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Interface Stability and the Growth of Optical Quality Perovskites on MgO
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An understanding of heteroepitaxy between perovskite and alkaline earth oxides is developed in terms
of ion size and interfacial electrostatics. Interfacial energy minimization at the first atomic layers is the
basis for a commensurate, unit-cell stability. This unit-cell stability presents the opportunity to study re-
duced dimensional or two-dimensional phenomena in thin-film ferroelectrics and is the basis for growth
of high crystal quality, um-thick films for optical device applications.

PACS numbers: 68.35.Bs, 68.55.Bd, 77.55.+f, 78.66.Li

There have been numerous studies in recent years of
the growth kinetics and microstructures of thin-film ox-
ides. While the superconducting perovskite oxides are
certainly the most widely studied [1-5], substantial
efforts have also been devoted to the study of technologi-
cally important ferroelectric perovskites like BaTiO3 and
PbTiO; [6-10). In all of this work, however, very little
clarity has evolved in the understanding of relationships
between interfacial structure and crystal quality. This is-
sue is an important one since many of the applications for
which the materials might be chosen depend on long
range structural coherence. If the appropriate crystal
quality could be obtained for thin-film BaTiO; supported
on MgO, for example, or for an integrated BaTiO3/MgO
structure on silicon or GaAs, then the optimum optical
guided wave (OGW) device structure might be realized
[11]. In this Letter we will show that heteroepitaxy for
simple oxides can be understood by considering a layer-
by-layer energy minimization associated with interfacial
electrostatics. We will use the examples of SrTiO; and
BaTiOj; to illustrate that a commensurate, stable inter-
face structure exists with MgO. The stability of this in-
terface structure makes it possible to study two-dimen-
sional phenomena for perovskite oxides that are only a
single unit cell high or to grow thick adherent films with
good optical quality for device applications. The crystal
and optical quality that we will describe does not result
from incremental improvements in previously published
methods, but rather is attained by directly addressing the
fundamental requirements of interfacial energy minimi-
zation between perovskite and alkaline earth oxides. We
believe that these results have broad implications in de-
veloping a comprehensive explanation of oxide heteroepi-
taxy.

To appreciate how the interfacial electrostatics issue
arises in oxide heteroepitaxy, consider the structure of the
perovskite oxides. The distinguishing structural charac-
teristic of the perovskite oxide class is recognized as a
closest packing of large cations and oxygen anions ar-
ranged as stacked sheets normal to a [111] direction.
The octahedral interstices that form as a result of this
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sheet-stacking sequence are in turn filled with higher
valence, smaller cations. The resulting structures are cu-
bic with low-index stable crystal faces. The naturally
occurring crystal truncations are {001} and are then, for
example with BaTiOj;, either BaO planes or TiO; planes.
The ion sizes and charges in these planes are distinctly
different, and the initiation of a heteroepitaxial growth
sequence for such a structure on another insulating oxide
must take this into account. For our example of BaTiO;
on (001) MgO, heteroepitaxy can be accomplished with a
unique layering sequence that begins at the TiO; plane of
the perovskite structure. This layering sequence is a re-
quirement for single-orientation, epitaxial growth of a
perovskite on MgO.

While it is not possible in the present context to de-
scribe in detail the characterization of the interface struc-
ture, the basic features are summarized as follows: For a
heteroepitaxial transition between insulating oxides, the
interface electrostatics (ion-ion near-neighbor interac-
tions) of the first layers critically determine whether a
commensurate structure can develop. For example, in
going from MgO to BaTiOj; on the (001) face of MgO, if
the transition is initiated at a barium oxide plane, the
structure at the interface cannot develop commensurately
with the MgO surface. The basic incompatibility results
from the large ion-size difference between barium and
magnesium. The Mg2* ion is only 0.130 nm in diameter
and is accommodated easily in the interstices of oxygen
octahedra in the NaCl-type MgO structure [12]; Fig.
1(a) shows this geometrically. The O-O distances along
the vertices of the oxygen octahedra containing the Mg?2*
are 0.297 nm; this distance is very nearly a closest pack-
ing separation distance for the O2~ ion with its 0.140 nm
radius. In the BaO plane of the perovskite, BaTiOs3, the
equivalent O-O distance is expanded approximately 35%
to 0.398 nm as a direct consequence of the 0.274 nm di-
ameter Ba?* ion. The large lattice energy increase that
would result from a barium-ion substitution for magnesi-
um in the normal stacking sequence of (001) MgO sim-
ply cannot be accommodated and is, of course, not ob-
served as a solid solution or as a commensurate, heteroep-
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FIG. 1. Size effects, stacking sequence. (a) oxygen oxtahe-
dra showing Mg?* coordination; P-P' is [100]; (b) (001)MgO
with 45°-rotated BaO layer at anion-anion overlap position.

itaxial system [13,14]. One might argue, however, that
the near equivalence of the 0.595 face diagonal distance
on (001) MgO and the 0.554 nm cube edge of BaO
would facilitate heteroepitaxial growth; such a structure
is illustrated in Fig. 1(b). It would not be unreasonable
for the resulting 6% lattice mismatch to be accommodat-
ed by strain or to be relieved by periodic edge disloca-
tions. However, this simple lattice-matching model con-
tains a critical flaw; a 45°-rotated stacking sequence ini-
tiated at a BaO plane leaves either all the barium ions on
top of magnesium sites or all the oxygen ions on top of
oxygen sites. For example, in Fig. 1(b) we show a
configuration that positions the Ba?* cations above O?
anions. While these are the low-energy sites for barium,
this configuration leaves all of the O? anions in the BaO
layer directly on top of O? anions in the underlying MgO
surface. Clearly such near-neighbor ion configurations
where either cation-cation or anion-anion repulsive in-
teractions occur in such large numbers lead to a high in-
terfacial energy and an inherent instability. A related in-
stability problem in surface physics has been treated by
Colbourn, Mackrodt, and Tasker [15] and by Tasker,
Colbourn, and Mackrodt [16] in connection with basic
theory approaches to interfacial equilibrium and surface
segregation phenomena for the alkaline earth oxides.
While heteroepitaxy between alkaline earth and perov-
skite oxides was not considered, the clear result emerged
in these theoretical studies that no single-layer coverage
of BaO on MgO existed that was energetically stable.
We find experimentally that this is of paramount impor-
tance to the growth of single-orientation perovskites on
MgO.

With the molecular beam epitaxy (MBE) process we
deposited barium metal and oxygen at a substrate tem-
perature of 500°C to form BaO at a 3 monolayer cover-
age based on the MgO surface; this is equivalent to |
monolayer of BaO in BaTiOs;. The high interfacial ener-
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FIG. 2. Incommensurate nucleation and growth of BaO on
(001)MgO. (a) Cube model of two orientations; (b) RHEED
from the [100] zone axis of clean MgO; (c) RHEED from
monolayer BaO-covered MgO.

gies that would result from commensurate BaO epitaxy
on MgO should drive some mechanism for lowering the
interfacial energy. Figure 2 shows a cube model of the
interface and associated reflection high-energy electron
diffraction (RHEED) patterns from clean and & mono-
layer BaO-covered (001)MgO surfaces. The implication
of the surface segregation theories [15,16] is that “island-
like™ nucleation of incommensurate BaO-type structures
should develop, and this does occur. The cube model in
Fig. 2(a) shows an idealization of parallel and 45°-
rotated morphologies of an (001) interface between MgO
and BaO, and Figs. 2(b) and 2(c) show diffraction pat-
terns as experimental confirmation of their existence.
The RHEED pattern in Fig. 2(b) results from an MgO
surface prepared in the MBE system by growing 100 nm
of MgO homoepitaxially on (001)MgO. The 0,0 and al-
lowed 0,2 surface rods are seen. In Fig. 2(c) surface
diffraction at the same zone axis as illustrated but is
modified by a single-layer-coverage BaO deposition. As
can be seen, incommensurate crystallite orientations have
formed and give rise to diffraction at what would be the
0,2 rod position for cube-on-cube BaO and at the 1,1 rod
of 45°-rotated BaO as well. Moreover, in addition to the
rod spacing indicating the microstructural characteristics
of the interface, the diffraction intensity is modulated
along the reciprocal lattice BaO rods in a Bragg-like
manner; i.e., three-dimensional diffraction occurs that is
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indicative of “‘islanding™ or surface roughening. These
multiorientation, three-dimensional island structures de-
feat any attempt at growing optical-quality, thick perov-
skite films.

Figure 3 provides an illustration of the dramatically
different result that can be obtained by moving up one
plane in the BaTiO; unit cell to the TiO; plane and ini-
tiating the growth sequence at that point. A commensu-
rate, atomically flat layer of TiO, can form in which
every other cation row is vacant over the underlying
Mg?* sites. This TiO; truncation of (001) MgO satisfies
the electrostatic requirements for anion-cation near-
neighbor pairs at the interface and is a low-energy, stable
truncation of the MgO surface. The missing row of cat-
ions in this layer provides the energetically favorable sites
for subsequent barium-ion attachment to the crystal sur-
face. As the perovskite growth is continued with alter-
nating barium- and titanium-deposition cycles, BaTiO;
grows layer by layer, and strain relief can occur by nu-
cleation of simple edge dislocations maintaining the
single-orientation cube-on-cube epitaxy [17,18]. The Ba-
TiOs3 lattice parameter relaxes to its strain-free, bulk
value within 10 unit cells from the original interface. The
transition from heteroepitaxy to homoepitaxy of the
perovskite is completed with the desired single-orientation
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FIG. 3. TiO; truncation of (001) MgO. (a) RHEED at the
[100] zone axis for clean and TiO,-truncated MgO; (b) ball
models of (001) surfaces.

material and its advantageous long range structural
coherence. With the transition from heteroepitaxy to
homoepitaxy accomplished in the manner described
above, we find that growth rates of the order of 1 um/h
can be attained at temperatures as low as 500°C by
codeposition of barium and titanium or strontium and ti-
tanium with oxygen arrival rates equivalent to pressures
of 1077 torr.

Figure 4 shows RHEED data accumulated at the [100]
zone axis of the starting MgO surface and similarly at
the [100] zone axis of relatively thick BaTiOs films. The
BaTiO; RHEED pattern in the middle panel is from a
100 nm film grown using layer-by-layer energy minimiza-
tion starting at the TiO; layer. The BaTiO; RHEED
pattern in the lower panel is from a 100 nm film grown
starting with an incommensurate BaO/MgO interface.
In both films the cube-on-cube epitaxy predominates, but
multiorientation material is clearly evident with a highly
disordered surface and even polycrystalline material con-
tributing to the diffraction pattern in the lower panel.
The 100 nm thick BaTiO; film that gives rise to the
RHEED pattern in the lower panel progressively worsens
as film growth continues. The surface quality and
single-mode growth characteristics of the film imaged in
the middle panel allow BaTiOj3 to be grown to thicknesses
required for optical applications. The surface diffraction
in the middle panel arises from a single Laue zone with a
surface mosaic or coherence length comparable to the ini-
tial MgO surface shown in the upper panel. These
homoepitaxy results, although obtained after a heteroep-
itaxial transition for film growth on an MgO surface, are
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<100>

0,0 0,1 0,2

FIG. 4. RHEED data for MgO and BaTiOs. Upper panel:
clean MgO (100 nm homoepitaxial growth on polished sur-
face); middle panel: 100 nm BaTiO; grown on TiO;-truncated
MgO:; lower panel: 100 nm BaTiO; grown on BaO-truncated
MgO.
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TABLE L. In-plane and out-of-plane x-ray data and index of
refraction data for SrTiO3 and BaTiOs thin films on MgO.

SrTiO3/MgO BaTiO3/MgO

Thickness, nm 515 610
Lattice parameter

In-plane 0.3898 nm 0.4000 nm

Out-of-plane 0.3913 nm 0.4020 nm
Rocking curve width

In-plane 0.37° FWHM 0.40° FWHM

Out-of-plane 0.62° FWHM 0.70°FWHM
Index of refraction

@ 632 nm 2.379 2.437

of a similar quality and are entirely consistent with those
reported by Terashima et al. [19] for a codeposition study
of SrTiO; on (001)SrTiO;. Structural and optical
characteristics of the resulting thin films are given in
Table I. Walker et al. [20] are reporting waveguide-loss
data for these materials, and will demonstrate that opti-
cal loss coefficients, both in absolute magnitude and
wavelength dependence, rival those of LiNbOj;. These
epitaxial, thin-film structures are of high optical clarity
and can be directly compared with LiNbOj3, the most
commonly applied material in EO devices.

We have shown that ion size and electrostatics at the
first atomic layers of the interface between simple
perovskites and MgO are the predominate influences on
heteroepitaxial growth of these oxides. This is the first
time that heteroepitaxy for this important class of oxides
has been explained at this level. Both BaTiO3; and
SrTiOj; can be stabilized as single orientation, commensu-
rate thin films on MgO at unit-cell thicknesses. The sta-
bility of such unit-cell structures presents the opportunity
to study reduced dimensional or two-dimensional phe-
nomena in thin-film ferroelectric perovskites. Moreover,
by using the TiO»-truncated MgO surface, optical quali-
ty, thin-film ferroelectrics can now be grown to the um
thicknesses required for their application in EO devices.
The layer-by-layer MBE process that we have described
here for stabilization of the interface between a perov-
skite oxide and the alkaline earth oxide MgO provides a
unique opportunity to exploit the electro-optic properties
of thin-film epitaxial ferroelectrics in wave guide applica-
tions.
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FIG. 1. Size effects, stacking sequence. (a) oxygen oxtahe-
dra showing Mg?* coordination; P-P' is [100]; (b) (001)MgO
with 45°-rotated BaO layer at anion-anion overlap position.
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FIG. 2. Incommensurate nucleation and growth of BaO on
(001)MgO. (a) Cube model of two orientations; (b) RHEED
from the [100] zone axis of clean MgO; (c) RHEED from 7
monolayer BaO-covered MgQO.
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FIG. 3. TiO; truncation of (001) MgO. (a) RHEED at the
[100] zone axis for clean and TiO;-truncated MgO; (b) ball
models of (001) surfaces.
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FIG. 4. RHEED data for MgO and BaTiO3. Upper panel:
clean MgO (100 nm homoepitaxial growth on polished sur-
face); middle panel: 100 nm BaTiO3 grown on TiOz-truncated
MgO; lower panel: 100 nm BaTiOj; grown on BaO-truncated
MgO.



