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Epitaxial BiFeO; thin films on miscut (001) SrTiO; substrates relax via mechanisms leading to an
average rotation of the crystallographic axes of the BiFeO; layer with respect to the substrate. The
angle of the rotation reaches a maximum in the plane defined by the surface normal of the film and
the direction of the surface miscut. X-ray microdiffraction images show that each BiFeO; mosaic
block is rotated by a slightly different angle and contains multiple polarization domains. These
effects lead to a complicated overall symmetry in BiFeOj; thin films. This relaxation mechanism can
be extended to other complex oxides. © 2010 American Institute of Physics.

[doi:10.1063/1.3299256]

The relaxation of stresses arising from the lattice mis-
match in heteroepitaxy influences the functional properties of
resulting structures and defines much of the scientific chal-
lenge of epitaxial growth. The piezoelectricity and ferroelec-
tric domain structure of ferroelectric and multiferroic oxides
can be modified by epitaxial stresses, which distort the crys-
tallographic unit cell, and in extreme cases can lead to
changes in the structural phase.” The relaxation of stress
and its influence on the resulting structure of complex het-
erostructures involving materials of different crystallo-
graphic symmetries is particularly challenging. BiFeO;, for
example, is a rhombohedrally distorted perovskite with a
pseudocubic bulk lattice constant of 3.96 A that is often
grown as a thin film on cubic substrates such as SrTiO3.3 In
thin films, BiFeOs is distorted by stresses associated with the
epitaxial mismatch and signatures of monoclinic*® and
tetragonal6 overall symmetries have been reported. No con-
sensus for the crystallographic phases of BiFeOj; thin films
has yet been reached. An additional complication arises be-
cause BiFeO; thin films are often grown on miscut sub-
strates, which promote epitaxy by modifying the kinetics of
growth but cause the BiFeO; layer to be anisotropically
strain.” Here we describe the mechanism of this relaxation
and its effects on the overall symmetry of the BiFeO; thin
film.

Our structural study includes both area-averaged labora-
tory source x-ray diffraction and synchrotron x-ray microdif-
fraction. Conventional millimeter-scale x-ray beams average
over a large number of micron-scale mosaic blocks. As a
result, the reciprocal-space resolution with which diffraction
studies of the symmetry of BiFeO; thin films can be per-
formed is reduced by the distribution of crystallographic di-
rections arising from the large mosaic spread in partially re-
laxed thin films, typically 0.1° to 0.5°. Synchrotron x-ray
microdiffraction, however, allows diffraction studies to be
conducted with higher precision using individual mosaic
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blocks. Microdiffraction studies were conducted using 11.5
keV photons focused to a full-width-at-half-maximum
(FWHM) of 110 nm using a Fresnel zone plate at station
2ID-D of the Advanced Photon Source. The 400 nm thick
epitaxial BiFeO5 (001) thin films were grown using off-axis
sputtering on a 15 nm thick SrRuOj5 layer on a SrTiO; (001)
substrate miscut by 4° toward [010].

Reciprocal space maps of the BiFeO; (002) reflection,
acquired with using a laboratory diffractometer, reveal the
area-averaged orientation of the BiFeO; layer (Fig. 1). To
acquire Fig. 1, the sample was oriented with the miscut di-
rection in the scattering plane. The SrRuOj; layer tilts away
from the average surface due to expansion at substrate step
edges and quantitatively agrees with the direction and value
predicted by the Nagai model.” The BiFeO; is rotated foward
the average sample surface normal by 0.13° with respect to
SrRuO; and by a total of 0.073° with respect to the SrTiO5
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FIG. 1. (Color online) Area-averaged reciprocal space map of the (002)
reflections of BiFeOs, SrTiOj;, and StRuO;. The SrRuO; reflection is rotated
by 0.057° from the substrate reflection away from the sample surface. The
BiFeO; (002) is rotated in the opposite direction by 0.073° from the sub-
strate, a total of 0.13° from the underlying SrRuOj; film. The inset shows the
orientations of the BiFeOs, SrRuO;, and SrTiO; (002) planes.
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FIG. 2. (Color online) Components of dislocations relaxing an epitaxial thin
film on a miscut substrate, after Mooney et al., Ref. 10. The Burgers vectors
b; and b, can be decomposed into b, and bg,.. The component b
results from the projection of the Burgers vector onto the epitaxial stress
applied to the film and is the component which relaxes the film. by, rotates
the (001) planes of the film. The misfit component of b, is larger than that of
b, so that dislocations with Burgers vector b, are preferentially nucleated.

substrate, as depicted schematically in Fig. 1. Rotation to-
ward the surface normal does not agree with the Nagai
model, even qualitatively. The azimuthal dependence of
these angles shows that the maximum rotation of the BiFeO;
layer occurs in the plane including the miscut direction and
the surface normal. This rotation has previously been ob-
served in similar films by Jang et al.® and here we describe
the specific relaxation mechanism leading to this effect.

The rotation of the BiFeO; results from preferential
nucleation of dislocations in response to shear stresses, an
effect that was discovered in epitaxial SiGe on miscut Si
(001)."° SiGe relaxes by a mechanism in which dislocation
loops nucleate at the surface and propagate through the film
thickness, leaving one edge of the loop at the substrate-film
interface.'"'? The relevant Burgers vector for SiGe are in the
1/2[101] family which glide on a {111} plane."" Two of the
Burgers vectors that can relax a compressively strained film
are labeled b, and b, in Fig. 2. Each has a misfit component
b s> Telaxing shear stress in the film, and a component b,
that rotates (001) planes. On a miscut substrate, there is a
larger resolved shear stress on one of the two slip systems
because the stress lies in the plane of the average surface
rather than in the (001) plane. Dislocations with the larger
resolved stress have lower activation energy for nucleation
and are thus preferentially nucleated. Tilt components of the
preferred slip system for the compressively strained BiFeO;
on SrTiO; system, b, in Fig. 2, rotate BiFeO; toward the
average surface normal. The situation would be reversed for
films under tensile stress, leading to rotations in the opposite
direction.

The dislocations necessary for the relaxation mechanism
of Ref. 10 have been observed in epitaxial perovskite thin
films.">* A full dislocation with Burgers vectors in the (101)
family can dissociate into two partial dislocations at the

substrate-film interface, so that 1/2 [101] dissociates into 1/2

[100] and 1/2 [001]. The [001] component produces the tilt
familiar from the SiGe system. Preferential nucleation on a
miscut substrate leads to an overall tilt toward the surface
normal in compressively strained films, in agreement with
experimental observations. Dislocations with slip systems
along the direction of the miscut also face higher activation
barriers, and the stress along the directions of the steps is
thus more slowly relaxed than the stress along the miscut
direction.
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FIG. 3. (Color online) (a) X-ray microdiffraction image of mosaic blocks
using the (002) reflection of BiFeO;, acquired with diffractometer angles
given at the maximum intensity in the area marked 1. (b), (c) Reciprocal
space maps taken at positions 1 and 2 on the surface.

X-ray microdiffraction was used to probe the crystallo-
graphic structure within individual mosaic blocks within the
BiFeO; film. Images of the mosaic blocks were acquired by
plotting the intensity of the BiFeO; (002) reflection as a
function of position of the x-ray beam on the sample. Indi-
vidual mosaic blocks appear in Fig. 3(a) as contiguous areas
of uniform intensity the order of 1 wm in extent. The struc-
tural relationship among mosaic blocks can be determined
using diffraction patterns acquired at a series of positions on
the sample. Reciprocal space maps acquired in the high- and
low-intensity regions of Fig. 3(a) appear in Figs. 3(b) and
3(c). These two blocks produce BiFeOs reflections that are
separated by a 0.15° rotation, well within the 0.3° FWHM of
the area-averaged BiFeO; (002) peak in Fig. 1. The recipro-
cal space maps in Figs. 3(b) and 3(c) do not exhibit any
splitting of the (002) reflection, even at the higher resolution
afforded by the local probe. Each mosaic block thus consists
of a single crystal or a series of crystals sharing a common
set of (001) planes.

Further structural information can be obtained using re-
flections that are sensitive to the difference between ferro-
electric domains. A map of diffracted intensity from the
BiFeO; {103} reflections appears in Fig. 4(a). This map re-
veals a mosaic block structure qualitatively similar to the
map obtained using the (002) reflection. The {103} reflection
however, is sensitive to the structural difference between
ferroelectric domains within individual mosaic blocks. Fig-
ures 4(b) and 4(c) are reciprocal space maps taken at points 1
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FIG. 4. (Color online) Microdiffraction image using the BiFeO; {103} re-
flections at 26=50.73° at the area marked 1. Reciprocal space maps taken at
positions 1 (b) and 2 (c) on the surface. There are at least two BiFeO5 {103}
reflections, arising from the presence of multiple polarization domains
within each mosaic block.

and 2 of Fig. 4(a). In comparison with the unsplit (002)
reflections, each mosaic block exhibits multiple {103}
reflections.

The pseudocubic {103} of BiFeO; reflections are split by
the rhombohedral distortion of the unit cell, leading to two
distinct d-spacings and producing the x-ray reflections near
50.5° and 51.0° in Figs. 4(b) and 4(c). The existence of mul-
tiple {103} reflections within the volume probed by the fo-
cused x-ray beam indicates that the scattering volume en-
compasses more than one polarization domain. The
reflections in Figs. 4(b) and 4(c) are consistent with a striped
polarization domain structure in which the in-plane compo-
nent of the polarization of neighboring domains forms a 90°
angle. This 71° domain configuration is a common motif in
rhombohedral films on cubic substrates.'

The reciprocal space location of the {103} reflections in
Figs. 4(b) and 4(c) depends not only on crystallographic
phase of the BiFeOj; thin film but also on the orientation of
each domain and on the stress field acting on it. The stress is
complicated and highly anisotropic with respect to the sub-
strate as a result of the anisotropy of the dislocation-
mediated relaxation mechanism. The domain structure in-
duces a further distortion. The BiFeO; {103} reflections are
broad in reciprocal space due to the wide range of stresses
acting on each domain. The two domain directions within the
stripe pattern have different crystallographic orientations and
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are thus distorted differently by the stress field. The overall
symmetry of the BiFeO; thin film is extremely low because
of these effects, regardless of the symmetry of the starting
phase. The many previous observations of séymmetries other
than rhombohedral in BiFeOj; thin films*™ can largely be
explained by the anisotropic stress imposed on a rhombohe-
dral crystal by relaxation.

The anisotropic epitaxial relaxation of BiFeO; films on
miscut SrTiO; substrates can be generalized to perovskite
materials grown on substrates with lower symmetry than
SrTiO;, such as orthorhombic DyScO; or NdGaO;. These
substrates have a nonsquare surface unit cell, leading to an-
isotropic stress in pseudocubic epitaxial films and to a com-
petition between multiple mechanisms for anisotropic relax-
ation. A nonmiscut orthorhombic substrate, for example,
would cause a thin film to relax preferentially along the axis
with larger lattice mismatch, but would not produce a net tilt
of the film. Introducing a miscut to the orthorhombic sub-
strate would further lower the symmetry of the applied stress
and cause the film to tilt either toward the average surface for
a compressively strained film or away from the average sur-
face for a tensile strained film. Structural anisotropy con-
trolled in this way will affect the electromechanical proper-
ties and the preferred orientations of magnetic moments, and
can in principle be used as an additional degree of freedom
influence the performance of complex oxide devices.
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