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Epitaxial SrBi2Nb2O9 thin films have been grown with a~103! orientation on~111! SrTiO3

substrates by pulsed-laser deposition. Four-circle x-ray diffraction and transmission electron
microscopy reveal nearly phase-pure epitaxial films. Epitaxial~111! SrRuO3 electrodes enabled the
electrical properties of these~103!-oriented SrBi2Nb2O9 films to be measured. The low-field relative
permittivity was 185, the remanent polarization was 15.7mC/cm2, and the dielectric loss was 2.5%
for a 0.5-mm-thick film. © 2000 American Institute of Physics.@S0003-6951~00!01720-4#

Growth of single crystals often represents the first key
step in the probing of a highly anisotropic material’s funda-
mental properties. Bulk synthesis methods, although the
most direct path to this end, can often be complicated by
processing limitations, including uncharted phase equilibria
and incongruent phase transformations. In many of these
cases, epitaxial thin-film growth offers a viable alternative.
Notwithstanding, growth of epitaxial thin films has its own
complications. For example, substrate choice is critical for
successful growth; substrates must be chemically compatible
and closely lattice matched to the film. Additionally, the
study of ferroelectrics and dielectrics generally entails the
growth of an underlying epitaxial electrode. For many of the
ferroelectrics that have received considerable attention re-
cently, such as those of the Aurivillius1 family of compounds
~e.g., SrBi2Ta2O9 and SrBi2Nb2O9), lattice match and chemi-
cal compatibility with a number of substrates and electrode
candidates have already begun to be addressed. Given the
perovskite-related structures of these compounds, growth of
c-axis films on ~001! perovskite substrates@i.e., SrTiO3 ,
LaAlO3 , NdGaO3, and LaAlO3–Sr2AlTaO6 ~LSAT!#,2–5 and
perovskite electrodes~La,Sr!2CuO4, ~La,Sr!CoO3, SrRuO3,
and Sr2RuO4,

6,7 is a logical and demonstrated route. How-
ever, for ferroelectrics such as SrBi2Nb2O9 that exhibit mir-
ror inversion symmetry perpendicular to thec axis~and, con-
sequently, a spontaneous polarization vector which lies
entirely in thea–b plane and specifically along only thea
axis!,8 probing of a film with a~001! orientation reveals little
about the fundamental properties~spontaneous polarization
and fatigue resistance! of the material. The challenge in
studying the anisotropy of these compounds thus lies in
growing films with orientations in which some component of
the a axis is nonparallel to the substrate surface.

Although variation of process variables has been shown
to control orientation in other perovskite-based systems such
as YBa2Cu3O7,

9,10 analogous results have not been achieved

with the Aurivillius compounds. Indeed, previous research
has revealed a relatively small parameter space for the phase-
pure, epitaxial growth of these materials, with even minor
deviation leading to the formation of impurity phases and
intergrowths.2,11 Other strategies have been employed, in-
cluding the use of more esoteric and nonperovskite sub-
strates in attempts to stabilize~110!- and ~100!-oriented
growth.2,12 Although successful, this approach presents its
own difficulties, including reproducibility, cost, and prob-
lems associated with the growth of an electrode/ferroelectric
epitaxial heterostructure. Here, we present a third strategy:
growth of SrBi2Nb2O9 ~Ref. 13! on non-$001%-oriented per-
ovskite substrates.

Similar schemes have been used for the growth of oxide
superconductors with perovskite-related structures.9,14–16

Each of these prior studies discusses the growth of
perovskite-based superconductors on a~110! SrTiO3 surface,
and indicates a dominant growth direction of~001! film
i ~001! SrTiO3 substrate. Indeed, our previous work and re-
lated studies have shown this also to be true with
SrBi2Nb2O9 on ~110! SrTiO3.

17,18 In an attempt to further
increase the projection of the spontaneous polarization vector
perpendicular to the substrate~i.e., increase the angle be-
tween the filmc axis and the substrate normal!, we explored
the growth of SrBi2Nb2O9 on ~111! SrTiO3.

19,20 In this letter,
we present the application of this approach for the probing of
the ferroelectric properties of SrBi2Nb2O9.

SrBi2Nb2O9 films were grownin situ by pulsed-laser
deposition ~PLD! using a KrF excimer laser~248 nm,
Lambda Physik EMG103MSC! in an on-axis geometry.
Films were grown in a 110 mTorr O3/O2 mix ~;8% O3! at a
temperature of 877 °C provided by a radiative substrate
heater.21 A laser pulse energy of 150 mJ, fluence of
2–3 J/cm2, and a 4 Hzpulse rate were used to grow films
;0.5mm thick. A single target with a Sr:Bi:Nb atom ratio of
1:2.3:2 was used as the source material. After growth, the
films were quenched in 1 atm of oxygen. Details concerning
target fabrication and optimization of the growth of these
bismuth-based compounds are found elsewhere.11
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Heterostructures consisting of an underlying~111!
SrRuO3 epitaxial electrode and an epitaxial~103!
SrBi2Nb2O9 overlayer were prepared to investigate the elec-
trical properties of the SrBi2Nb2O9 films. SrRuO3, nearly lat-
tice matched with SrTiO3 ~Ref. 22! and chemically compat-
ible with both the ferroelectric and substrate, proves to be an
excellent choice.23 SrRuO3 electrodes were grown with a sto-
ichiometric target~99.9% purity, Target Materials, Inc.! at
600 °C and 100 mTorr O2 with all other growth parameters
as described previously for the growth of SrBi2Nb2O9. Top
platinum electrodes~250mm diam! were deposited through a
shadow mask bye-beam evaporation at 350 °C.

To characterize the films for phase purity and epitaxial
orientation, a four-circle x-ray diffractometer with CuKa
radiation and a graphite monochromator was used. Addi-
tional structural analysis was completed by transmission
electron microscopy~TEM!.27

Figure 1~a! shows au–2u x-ray diffraction scan of a
SrBi2Nb2O9 film grown on~111! SrTiO3. The scan reveals a
nearly phase-pure~103!-oriented film. As with growth on
~110! SrTiO3,

17 this growth can alternatively be described as
~001! SrBi2Nb2O9 i ~001! SrTiO3, with ~in this case! the c
axis at;57° to the substrate normal. The full width at half
maximum ~FWHM! of the 206 reflection of SrBi2Nb2O9 is
0.23° and 0.39° in 2u andv, respectively. Figure 1~b! shows
a f scan of the 002 SrBi2Nb2O9 reflection for the same film
with a FWHM in f of ;1.1°. The 002 reflection~rather than
the more intense 0010 reflection or commonly used 115
reflection! was used because its relatively highd value

~12.55 Å! ~Ref. 13! allows it to be used for unambiguous
phase and orientation determination. Thef scan reveals a
triple-domain film ~ignoring the a–b twinning in
SrBi2Nb2O9, which our x-ray measurements cannot discern!,
as expected for a film grown on a substrate with threefold
symmetry.24 Together, these x-ray scans indicate that the ep-
itaxial orientation relationship is~103! SrBi2Nb2O9 i ~111!
SrTiO3 and~i! @010# SrBi2Nb2O9 i @1̄10# SrTiO3, ~ii ! ;@3̄31#
SrBi2Nb2O9 i @1̄10# SrTiO3, or ~iii ! ;@331̄# SrBi2Nb2O9 i

FIG. 2. ~a! Schematic of the orientation relationship between the~103!
SrBi2Nb2O9 film ~all three epitaxial domain variants! and underlying~111!
SrTiO3 substrate. The SrBi2Nb2O9 is drawn and its unit cell is outlined in its
tetragonal state above its Curie temperature~;430 °C, Ref. 19!. Note that
the growth temperature is well above the Curie temperature of SrBi2Nb2O9,
so the crystallography shown is relevant during nucleation and growth of the
eptitaxial film. The oxygen coordination polyhedra of the TiO6 octahedra in
the topmost layer of the substrate and NbO6 octahedra and Bi2O2 layers in
the film are shown. The strontium atoms are depicted as dark dots in the film
and topmost layer of the substrate.~b! Schematic showing surface meshes of
the film and substrate for one of the three observed orientations. The sub-
strate and film surface meshes are represented with black and white dots,
respectively. The near-coincident site surface mesh cell is represented with a
dashed line. The mesh mismatch at room temperature is 0.2% along the
@1̄10# substrate direction and 0.8% along the@112̄# substrate direction.

FIG. 3. Cross-sectional TEM image along the@1̄10# SrTiO3 zone axis of the
same ~103! SrBi2Nb2O9 /(111) SrRuO3/(111) SrTiO3 film on which the
hysteresis curve shown in Fig. 4 was measured. The zone axes of the epi-
taxial SrBi2Nb2O9 grains, of which there are three variants, are labeled. The
direction of thec axis is indicated in one of the SrBi2Nb2O9 grains.

FIG. 1. ~a! u–2u x-ray diffraction plot of SrBi2Nb2O9 grown on a~111!
SrTiO3 substrate indicating that the SrBi2Nb2O9 film is ~103! oriented. Sub-
strate peaks are labeled as~* !. ~b! f scan of the 002 SrBi2Nb2O9 reflection
at x533.4°, indicating that the film is epitaxial.x590° is defined as per-
pendicular to the plane of the substrate.f[0° is aligned to be parallel to the
@1̄ 1̄ 2# in-plane direction of SrTiO3. From these scans the lattice parameters
of the SrBi2Nb2O9 film are a'b55.5160.05 Å andc525.160.2 Å.
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@1̄10# SrTiO3 for the in-plane orientations~ignoring thea–b
twinning in SrBi2Nb2O9! of the three degenerate epitaxial
orientations. These orientations are schematically shown in
Fig. 2~a!. This growth is not only a local continuation of the
perovskite sublattice, but can also be considered in terms of
the areal match of near-coincident site surface meshes of the
~103! SrBi2Nb2O9 and the~111! SrTiO3 substrate. Consider-
ation of these surface meshes with the observed epitaxial
relationship results in a mismatch@(Asub2Afilm)/Afilm#, of
1.0% at room temperature for a substrate mesh with an area
Asub5501.8 Å2 and a film mesh with areaAfilm5496.7 Å2

@see Fig. 2~b!#.
The epitaxial orientation of the SrBi2Nb2O9 films re-

mained the same when they were grown on SrRuO3 epitaxial
electrodes, i.e.,~103! SrBi2Nb2O9 i ~111! SrRuO3 i ~111!
SrTiO3 ~x ray not shown!.25 A cross-sectional TEM image of
such an epitaxial heterostructure is shown in Fig. 3. TEM
analysis showed a lack of amorphous material~that would
not be detected by x-ray diffraction analysis alone! and cor-
roborated the epitaxial orientation relationships and phase
purity deduced from the x-ray diffraction analysis.27 Dark
striations running roughly vertically in the@010# grains are
out-of-phase boundaries~OPBs!.26

Figure 4 shows the polarization–electric-field hysteresis
of ~103! SrBi2Nb2O9 measured on an RT6000. The remanent
polarization (Pr) was determined to be 15.7mC/cm2. Low-
field relative permittivity and dielectric loss~tand! were 185
and 2.5%, respectively, for films measured on an HP 4192A
at 10 kHz and a 0.1Vrms oscillation level. Pr values of
12.5 mC/cm2 have previously been reported for randomly
oriented SrBi2Nb2O9 thin films.28 These results demonstrate
the validity of our approach: to increase the usable polariza-
tion in thin-film heterostructures through orientation control.
This is also a critical step to establishing and understanding
the fundamental ferroelectric characteristics of this material.
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