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ABSTRACT

A BiFeO; (BFO) film is epitaxially grown on an (Lag 35rq7)(Alp¢5Tag35)O3 (LSAT) substrate to investigate the lattice mismatch effect on the
domain structure and lattice strain status within the BFO film. Atomic resolution scanning transmission electron microscope image, selected
area electron diffraction (SAED) patterns, and X-ray reciprocal space mapping (XRSM) data clearly reveal that the lattice strain originating
from the lattice mismatch between BFO and LSAT is relaxed by causing misfit dislocations in the BFO film. The SAED and XRSM data
indicate that the crystal structure of BFO film is rhombohedral with the space group R3c. In particular, XRSM data acquired along two dif-
ferent in-plane orientations reveal that the BFO layer consists of two different domains that were 90° off each other with respect to the
surface normal orientation. An atomistic model based on the crystal orientation relation found by SAED and XRSM shows that (1) the fer-
roelectric polarization axes of both domains are 35.6° with respect to the BFO film surface and (2) the two domains are consistent with the
so-called 71° (and/or 109°) ferroelectric domains reported previously. The lattice mismatch of ~2.8% calculated based on the epitaxial
relation is proposed to be too large to be stored as elastic strain energy within the BFO layer.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0005672

INTRODUCTION ferroelectric polarization value reported for an epitaxially grown
BFO film is an enhanced value caused by lattice mismatch or is the

BiFeO; (BFO) is by far the most widely studied multiferroic .,
intrinsic value for unstrained BFO material.” Subsequent discovery

material because its unique property, i.e., the combination of large

ferroelectric polarization (~100 4C cm™2) and G-type antiferromag- of the same ferroelectric polarizatign value in high-quality bulk
netism well above room temperature, implies tremendous potential BFO confirms that ~100uCem™ s the intrinsic value of
in spintronics and smart energy applications.'™ It may be worth unstrained BFO material. ™ In fact, an ab initio calculation also

noting that there had been a debate over whether ~100uC cm™> of ~ proves that the ferroelectric polarization value of BFO is
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intrinsically high, ie, 90-100u4Ccm™." Nonetheless, epitaxial
growth of BFO using a variety of single crystal substrates has been
investigated in an attempt to understand and/or enhance its physi-
cal property by imparting the lattice strain caused by lattice misfit
with the substrate materials.” Since the physical properties such as
ferroelectric polarization and magnetism are strongly related to the
crystalline structure and atomic bonding nature, extensive struc-
tural study works have been performed over the last couple of
decades. As a result, it has been found experimentally that atomistic
bonding in epitaxial BFO is sufficiently flexible to adapt with the
lattice mismatch caused by the substrate material to form a variety
of crystal symmetries other than its equilibrium rhombohedral
symmetry, i.e., space group R3c.””’ The strain effect on the BFO
structure was studied theoretically as well by investigating the possi-
bility of more than a few metastable BFO phases depending on the
amount of lattice strain applied.”'®*" However, the details about
strain effect on the BFO crystal structure as well as the evaluation
of lattice strain remain a challenging task primarily due to the
highly complex structural nature within BFO.”**’

Conventionally, pseudocubic notation has been used to
describe the crystal symmetry found within epitaxially grown BFO
because of its convenience over hexagonal notation that describes
rhombohedral symmetry impeccably. As a result, the discussion
about crystal structure within epitaxial BFO is mostly about the
symmetry in crystal unit cell vectors. This means another impor-
tant factor in terms of crystal symmetry evaluation, i.e., basis atom
locations within the unit cell, is disregarded. In order to address
this issue, our group has suggested a novel methodology that com-
bines (1) X-ray diffraction (XRD) for the accurate evaluation of
crystal unit cell vectors and (2) transmission electron microscopy
(TEM) with structure factor calculation to investigate the basis
atom location effect on the symmetry. This method has proved
highly effective for identifying the correct space group of Cm, i.e.,
monoclinic, found in highly strained BFO.” This is remarkable
because the basis atoms’ location of the unit cell decreases the sym-
metry of the BFO from orthorhombic to monoclinic.*’

Single crystalline (Lag3Sro7)(AlpssTags5)Os (LSAT) substrates
were originally fabricated for epitaxial growth of superconductor films
because they overcome technical difficulties that the LaAlO; substrate
has, such as twinning, lattice strain, and non-isotropic properties.z1
Later, LSAT turns out useful for microwave application owing to its
low-dielectric loss and medium dielectric constant.”” Besides, the cost
becomes comparable to that of SrTiO;. Thus, LSAT became increas-
ingly popular as a substrate in a variety of thin film epitaxy.

In this study, we investigate the effect of the (Lag3Srq7)
(Alp65Tag 35)O5 substrate on BFO epitaxial growth in terms of (1)
how lattice strain affects crystal and domain structures, (2) quanti-
tative lattice mismatch evaluation based on epitaxial relation
analysis, and (3) the possible configurations of the ferroelectric
polarization orientations in domains.

EXPERIMENTAL PROCEDURE

An epitaxial BFO film (8 x 8 mm?) was grown on an (100)
LSAT substrate (10 x 10 mm?) by using the ultrahigh vacuum
(<2 % 107 Pa) radio frequency (rf) sputtering technique manufac-
tured by ULVAC Inc., Japan, at a growth temperature of 550 °C. A

ARTICLE scitation.org/journalljap

mixture of Ar and O, gases was used with the O, flow varying by
1.8%-14.5% under a fixed pressure of 0.4 Pa. A sintered BFO target
from Toshima Manufacturing, Japan, was used as the sputtering
target. Upon completion of the BFO film deposition, the sample
was allowed to cool down to room temperature under the vacuum
naturally. Note that the growth temperature used here is substan-
tially lower than the typical growth temperature of ~700 °C for the
pulsed laser deposition (PLD) technique. This indicates that the
BFO film grown by the rf sputtering technique undergoes less
thermal expansion/contraction history than that by the PLD tech-
nique throughout the growth procedure. This could be a potential
benefit of the rf sputtering technique over the PLD technique to
grow high quality BFO films. The cross-sectional TEM samples
were prepared by the focused ion beam technique, FEI Nova 600,
with a Ga ion beam. An ~1 ym-thick Pt thin film was deposited on
the surface of the sample to prevent possible surface damage and
re-deposition during the milling process. The Ga ion beam energy
gradually decreased from 30 to 1keV to minimize ion beam
induced damage. For bright-field (BF) imaging, selected area elec-
tron diffraction (SAED), atomic resolution high angle annular dark
field (HAADF)-scanning TEM (STEM) analysis, and a 200kV
JEOL JEM-ARM200F TEM equipped with probe and image aberra-
tion (C,) correctors and a CCD camera were used. X-ray reciprocal
space mapping (XRSM) was performed using a Rigaku SmartLab
diffractometer with CuKe radiation.

Note that the hexagonal notation is used for BFO throughout
this work for the accurate evaluation of lattice mismatch between
BFO and the LSAT substrate.”””

RESULTS AND DISCUSSION

Figure 1(a) is a cross-sectional BF TEM image of the BFO film
grown on the LSAT substrate. It shows an ~150 nm BFO layer
grown on the LSAT substrate with the lattice imperfection-induced
contrasts at the BFO/LSAT interface as denoted by arrows. Note
that the Pt layer is deposited on top of the BFO film owing to the
aforementioned reason. In order to acquire crystal structure infor-
mation within the BFO layer and its epitaxial relation with the
LSAT substrate, selected area electron diffraction (SAED) patterns
for the BFO layer only, i.e., from circle 1, and the BFO layer with
LSAT, i.e., from circle 2, were obtained by using a ~150 nm aper-
ture as shown in Figs. 1(b) and 1(c), respectively. In addition, a
SAED pattern for the LSAT substrate was also acquired from an
area away from the BFO/LSAT interface with the same size aperture
to use as a reference for crystal orientation and camera length cali-
bration as shown in Fig. 1(d). For precise SAED pattern analyses,
structure factor, Fyy,

Fya = Y _ fuexpl2milhx, + ky, + lz,)),

where hkl represents a specific Bragg’s reflection and f, is the
atomic scattering factor for atom » at fractional coordinates (x,, ¥,
z,), was calculated by using the crystallographic data, i.e., space
group, lattice parameter, and basis atom locations, of unstrained
rhombohedral BFO, i.e., space group of R3c,”® and unstrained cubic
LSATS, i.e., space groups of Fm3m”’ and Pm3m”’ materials. The
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FIG. 1. (a) A cross-sectional BF TEM image of the BFO layer grown on the LSAT substrate along the [011].sar zone axis. Lattice imperfection-induced contrasts are
denoted by arrows. The SAED patterns from BFO only, BFO plus LSAT, and LSAT only are shown as (b), (c), and (d), respectively. The corresponding structure factor
calculation of each SAED pattern are shown as (e), (f), and (g). Circles 1 and 2 indicate the area where the SAED patterns are acquired.
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corresponding structure factor calculation results are shown in
Figs. 1(e)-1(g). Note that Fig. 1(b) matches the [211] zone axis of
rhombohedral BFO, i.e., Fig. 1(e), immaculately by clearly showing

rhombohedral signature Bragg’s reflections, i.e., such as
213, 113, 213, and 113, which have been discussed
elsewhere,'%72%**?%?” Red arrows in Fig. 1(b) indicate the reflec-

tions resulting from double diffraction.””’" Thus, the BFO crystal
structure is unambiguously confirmed rhombohedral with the
space group R3c. The structure factor calculation for the LSAT
materials reveals that the SAED pattern in Fig. 1(d) matches the
[011] zone axis of the cubic LSAT with the space group Fm3m
only, as shown in Fig. 1(g). This confirms the crystal structure of
the LSAT substrate as cubic with the space group Fm3m.” Note
that another SAED pattern is obtained from the area including
both BFO and LSAT as shown in Fig. 1(c). This provides informa-
tion about the BFO lattice strain status against the LSAT substrate.
It is readily noticed that the high index Bragg’s reflections from
BFO and LSAT split radially with respect to the direct beam
located at the center as denoted by the dotted circles. The same
characteristic is found in the corresponding Bragg’s reflections of
the structure factor calculation in Fig. 1(f), obtained by unstrained
BFO (in red) and unstrained LSAT (in blue). This suggests that
most of the lattice strain caused by the lattice mismatch between
BFO and LSAT is not stored in BFO but rather relaxed by the for-
mation of lattice imperfections. A similar result of the lattice mis-
match not causing lattice strain was previously reported in the case
of epitaxial BFO grown on a single crystal YAIO; substrate.”’

In order to provide a direct evidence of lattice strain relaxation
in the BFO layer, a HAADF-STEM image was acquired at the BFO/
LSAT interface as shown in Fig. 2. One can readily find the missing
(120)pgo lattice planes, ie., misfit dislocations, against the corre-
sponding (022);sat lattice plane as denoted by red arrows. This
clearly indicates that most of the misfit strain is relaxed rather than
stored as elastic energy in the BFO layer.
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FIG. 2. A cross-sectional HAADF-STEM image at the BFO/LSAT interface
along the [011].sar zone axis. It clearly shows two misfit dislocations near the
BFO/LSAT interface as denoted by the red arrows.
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In order to add more insight into the reason for the relaxed
lattice strain, the possibility of domain structures within the entire
BFO layer was investigated by using the XRSM technique as shown
in Fig. 3. Figure 3(a) shows the X-ray intensity profile along Q,, i.e.,
along [100]isat, and Q,, ie., along [011];sar orientations. Note
that high index BFO reflections show the signs of split (see, for
example, the ones denoted by a square and a circle in red). This
indicates that the BFO layer consists of two domains having differ-
ent crystal orientations. In order to find the orientation relation
between two domains, i.e., BFO I and BFO II, structure factor cal-
culation is performed by using BFO I (in red) and II (in blue) as
shown in Fig. 3(b). The result shows that the (324) reflection of
BFO I and the (108) reflection of BFO 1II are responsible for the

—_
Q
—

Qz /(2x)(nmY) //[100],s4

(b) 578
. L o
@®BFO1 3012
@BFOII . p
417 537
. 426 SN
. (o o
2010 ‘\_\Z* 546
10712
. .
315 435
=4 [ J :“": = 4
ik { Qda322
o 108
] .
= 213
° ® ¢
[011] LSAT

FIG. 3. (a) XRSM data that show X-ray intensity with the two orthogonal orien-
tations, i.e., Q, that is parallel to [100] sar and Q that is parallel to [011] sar (b)
The corresponding structure factor calculation demonstrating the two BFO
domains, i.e., BFO | and BFO II.
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split found in the square in Fig. 3(a). In addition, another clear
split denoted with a circle in Fig. 3(a) resulted from the (546)
reflection of BFO I and the (1014) reflection of BFO IL In order to
further confirm the orientation relation between the two BFO
domains, another reciprocal space mapping was performed with an
X-ray incident orientation that was rotated 45° around the surface
normal orientation as shown in Fig. 4(a). Note that while Q, is
along the [100];sar orientation, ie., the same as in Fig. 3(a), Qy
is now along the [010];sar orientation, i.e., 45° off Q, used in
Fig. 3(a) with respect to the [100];sar orientation. The split in high
index Bragg’s reflections is also detected as can be seen, for
example, in the dotted circle. Structure factor calculation shown in
Fig. 4(b) indicates that the split is responsible for the (420) reflec-
tion of BFO I and the (228) reflection of BFO II.

Since X-ray diffraction provides exceptional precision in mea-
suring the lattice plane distance, let us compare the measured
lattice plane distances and the corresponding distances calculated

(a)

10 -

Qz /(2r)(nm™t) //[100]s4

(b) 522
. . [ )
3210 ®BFO1
@BFOII
204 312 £
o L " b =
5| 202 216 22420
= 278
o
= _ _ _
102 210 322
o . .
102 114 126
[OIO]LSAT

FIG. 4. (a) XRSM data that show X-ray intensity with the two orthogonal orien-
tations, i.e., Q, that is parallel to [100] sar and Q, that is parallel to [010] sar: (b)
The corresponding structure factor calculation demonstrating the two BFO
domains, i.e., BFO | and BFO II.
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based on the unstrained BEO™ to investigate the volume-averaged
lattice strain status in the BFO layer. The result summarized in
Table T clearly shows that the XRSM measurement is consistent
with the theoretical calculation, indicating no lattice strain is
applied either in BFO I or BFO II domains. This is consistent with
the TEM data discussed in Figs 1 and 2.

In order to quantify the lattice misfit between the two BFO
domains, i.e., BFO I and BFO II, and the LSAT substrate, epitaxial
relations are derived based on the structure factor calculation
shown in Figs. 1, 3, and 4 as follows:

[211]gpo 1//[011]sa1s  (102)ppo 1//(100)15aT> (1)

[010]gron//[011] sar;  (102)ppon// (100)gat- (2)

Figure 5 shows the atomistic models of (a) BFO I with LSAT
and (b) BFO II with LSAT, respectively. The lattice mismatch
between BFO I and LSAT was calculated as ~2.2% by comparing
in-plane lattice distances, ie., (120)gpo 1=0.279nm and
(022) sar =0.273 nm as shown in Fig. 5(a). The lattice mismatch
between BFO II and LSAT was also calculated as ~2.8% by com-
paring in-plane lattice distances, i.e., (104)gro 1y=0.281 nm and
(022)15aT=0.273nm as shown in Fig. 5(b). Given that ~0.35%
tensile lattice misfit with the KTaO; substrate’® and ~1.0% com-
pressive lattice misfit with the LageSro4MnO; substrate’ are
proven to be stored as lattice strain in BFO epitaxial layers with no
sign of misfit dislocations previously, ~2.2% and ~2.8% of com-
pressive lattice misfits found in this study with the LSAT substrate
are thought to be too large to be stored as lattice strain in the BFO
layer. In fact, 6.8% of compressive lattice misfit is already found too
large to be stored as lattice strain in the case of the YAIO;
substrate.”’

It is worth noting that the orientation relationship between
the two BFO domains, i.e., BFO I and BFO II, shows that BFO I
and BFO 11 are rotated around the (102) plane normal axis because
(102) lattice planes in each domain run parallel as shown in the
orientation relations (1) and (2). Since the angle between [211]gro 1
and [010]gpo 11 is calculated as 90°, it becomes clear that the two
domains are 90° off each other around the (102) plane normal axis.

Now, let us turn our attention to how the epitaxial relations
found above, i.e., (1) and (2), are compared with ferroelectric polar-
ization orientations. Figure 6 shows three dimensional schematics
in which ferroelectric polarization orientations, ie., [001] of
domains I (a) and II (b) are shown. Note that (1) the surfaces of

TABLE . Comparison of the measure lattice plane distances of both BFO | and
BFO Il with the calculated ones of unstrained BFO.

XRSM measurement (nm)

Lattice planes Domain I Domain II Calculation” (nm)
324 0.1622 0.161
546 0.0961 0.096
108 0.1637 0.163
1014 0.0972 0.097
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FIG. 5. Atomistic models that show (a) LSAT/BFO | and (b) LSAT/ BFO Il lattice

mismatches along the [011],sar orientation.

BFO I and BFO II grown on top of the (100) LSAT surface are
(102), and (2) the orientation of the diagonal lines denoted on the
surfaces of BFO films corresponds to (011);sat- The angles
between the BFO film surface and [001]gpo 1 are calculated as 35.6°
for both domains as denoted in Figs. 6(a) and 6(b). In addition, it
is also found that the in-plane components of both ferroelectric
polarization axes run parallel to diagonal directions, i.e.,(011)1saT.
While this is interesting, it should be pointed out that this result is
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based solely on crystallographic data. Thus, we believe further study
with direct measurement of ferroelectric polarization is needed to
confirm the polarity of each ferroelectric polarization axis.

In order to compare the orientations relation found between
BFO I and BFO II with the BFO ferroelectric domain structures
reported previously, i.e., 71° 109°, and 180° domain structures,”””’
an atomistic model is created by using the orientation relations (1)
and (2) as shown in Fig. 7. Note that the zone axis of the model,
i.e., projection orientation, is chosen as [110]pro 1 to show the fer-
roelectric polarization orientations, i.e., [001]po, of each domain.
Since this zone axis is orthogonal to the ferroelectric polarization
axes of both BFOs I and II, the angle between the two ferroelectric
polarization axes can be directly measured two dimensionally as
depicted in Fig. 7. The interface between BFO I and BFO II in this
model is assumed as (114)ppo ; for convenience. Two possible
angles, ie., 71° and 109° between [001]pro 1 and [001]gro 11, are
readily noticed depending on the combinations of polarity of the
ferroelectric polarization axes in each domain. This indicates that
the BFO domain structure found in this study is in agreement with
71° and/or 109° ferroelectric domain structures discussed previ-
ously.”>** Since the 180° domain structure is purely ferroelectric as
opposed to the ferroelastic 71° and 109° domain structures dis-
cussed here,”” further investigation with the direct measurement of
the polarity of ferroelectric polarization axis is needed for
discussion.

While the domain structure is widely reported in pulsed laser
deposition prepared epitaxial BFO films including a co-substituted
BFO epitaxial film grown on CaRuO; coated LSAT,” such a
domain structure was, interestingly, not found in the ultrahigh
vacuum rf sputter grown BFO films reported previously with
LaAlO5,”" KTa0s,”° and LagSro 4MnO;/SrTiO; substrates” where
lattice mismatches are stored as biaxial lattice strain in the BFO epi-
taxial layers. Volume-averaged X-ray diffraction data for those sub-
strates indicate that the BFO epitaxial layers have a mono-domain
structure. Given that the domain boundary and dislocation are
lattice defects where lattice strain can be relaxed, a defect-free
mono-domain structure in BFO is speculated to be required for
lattice strain to be preserved in epitaxial BFO. Further study with
different substrates with various crystal orientations is necessary to
elucidate this point.

CONCLUSIONS

In summary, an epitaxial BFO layer is grown on the LSAT
(100) substrate to investigate the lattice misfit effect of LSAT on the
BFO overlayer in terms of crystal structure, lattice strain status, and
domain structure. TEM and SAED data clearly show that the
crystal structure of the BFO layer is the same as unstrained bulk
BFO, i.e., space group R3c. This is consistent with the misfit dislo-
cations directly observed by atomic resolution HAADF-STEM tech-
niques. Volume-averaged XRSM data indicate that the BFO layer
consists of two domains that were rotated 90° along the surface
normal orientation. In addition, further investigation with the
structure factor calculation suggests that the ferroelectric polariza-
tion axes of the two domains are found to be 35.6° with respect to
BFO film surface with their in-plane components parallel to the
diagonal orientations of the LSAT substrate. An atomistic model

ARTICLE scitation.org/journalljap

created on the basis of the epitaxial relation found between the two
domains confirms that the ferroelectric polarization orientations,
i.e., [001]gro, of the two domains are 71° and/or 109° off each
other, which is in good agreement with 71° and 109° domain struc-
tures discussed previously. The ~2.8% misfit strain found based on
the epitaxial relation between BFO and LSAT is suggested to be too
large to be stored as lattice strain in BFO.
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