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Epitaxial strain and electric boundary condition effects on the structural and ferroelectric

properties of BiFeQ; films
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The influence of both compressive and tensile epitaxial strain along with the electrical boundary conditions
on the ferroelastic and ferroelectric domain patterns of bismuth ferrite films was studied. BiFeO; films
were grown on SrTiO3(001), DyScO3(110), GdScO3(110), and SmScO;5(110) substrates to investigate the
effect of room temperature in-plane strain ranging from —1.4% to +0.75%. Piezoresponse force microscopy,
transmission electron microscopy, x-ray diffraction measurements, and ferroelectric polarization measurements
were performed to study the properties of the films. We show that BiFeOj; films with and without STRuO; bottom
electrode have different growth mechanisms and that in both cases reduction of the domain variants is possible.
Without SrRuOs, stripe domains with reduced variants are formed on all rare earth scandate substrates because
of their monoclinic symmetry. In addition, tensile strained films exhibit a rotation of the unit cell with increasing
film thickness. On the other side, the presence of STRuO; promotes step flow growth of BiFeOs. In case of vicinal
SrTiO; and DyScOj; substrates with high quality StRuO; bottom electrode and a low miscut angle of ~0.15°
we observed suppression of the formation of certain domain variants. The quite large in-plane misfit of StfRuO;
with GdScO; and SmScO; prevents the growth of high quality SrRuOj; films and subsequent domain variants

reduction in BiFeOj; on these substrates, when SrRuQs is used as a bottom electrode.
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I. INTRODUCTION

Multiferroic materials stimulated a great deal of investi-
gations because of their potential coupling between electric
and magnetic order parameters, making them interesting for
both fundamental research and applications.!?> Bismuth ferrite
(BiFeOs3) is a very promising multiferroic, being ferroelectric
and antiferromagnetic at room temperature.® BiFeOs is a
rhombohedrally distorted perovskite with a room temperature
pseudocubic lattice constant a. = 3.96 A and a distortion
angle o = 0.6°.* It has a high ferroelectric polarization of
~100 uC/cm? along the polar [111] direction. For (001),-
oriented epitaxial BiFeO; films eight possible ferroelectric
variants can occur, corresponding to four different ferroelastic
variants, as depicted in Fig. 1. Streiffer ef al.> predicted that
rhombohedral ferroelectric films may form complex stripe
domain patterns with both {100} and {101} twin boundaries
as a result of this numerousness of polarization directions.
In consequence, it is complicated to control the occurrence
of particular domain variants.® Furthermore, the existence of
many domain variants can suppress the ferroelectric properties
of BiFeO3.” Several publications reported on selection of
certain domain variants by reducing the substrate symmetry,
either by introduction of a high miscut angle on cubic
SrTiO3(001)® or by the use of orthorhombic (110)-cut rare
earth scandate substrates.” The rare earth scandates have
a GdFeOs-like structure,'® where in one orthorhombic unit
cell four monoclinic distorted perovskite pseudocubes are
merged [Fig. 1(c)]. For (110), oriented substrates, two slightly
different pseudocubic in-plane parameters occur, which are
listed in Table I together with the monoclinic distortion
angle B, for DyScOs3, GdScOs3, and SmScOs3. As sketched in
Fig. 1(c), for these kind of substrates we make the assignment
of the orthorhombic [001], axis as pseudocubic [100], axis
and the [110], axis as [010]., where o and ¢ stand for the
orthorhombic and cubic notation, respectively.
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Chu et al'’> reported the formation of quasi-one-
dimensional stripe domain patterns in BiFeOj3 films deposited
on DyScO3(110), promoted by careful control of the thickness
and growth mode of the SrRuO; bottom electrode. The same
kind of stripe domain pattern was, however, seen for BiFeO3
films grown directly on DyScO3(110) and TbScO;(110),
and was attributed to the two different in-plane lattice con-
stants of the orthorhombic substrates.”!>!* Recently tensile
strained BiFeO; has been devoted a great deal of theoretical
investigations,'> however there are not many experimental
studies to provide data to be compared with the theoretical
predictions. In particular there are no reports about tensile
strained BiFeO; films investigating the domain patterns.

We report on the structural properties, domain patterns,
and ferroelectric properties of epitaxial BiFeO3; films grown
by pulsed laser deposition on SrTiO3(001), DyScO3(110),
GdScO3(110), and SmScO3(110). With these substrates the
effect of an in-plane epitaxial strain ranging from —1.4% to
+0.75% on BiFeO; films could be investigated.

We found that the symmetry of the substrate and the
electrical properties of the bottom interface have a more
evident influence on the domain variants than the magnitude
and sign of the epitaxial strain. For BiFeO; films grown
directly on the substrate, we observed that: (i) Under tensile
stress, BiFeOs; grown on the rare earth scandates exhibit
stripe domains with reduced structural variants as reported
for compressive stress,”'? but with much finer stripe widths,
down to 10 nm. Our investigations suggest that the origin of
the variant selection is rather the monoclinic nature of the
substrate than the two different in-plane lattice constants, or at
least a combination of both. (ii) An additional effect of tensile
strain is that, with increasing thickness, the films show a slight
rotation of the pseudocubic unit cell.

The situation is different when a SrRuO;3 bottom electrode
was employed, because of its additional structural and electri-
cal properties: (i) BiFeOs films on STRuO; /DyScO3(110), and
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FIG. 1. (Color online) (a) The BiFeO; perovskite cube is
distorted along the direction of polarization. For one distortion two
directions for the ferroelectric polarization are possible, shown for
variant ry. (b) All possible structural variants ry, rp, r3, and ry,
viewed from the top of an epitaxial (001).-orientated BiFeO3 film.
(c) Structure of the rare earth scandates with the orthorhombic unit
cell in red and two of the four pseudocubic perovskite cells inside
the orthorhombic unit cell in black. The pseudocubes are monoclinic
distorted with an angle 8.

as well on low miscut STRuQOj3 /SrTiO3(001),. substrates exhibit
a reduced number of domain variants due to the electrical
properties of StRuOj3 and the miscut direction of the substrate.
(ii) In case of GdScO3; and SmScO; the lattice mismatch
of SrRuOj; with these substrates is very high, resulting in a
worse film quality and partial strain relaxation. Hence, for

TABLEI (Pseudo)cubicin-plane lattice constants a. and b, along
([010]. || [110],) and ([100]. || [001],), respectively, as well as the
monoclinic angle B of the used substrates and (averaged) in-plane
lattice misfit with BiFeO; and SrRuQs. Values for rare earth scandate
lattice constants were taken from Ref. 11.

Misfit with
a.(A) b.(A) PB(deg) BiFeO; SrRuO;
SrTiO3(001), 3.905  3.905 —-14% —0.6%
DyScO5(110),  3.946  3.952 928 —03% +05%
GdSc03(110),  3.970  3.966 927  402% +1.0%
SmScO;(110),  3.991  3.983 923  407% +14%
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FIG. 2. (Color online) AFM topography of (a) GdScO;(110) sub-
strate with corresponding scan line in (b). AFM surface morphology
of 26 nm thick BiFeO; films grown on (c) SrTiO3(001) (scale:
9 nm, rms: 2.0 nm), (d) DyScO;(110) (scale: 11 nm, rms: 2.7 nm),
(e) GdScO;(110) (scale: 4 nm, rms: 1.0 nm), and (f) SmScO;(110)
(scale: 7 nm, rms: 1.7 nm). All images are 4 x 4 um?.

BiFeOs films grown on either GdScO; or SmScO; with bottom
SrRuO; electrodes, no preferred domain variants could be
observed.

Overall, our investigations show that the properties of
BiFeOs; films are very sensitive to growth mode, the type of
bottom interface, the substrate symmetry and epitaxial strain
conditions.

II. EXPERIMENT

BiFeO; films were grown by pulsed laser deposi-
tion on SrTiO3(001)., DyScO3(110),, GdScO3(110),, and
SmScO5(110), with and without STRuOj3 bottom electrode. All
substrates had a miscut of 0.1° to 0.15° toward [010].. SrTiO3
was prepared by an etching and annealing step as reported in
Ref. 16, whereas DyScO3, GdScOs3, and SmScO; were just
annealed for 2 h at 975, 1100, and 1200 °C, respectively. All
substrates had uniform, atomically flat terraces of ~200 nm
in width and step heights of one unit cell after preparation.
After optimizing the growth conditions, StRuO; and BiFeO;
films were deposited at 650 °C in an O, pressure of 0.14 mbar.
The BiFeOs films were ablated from stoichiometric targets
with a laser fluence of around 0.5 J/cm? and a laser repetition
rate of 5 Hz, which resulted in a growth rate of ~1 nm/min.
The deposited films were cooled down to room temperature in
200 mbar partial pressure of oxygen with 900 °C/h. BiFeO3
films of about 13, 26, and 38 nm in thickness were deposited
directly on the substrates and about 30 nm thick BiFeO; films
were grown on substrates with STRuOj; bottom electrode. For
this thickness the BiFeO; film is still fully strained.'” We
varied the SrRuOj; thickness from 5 to 50 nm, depending on
the extent of misfit of STRuO; with the substrate.
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The morphology of the substrates and films were measured
with a commercial atomic force microscope (Veeco Digital
Instruments D5000) in tapping mode. Piezoresponse force
microscopy (PFM) was performed on a XE-100 Park System
in contact mode to study the ferroelectric domains and the
piezoelectric response of the films. Cantilever with spring
constants of 2.8-7.5 N/m and tips coated with a conductive
layer of Pt/Ti or Pt/Ir were used. In order to achieve 3D re-
construction of the polarization patterns vertical PFM (VPFM)
and lateral PFM (LPFM) images were acquired with two
different cantilever orientations.'® Plan-view and cross-section
specimens for transmission electron microscopy (TEM) char-
acterization were prepared by conventional techniques.'®
Conventional TEM was performed on both type of samples
on a Philips CM20T microscope at 200 kV. High resolution
TEM (HRTEM) images were obtained from cross-section
samples on a Jeol 4010 microscope with a LaBg electron gun,
point resolution of 1.6 A at 400 kV. X-ray diffraction (XRD)
measurements were done with a Philips X’Pert system. The
different structural variants of the BiFeQOjs films were studied
with XRD reciprocal space maps (RSMs).?%?!

III. RESULTS AND DISCUSSION

Epitaxial BiFeOs films grown directly on the substrate
and those grown on a SrRuO; bottom electrode layer show
different properties. Most evident is the different growth mode
of BiFeOj; in the two cases as seen by AFM topography. If the
BiFeO; film is grown directly on the substrate a 3D growth is
observed (Fig. 2), whereas for StRuO3 bottom electrode the
BiFeOs stays atomically flat (Fig. 8). The origin of this could
be the different surface diffusivity of BiFeO3 on the different
surface terminations, which is in case of the substrates a B-site
termination'®?? and in case of SrRuOs step-flow-grown layers
an A-site termination.”> Due to these major differences the
two cases will be discussed separately, first the BiFeO; films
grown directly on the substrates, followed by the BiFeO; films
with STRuO; bottom electrode.

A. BiFeOs; films grown directly on the substrate

As an example of a prepared substrate morphology, Fig. 2(a)
shows the topography of a vicinal GdScO3(110) substrate and
Fig. 2(b) shows its scan line across the terraces. For all films
shown in Fig. 2 the orientation of the substrate terraces is as
shown in Fig. 2(a). The morphology of the BiFeOs3 films grown
without STRuO; bottom electrode show square island in case of
SrTiO; substrate [Fig. 2(c)] and elongated islands or stripes in
case of rare earth scandates [Figs. 2(d)-2(f)]. The elongation is
for all films on the three types of rare earth scandates aligned
along the [110], direction, which is the direction of higher
in-plane misfit for BiFeO; with these substrates.

To investigate the ferroelectric domain structure, PFM
measurements were performed on all samples, shown in
Fig. 3. Measurements were carried out with two cantilever
orientations: (A) aligned along [010]. and (B) aligned along
[100].. In the VPFM images a dark (bright) contrast corre-
sponds to a polarization pointing outward (inward) the sample
surface, while for the LPFM images a black (white) contrast
corresponds to a projection of the polarization pointing in
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the sample plane to the right (left) side of the cantilever. As
a result, for both LPFM contrasts two possible directions of
polarization are possible, as depicted in the insets of the LPFM
images. For all of the films the PFM measurements reveal that
the surface morphology is related, to a certain extent, to the
ferroelectric/ferroelastic domain patterns. The domain walls
almost always match with topographic features for BiFeO3
grown without StRuOj; bottom electrode.

For films deposited on SrTiO3 the PFM images show similar
patterns for both cantilever orientations, therefore only one
orientation is shown here [Fig. 3(a)]. The VPFM images reveal
that almost the complete film has a polarization pointing up-
ward, with only some stripes pointing downward. The LPFM
shows an evenly distributed contrast with domain boundaries
matching the island borders seen in the topography image,
suggesting that each island is monodomain. Furthermore, the
bright stripes seen in the vertical PFM image are positioned
at the domain walls seen in the lateral PFM. Combining both
VPFM and LPFM images it can be concluded that mostly the
four polarization directions pointing upward (P;", P;5, P,
and P;") occur with equal distribution. From this it follows
that all four structural variants, r; to r4, occur in the BiFeO;
film on SrTiO3(001) equally.

Investigations of the films deposited on the orthorhombic
rare earth scandates show different domain configuration than
in case of films deposited on cubic SrTiO3;. PFM measurements
reveal that the same kind of stripe domains with reduced
domain variants appear for both compressive and tensile strain
[Figs. 3(b)-3(d)], as reported for compressive strain.!* For
the cantilever alignment (B), exactly the same stripe domain
pattern is seen in both VPFM and LPFM images. Hence, it
can be concluded that from the four structural variants [see
Fig. 1(b)] only two occur, namely r3 and r4. In case of a
cantilever orientation (A) the VPFM domain pattern is similar,
but the LPFM domain pattern changes to bigger domain sizes.
Within such a domain, the stripes seen in VPFM have an
alternating polarization of either P3+ and P, or P; and P4+,
both having 109° domain walls as sketched in Fig. 3(e). The
domain walls seen in the LPFM image (A) are either 71°, if
there is no corresponding domain wall visible in VPFM, or
180° domain walls otherwise.

On all three orthorhombic substrates the BiFeOs stripes
with polarization pointing outward appear to be wider than the
stripes pointing inward, presumably due to electric interactions
at the interface with the highly insulating substrates. The stripe
periodicity is 2140 nm in case of a DyScOj substrate, whereas
on GdScO3 and SmScO; substrates the stripes are much finer,
some of them even with a width of less than 10 nm, which is
the limit of lateral resolution for PFM.?* As a result the PFM
signal is very low and the domain shape can not be resolved
in detail.

To circumvent the resolution limit of PFM we employed
TEM to investigate the shape and size of the domains of
BiFeO; films subjected to tensile epitaxial strain in more
detail. Regarding TEM one is restricted to the investigation
of different structural variants (the two different ferroelectric
variants of one structural variant can not be visualized), but the
lateral resolution is orders of magnitude higher compared to
PFM. A plan-view specimen was prepared from a 26 nm thick
BiFeOs film and a cross section specimen was prepared from
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FIG. 3. (Color online) Topography, VPFM and LPFM images (left to right) of 26 nm thick BiFeOj3 films without StRuO; bottom electrode
on (a) SrTiOs, (b) DyScOs3, (¢) GdScOs, and (d) SmScOj;. Samples were measured with the cantilever aligned along (A) [010]. and (B) [100],,
as depicted in the inset in each topography image. The insets in the LPFM images show the two possible polarization directions for both
contrasts. All images are 1 x 1 um?. (e) Schematic representation of domain configuration with 109° domain boundaries for BiFeO; films

grown on rare earth scandates.

the 38 nm thick BiFeOs;, both grown on SmScO3(110). As can
be seen in Fig. 4(a), the stripe domains observed by plan-view
TEM match in size with those seen by PFM. Most of the stripe
domains end in a needle-like shape and merge alternating with
+45° with respect to the stripe direction. The averaged stripe
width is 10—15 nm, but there are also domains which are less
than 5 nm in width. The cross section TEM image in Fig. 4(b)
shows both vertical domain walls, corresponding to the stripe
domain walls, and 45° domain walls, corresponding to the
needle like ending of the stripes. The HRTEM in Fig. 4(c)
reveals a sharp interface and no misfit dislocations were visible
with these measuring conditions.

Streiffer et al.®> predicted the formation of this kind of
stripe domains for rhombohedrally distorted ferroelectrics.
Because of symmetry reasons, four different pairs of twin
domain patterns should occur: for domains with {010},
twin boundaries, the patterns r;/r, and r3/r4 can exist, for
domains with {100}, twin boundaries, the patterns ry/r3
and r/ry are possible (Fig. 2 in Ref. 5). In case of our
BiFeO; films under compressive strain on cubic SrTiOs, this
mechanism does not seem to be the dominant one, but it is

the formation of monodomain islands. The films on the rare
earth scandate substrates show one of the four possible twin
patterns. The two different in-plane lattice constants of the
(110)-cut substrates might reduce the four twin patterns to
two, however the existence of only r3/74 twin pattern cannot
be explained by this due to symmetry reasons. To rule out
the influence of the miscut direction, a BiFeO; film was
grown on a SmScO3(110) substrate with the miscut in the
opposite direction, toward [010],.. Independent from the miscut
direction the same structural domain variants r3 and r; were
formed in the film.

To further investigate the origin of the twin pattern selection
and structural variants XRD-RSMs were carried out on all
samples. In contrast to PFM and TEM, the XRD measurements
allow us to analyze a larger area of the sample, and thus
give macroscopic information on the structure of the film. For
RSMs performed around (203)., (203), (023)., and (023),
reflections, the BiFeO3 peak splits into two peaks, each peak
corresponding to two different variants. For the (203),./(203),
peaks the x-ray diffraction plane is parallel to the (010), plane
and the variants split up into a r; /r4 peak and a r, /r3 peak. For
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FIG. 4. (Color online) (a) Bright field plan-view TEM image
along [110], zone axis of a 26 nm BiFeO; grown on SmScO;(110).
(b) Dark field TEM cross section image of 38 nm thick BiFeOj; film a
few degrees out from [110], zone axis to enhance the domain contrast
and (c) HRTEM image showing two 109° domain boundaries in the
BiFeO; film and interface with the SmScO; substrate.

RSM performed around (023), or (023), the x-ray diffraction
plane is parallel to (100). and the two pairs r1/r, and r3/rs
can be distinguished. The different RSMs were acquired by
rotating the sample in steps of ¢ = 90°.
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FIG. 5. (Color online) XRD RSMs for a film on (a) SrTiO5(001)
around (023). and (203),, as well as for a film on (b) DyScO3(110)
around (023)., (203)., and (023).. The substrate peaks are labeled
with (). All maps are displayed in logarithmic color code.

As seen in Fig. 5(a) the film on SrTiO3; shows a peak
splitting for both RSMs, around (023). and (203),. This is
in agreement with the PFM result that all four structural
domains appear. In contrast, for the films on all of the rare
earth scandates, peak splitting was observed only for some
RSMs. Figure 5(b) displays the RSMs measured for BiFeO3
on DyScOj substrate. For (023),. and (023),, only one BiFeO;
peak is visible, whereas for (203). and (203), the peak split is
visible [(203), is identical to (203),, and thus not shown]. In
agreement with the PFM measurements [Fig. 3(b)], only the
structural variants 3 and r4 occur in the BiFeOj; film deposited
on DyScOs.

Due to the monoclinic structure of the substrate, the
substrate peaks appear at different positions for the different
RSMs. It can be seen from Fig. 5(b) that the BiFeO3 peak for
the RSMs around (023),. and (023). is close to the DyScO;
peak, meaning that the film tries to adopt the direction of
monoclinic distortion of the substrate as depicted in Fig. 6(a).
Since the monoclinic distortion of the substrate is along one
of the pseudocubic axes and the distortion for BiFeO; is
along one of the diagonals of the pseudocube, there are two
equally good possibilities for the BiFeO; cell to match the
substrate distortion, namely by structural variants r3 and ry.
The origin of the selection of the r3/r4 stripe patterns seems
to be a combination of both: the mechanism of coherent
twin boundaries described by Streiffer et al’> and of the
preferred direction of distortion due to the monoclinic distorted
substrate.

Furthermore, the BiFeO; films under tensile strain on
GdScO3; and SmScO; show a thickness dependent peak
splitting in the RSM around (203).. The RSMs for films on
SmScOj3 with thicknesses of 13, 26, and 38 nm are depicted
in Fig. 7. The BiFeO; films on GdScO; display the same
behavior, so the data is not shown here. The RSM data is
shown in two representations, first (®—w) versus 20 and
second transformed into lattice parameters a and c. In the
first representation (®—w) gives the tilt of the planes under
investigation with respect to the substrate surface (001),,
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FIG. 6. (Color online) (a) An epitaxially strained BiFeOs film
prefers a structural variant which adapts to the monoclinic distortion
of the rare earth substrates. (b) Schematics of the rotation of the
BiFeO; unit cell with thickness. (203). planes (gray lines) and
extracted in-plane and out-of-plane lattice constants shown for both
structural variants (red and blue lines, respectively), leading to a
transition from a vertical to a horizontal peak splitting in RSMs.
Green line shows orientation of the (004). plane in both cases.

whereas from the 2® value the plane spacing can be deduced.
In the other case, from the calculated lattice parameters a
and c¢ the plane distances parallel to the sample surface
and perpendicular to the sample surface can be derived,
respectively. As seen in Figs. 7(a)-7(c), for all thicknesses
the (203) plane spacing stays constant, but the planes seem to
have different tilt angles with respect to the substrate surface.
Starting with the 13 nm thick film, the additional layers from
the two structural variants rotate in opposite directions. For
the 38 nm thick sample, the planes form reflections with
maximal intensity at different positions with respect to the
thinner films. The different orientation of the first layers is,
however, still visible as a tail. The 26 nm thick BiFeOs film is
close to the transition with no pronounced peak reflection at
none of the two positions [Figs. 7(b) and 7(e)]. On the other
hand, when converted into lattice constants, with increasing
film thickness there is a transition from a horizontal splitting
into a vertical splitting. This means that the first BiFeO3
layers for both structural variants have the same (203), plane
spacing projected on the out of plane direction, in contrast
to the layers thicker than ~26 nm, which have the same
(203), plane spacing projected on the in-plane direction. A
possible explanation is a rotation of the unit cell as depicted
in Fig. 6(b). Starting from an unbonded configuration with
the substrate surface, the unit cell rotates with increasing
thickness to a parallel alignment with the substrate surface. For
a further information RSMs around (004). were performed.
The unbonded case should show a peak splitting due to the
two different plane orientations, whereas in the parallel case
only one peak is expected [Fig. 6(b)]. As can be seen in
Figs. 7(g) and 7(h) the measurements are in agreement with
this consideration. A further evidence is the amount of rotation
o of 0.3° to 0.4° which exactly match with the rhombohedral
distortion of BiFeOj3 projected onto the (010), plane, which is
seen by these XRD measurements. This rotation might be one
possible way to relax part of the strain.
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FIG. 7. (Color online) XRD-RSMs around (203).. of BiFeOj films
grown on SmScO;(110). Films with three different thicknesses were
measured: (a) and (d) 13 nm, (b) and (e) 26 nm, (c) and (f) 38 nm, and
the data are shown in two ways, ®—w vs 20 (a)—(c) and transformed
into lattice parameters (d)—(f). XRD-RSMs around (004) for (g) 13 nm
and (h) 38 nm film on SmScO5(110). The K and L axes are the
Miller indices in pseudocubic notation for the SmScO; substrate
and are parallel to the in-plane and out-of-plane direction of the
sample surface. The substrate peaks are labeled with (). All maps
are displayed in logarithmic color code.

B. BiFeO; films grown with SrRuO; bottom electrode

The SrRuOj; bottom electrode exerts important influence
on the BiFeOs3 film growth and properties due to its different
termination, electrical properties, structure, and film quality.
For SrTiO; and DyScO; substrates, high quality SrRuO3
films were achieved. XRD measurements reveal fully strained
films (Fig. 10) and AFM measurements show that the terrace
structure of the substrate is maintained (not shown). However,
for GdScOz and SmScO; the lattice mismatch between
SrRuO; and the substrate is so large that even 5 to 10 nm
thick SrRuQO3 films relax partly. From XRD measurements,
it can be inferred that the strain acting on BiFeOj; is actually
—0.1% and +0.5% for GdScO; and SmScOs; substrates,
respectively. This means that even though the pseudocubic
lattice constant of GdScOj is slightly bigger than the one of
BiFeOs;, the BiFeO3 film on GdScOj3 substrate with SrRuO;
bottom electrode is compressively strained. In case of the
GdScO; substrate, the STRuO; morphology exhibits terraces
on which small islands were formed, whereas for SmScOj3
substrates the StTRuO; showed mainly an island growth mode.
Due to the bad SrRuQOj3 film quality on GdScO3; and SmScOs,
the growth conditions of BiFeOs differ in comparison to
SrTiO5; and DyScOj3 substrates on which high quality StTRuO3
bottom electrodes were grown. Moreover, it is likely that
the electronic properties of the SrRuO; layers grown on
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FIG. 8. (Color online) AFM images of the surface morphol-
ogy of 30 nm thick BiFeO; films grown on (a) SrTiO;(001),
(b) DyScO5(110), (c) GdScO5(110), and (d) SmScO;(110), with
SrRuOj; bottom electrode. All images are 4 x 4 um?.

GdScO3; and SmScOj3 are significantly different than for the
SrRuOs deposited on SrTiO3; and DyScO3.? Figure 8 shows
the morphology of the BiFeO; films on all four substrates.
All films exhibit one unit cell high terraces, although more
disordered for films on GdScO3; and SmScO;.

To investigate the domain configuration PFM measure-
ments were performed on all films. The VPFM images reveal
that all films have an uniform polarization pointing downward,
probably due to the electrical properties of SrRuQ3,’ and are
not shown here. In the case of SrTiO3; and DyScOj3 substrates,
the LPFM images depend again strongly on the cantilever ori-
entation, as can be seen in Figs. 9(a) and 9(b). While scanning
with the cantilever aligned perpendicular to the terraces the
films show an evenly distributed domain distribution, with dif-
ferent domain sizes and shapes. On the other hand, by scanning
with the cantilever aligned along the terraces, a preferred con-
trast occurs in the LPFM images. Combining VPFM and both
LPFM images one can conclude that for SrTiO; and DyScOs3
substrates only the structural variants r3 and r4 occur, with
only the two polarization directions P; and P, [Fig. 9(e)].
The domain patterns in the LPFM images for films on GdScO;
and SmScO; substrates are very similar and show almost
no preferred domain variants for both cantilever orientation
[Figs. 9(c) and 9(d)]. Therefore all structural variants with
the polarization directions P;", P, , Py, and P, occur. The
appearance of all structural variants is in agreement with the
island formation during the growth of the SrRuO; layer which
annihilates the possible effects of the substrate asymmetry.
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FIG. 9. (Color online) LPFM images of BFO films with
SrRuO; bottom electrode on (a) SrTiO5(100), (b) DyScO5(110),
(c) GdScO5(110), and (d) SmScO3(110). Samples were measured
with the cantilever oriented along [010]. (left image) and [100].
(right image). The insets in the LPFM images show the two possible
polarization directions for both contrasts. All images are 3 x 3 ym?.
Preferred directions of polarization are indicated for BFO films on
(e) SrTiO; and DyScOj; and for (f) GdScO; and SmScOs;.
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FIG. 10. (Color online) XRD-RSMs around (203), (023), and
(203) for a film on (a) SrTiO; and (b) DyScOj; substrates with SrRuO;
bottom electrode. Substrate peaks and SrRuO; peaks are labeled with
(x) and (#), respectively.

In order to investigate the origin of the preferred directions
observed for BiFeOs in case of SrTiO3 and DyScOj substrates,
RSMs around (203),, (023),. and (203), were measured on
those films. Figure 10(a) shows the result for the SrTiO; case.
The peaks for StTRuO; have different out-of-plane parameters
in the different RSMs, indicating that the StRuOs; layer is
monodomain and that it kept its orthorhombic unit cell with
a monoclinic distorted pseudocube.”® The crystallographic
orientation of SrRuOj; is determined by the miscut direction.
As sketched in Fig. 11(a) the occurring distortions in the
BiFeO; films are opposed to the monoclinic ones of SrRuOs.
The origin of the domain suppression are the substrate terraces,
which break the cubic substrate symmetry. The BiFeO3 films
grown directly on the SrTiO3 substrate do not show this domain
selection. Those films grow in a different mode as well, as
they do not exhibit terraces anymore. Therefore, the electrical
properties and surface chemistry of the SrRuOj; layer appear to
be necessary for the preferred domain variants of the BiFeO3
on SrRu0O;3/SrTiO3(001).

The RSMs for the film on DyScOj3 are shown in Fig. 10(b).
The SrRuO; grows on DyScO;(110) a tetragonal structure, as
reported by Vailionis et al.?’ The distortions of BiFeO; are
aligned in the same direction as the distortion of the substrate
[Fig. 11(b)], similar to the case without the SrRuO3; bottom
electrode. However, with respect to the terrace alignment
these are the same structural variants as on SrTiOsz. To
determine the origin of the domain selection in case of DyScO3
substrates, whether it is the terrace alignment or the substrate
distortion, films were grown on substrates with opposite miscut
directions, as depicted in Figs. 11(b) and 11(c). PFM and XRD
measurements reveal (not shown) that the preferred domain
variants change to r| and r, when changing the offcut direction.
This proves that the terrace alignment is the driving mechanism
for domain suppression.

Macroscopic ferroelectric polarization measurements were
performed to study the influence of epitaxial strain and domain
variants on the magnitude of the switchable polarization.
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FIG. 11. (Color online) Schematics of preferred domain configu-
ration for BiFeO; films with STRuO; bottom electrode on SrTiO; (a)
and DyScO; with two different miscut direction (b) and (c).

[001],

Amorphous SrRuOj; top electrodes covered with platinum
(60 x 60 um? in size) were deposited on the 30 nm thick
BiFeO; films. The voltage was applied to the top electrode.
Figures 12(a) and 12(b) show the ferroelectric polarization
and switching currents of BiFeOj; films on SrRuO;3-covered
SrTiO3, DyScOs, and GdScOj; substrates. In agreement with
other reports,”®?’ there is a slight decrease of switchable po-
larization for BiFeOs films under tensile strain. As mentioned
already above, the film on GdScOs is not fully strained.

For the film on SmScO3, smaller electrodes had to be chosen
because of existing leakage paths for bigger ones. Hence, 12 x
12 um? amorphous platinum electrodes were deposited on top
of the sample. The drawback of the small electrodes lies in
the big relative error of more than 25% for the electrode area
determination. Therefore, the data from the film on SmScO;
cannot be compared reliably with the other films. It can be
seen however, that the ferroelectric polarization is of the same
order of magnitude.

Although the different films studied here have different
number of structural variants, the spontaneous polarization
has the same order of magnitude. In contrast to what was
reported for BiFeO; on low miscut SrTiO3(001) substrates
with four structural variants we see no major difference in the
magnitude of switchable polarization.” There seem to be no
pinned domain walls in our films with four structural variants.

All films have a strong imprint of about —550 kV/cm.
To exclude the possibly bad interface with the amorphous
SrRuOj; top electrode as an origin of this imprint, a BiFeO3
film with SrRuO3 bottom electrode and in situ epitaxial top
electrode was grown. The in situ epitaxial top electrodes had to
be patterned in the top film afterwards by an etching procedure.
Because SrRuO; is very inert to acids, Lag7Sro3MnOs3
(LSMO) was chosen as epitaxial top electrode, with the draw-
back of an electrically asymmetric LSMO/BiFeO3;/SrRuOj3
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FIG. 12. (Color online) Ferroelectric polarization loop (a) and
its corresponding current (b) for films on SrRuQOj;-covered SrTiOs,
DyScO3, and GdScO; measured at 100 K and 1 kHz with amorphous
SrRuO; top electrodes (60 x 60 uwm?). (c) Ferroelectric polarization
and corresponding current for film on SmScOj;, measured at 100 K
and 1 kHz with amorphous platinum top electrodes (12 x 12 um?).
(d) Ferroelectric polarization loop for films on DyScOj3 substrate with
60 x 60 um? amorphous SrRuO; and epitaxial Lag7Sry3MnQOj3 top
electrodes, measured at 10 K and 1 kHz.

system. Platinum capacitors of 60 x 60 pum? in size were
deposited on the epitaxial LSMO top electrode and the
remaining LSMO layer was etched. As seen in Fig. 12(d) the
film with epitaxial LSMO has slightly lower imprint, but it is
still very pronounced. The coercive field is, however, distinctly
reduced in case of epitaxial electrodes. Hence, the quality of
the interface with the electrodes seems to be an important
parameter for the coercive field.

The imprint might be connected to the polarization pointing
preferentially toward the SrRuO; bottom electrode. In contrast,
the films grown on the insulating substrate had a preferred
direction upward, especially for BiFeOs; grown on SrTiO;
[Fig. 3(a)]. A uniform polarization pointing toward the STRuQO3
bottom electrode of a La:BiFeO; film has already been
reported and could be correlated to the surface carrier density
of SrRuO3, which allows a full screening of the polarization
at the interface.” There are many reports for several material
systems in literature, showing that there exists a preferred
direction of polarization, which depends on the type of
interface. For example, the direction of polarization for a 30 nm
thick Pb(Ziy, Tip.g)O3 film on LSMO bottom electrode points
downward with an imprint of —1.2 V, whereas for SrRuO;
bottom electrode the polarization is pointing upward.** In
PbTiO; films grown on SrRuQO;/SrTiOs; a transition from
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a polarization pointing downward for films thinner than
20 nm to a polarization pointing upward for thicker films
occurs.’! In addition, for BiFeO; on LSMO electrode it
has been reported that there exists a strong pinning of the
polarization at the interface, due to an induced polarization
in the LSMO layer.*> Hence, among others, the role of the
interface with the bottom electrode seems to be very important
in imposing a preferential orientation of epitaxial ferroelectric
films. Some analytical tools might help to understand this
behavior, for example, soft x-ray scattering investigations of
the Pb(Zr,Ti)O3 /LSMO system revealed that the Ti** ions at
the interface have a different 3d-orbital character depending on
the direction of polarization.’® Therefore, a preferred direction
of polarization might be a way to minimize the interfacial
energy.

IV. CONCLUSIONS

The domain variants formed in epitaxial BiFeOs films
grown on single crystal substrates depend strongly on several
factors: the growth mode of the BiFeO; film, the type of
interface, the substrate symmetry, and the substrate miscut
direction.

BiFeOs; films grown directly on cubic SrTiO;3 substrates
exhibit all four structural domain variants, whereas for films
grown on the orthorhombic rare earth scandates two structural
domain variants are suppressed, which is a result of the
monoclinic symmetry of these substrates when cut in (110)
direction. In addition, stripe domain patterns were formed
regardless of compressive and tensile stresses. For tensile
strain, as it is the case of BiFeOs; grown on GdScO;(110)
and SmScO3(110), the stripes have widths smaller than 10 nm
for 26 nm thick films, and a rotation of the BiFeO5 unit cell
occurs within the first 20-30 nm.

Coherently strained BiFeO3 films grown on SrTiOz and
DyScOs3 substrates with a step flow grown SrRuO; bottom
electrode maintained the terrace morphology of the 0.15°
miscut substrate, which, in contrast to the films without
SrRuO;, plays an important role in the structural domain
selection. Films on GdScO; and SmScO; with SrRuOj;
electrode are partly relaxed and do not show any structural
domain suppression. This might be due to the bad SrRuO3
surface morphology, because step-flow growth could not be
achieved anymore. All films show very similar values for
the switchable polarization, independently of the number of
structural variants within the film and of strain state.
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