pt plane. Intensity line profiles showed that last
Pt layer was likely fully occupied, despite a somewhat reduced total intensity (Fig. 2),
because the intensity above the background in this layer was almost identical to that in bulk
Pt.

Density-functional calculations of very thin Pt layers on (111) SrTiO; showed
almost no difference in the energetics between the two terminations [10], but these
calculations did not take different SrTiO; stacking into account. If interatomic forces acted
beyond nearest neighbors, then the two twins were not energetically equivalent, as they
differ in their stacking sequences. In this case at least part of that energy difference could
have been mediated by the different interface atomic arrangement.

With respect to the role of Ti in promoting epitaxial (111) growth, the images did
not show any evidence for templating by either an interfacial TiO, or a Pt-T1 intermetallic

layer. While Ti-O surface layers observed in XPS could have been either not continuous or



consumed by the growing SrTiO; film, it was also possible that the effect of Ti in
promoting (111) SrTiO; film epitaxy was more complex than simply providing a
templating layer for (111) perovskite growth. For example, Ti may also play a role in
gettering impurities from the growth surface [27]. Generally the orientation dependence of
the energy of small nuclei was likely complicated for films that grew in a Volmer-Weber
growth mode. Furthermore, the thickness dependent dielectric permittivity [22] could not
be explained with the presence of any chemically distinct interface phase at the bottom
electrode interface. The use of Ti adhesion layers was thus not expected to degrade the
interfacial electric or dielectric properties of the capacitors. Possible alternative
explanations for the pronounced thickness dependence of the permittivity include strain
gradients through the film. This is consistent with our earlier studies that showed a greater
extended defect density near the bottom interface [13] and studies by others that showed

that thin, unclamped barium titanate single crystals exhibited bulk dielectric properties [28].
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Figure Captions

Figure 1 (color online)

HRTEM of the Pt/STO interface recorded along <1 10>. The inset shows an

HAADF/STEM image of a symmetrical 23(T 1211 10] STO twin viewed along <1 10> . The

overlay shows the atom positions in the interface plane (the oxygen-only columns were not
visible and their positions were inferred from the cation positions). Note the vertical

displacements of closely spaced Ti columns.

Figure 2 (color online)

HAADF/STEM images of the interface between SrTiO, and Pt for (a) twin variant A and
(b) twin variant B recorded along the <1 10> . Red and green horizontal lines mark the
position of Sr-O (111) layers and Pt (111) planes, respectively. The overlay shows the
average atom column positions (see legend in Fig. 1) determined from intensity line scans
across several locations in the images. The oxygen-only columns were not visible and their

positions were inferred from the cation positions.
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Figure 2
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