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We have investigated detailed structural properties of epitaxial BiFeO5 thin films grown on (001),
(110), and (111) SrTiO; substrates in thicknesses up to 1 um. X-ray reciprocal space mappings
reveal that the fabricated films have crystal structures and the strain relaxation dictated by the
substrate orientation. The rhombohedral structure, which is observed in the bulk form, is maintained
only when the film is grown on the (111)-oriented substrate. The films grown on the (001) and
(110)-oriented substrates have a lower structural symmetry than the rhombohedral one, namely a
monoclinic structure. Two different processes are observed for the relaxation of the epitaxial strain
from the substrate: they are (1) changes in lattice constants and (2) changes in the distortion angle
in the BiFeO; lattice. In the presence of a biaxial strain along the {100} axis, the relaxation in the
distortion angle is inhibited, causing a gradual change in the lattice constants. As the number of the
{100} axes on the substrate surface is decreased, the distortion angle relaxation becomes the
dominant process, making the lattice parameters fully relaxed. We also find that the tilting of the
crystallographic domain structures takes place concomitant with the angle relaxation process. These
results indicate the strong influence of the substrate orientation on the structural properties of

epitaxially-grown BiFeOj thin films. © 2010 American Institute of Physics.

[doi:10.1063/1.3452360]

I. INTRODUCTION

Epitaxial thin films suffering from the epitaxial strain
due to the lattice mismatch between the material and the
substrate often display intriguing phenomena which are not
observed in their bulk counterparts. In the case of ferroelec-
tric thin films, for instance, the epitaxial strain can result in
enhancement in ferroelectric and dielectric propertiesl’2 as
well as rotation of the polarization direction® because struc-
tural deformations and ferroelectricity are closely related to
each other.

Bismuth ferrite BiFeO5; (BFO) with a rhombohedral R3c
perovskite structure is a material being intensively studied*
due to its room-temperature multiferroic properties with in-
teresting combinations of magnetic, piezoelectric, and ferro-
electric propet’ties.s’6 In fact, it has been reported that the
rhombohedral structure in bulk BFO is modified when the
BFO films are epitaxially grown on substrates with different
symmetries from the BFO (R3c¢), e. g., SrTiO5 (STO) which
has a cubic symmetry.7_9 For the epitaxial thin film grown on
the (001) STO substrate, the symmetry of the rhombohedral
structure becomes lowered to a monoclinic structure with
different lattice parameters.7’8 Moreover, on such a substrate,
the polarization direction is rotated up or down with respect
to the [111] direction depending on whether the film is under
compressive or tensile strain.® Recent theoretical studies'*"!
predict strong influence of the substrate-induced strain on the
spontaneous polarization of the BFO in the epitaxial thin film
form. Given that the strain state varies with changing thick-
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nesses, it is important to understand how the crystal structure
evolves as the relaxation of the epitaxial strain with thickness
commences.

In this work, we investigate evolution of the structural
properties of epitaxally grown BFO on (001), (110), and
(I11) STO substrates in the thickness range of 50 nm to
1 um. From x-ray reciprocal space mapping (RSM), we find
that the fabricated thin films with thicknesses up to 1 um
have different crystal structures depending on the substrate
orientation. The rhombohedral structure is only seen for
(I11)-oriented films, while the structural symmetry of the
(001) and (110) oriented films are lowered from the rhombo-
hedral symmetry to a monoclinic one. The lattice relaxation
process also is found to be dependent on the substrate orien-
tation, revealing two dominant strain relaxation processes:
relaxation in lattice constants and the distortion angle. Based
on the structural evolution, we discuss how the symmetry of
the strain from the substrate affects the lattice relaxation pro-
cesses.

Il. EXPERIMENTAL DETAILS

BFO thin films were epitaxially grown on (001), (110),
and (111) oriented SrTiO; (STO) substrates with thicknesses
ranging from 50 nm to 1 wm by pulsed laser deposition.
Prior to the deposition of the BFO layers, a SrRuO; (SRO)
epitaxial layer was grown as a bottom electrode at the sub-
strate temperature of 700 °C under the oxygen pressure of
100 mTorr. During the deposition of the BFO layer, the tem-
perature and oxygen pressure were maintained at 590 °C
and 25 mTorr, respectively. The structural characterizations
were performed by RSM with a conventional 4-circle x-ray
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FIG. 1. (Color online) Schematics for crystal structures of epitaxial BiFeO;
thin films grown on (a) (111), (b) (001), and (c) (111) SrTiO; (STO) sub-
strates. In the figure, the subscript m denotes the monoclinic symmetry.

diffractometer (Bruker D8). The reciprocal lattice unit is nor-
malized by the lattice constant of SrTiOs, 0.3905 nm. No
impurity phases were detected with the x-ray diffraction. For
electrical characterization, a 100 nm-thick Pd layer was pat-
terned into pads 50 X 50 um? in size as the top electrodes.
The saturated polarization was determined by measuring
room-temperature ferroelectric hysteresis loops at 25 kHz
with a Radiant Premiere II loop analyzer at room tempera-
ture.

lll. RESULTS AND DISCUSSIONS

The x-ray RSM reveals that the fabricated thin films
have crystal structures which depend on the orientation of
the STO substrate. Figure 1 shows schematics of the crystal
structures for epitaxial BFO thin films and STO substrates.
These structures best capture the experimental observations
in this study and are in good agreement with previous
reports.w’12 For the (111) oriented film [Fig. 1(a)], the rhom-
bohedral structure is maintained as observed in bulk. The
(001) and (110) oriented films have a lowered structural sym-
metry, namely monoclinic, as drawn in Fig. 1(b) and 1(c),
respectively. The epitaxial relationships between the film
with the monoclinic structure and the substrate are
[001],, BrolI[001]st0, [1001,, groll[110]st0, and
[010],, groll[1-10]sto. (The subscript m denotes monoclinic
indices.) In these monoclinic structures, the distortion angle
in the original rhombohedral structure corresponds to the
angle between the [100],, gro and [001],, gro axes.

Let us start with (111)-oriented BFO thin films. For all
the films, there are only (hhh) peaks observed in the 26-6
scan. In addition, the ¢ scan of the (010) BFO reflection (not
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shown) displays three peaks separated by 120° in ¢, and
these three BFO peaks lie at the same ¢ angle as those for
the STO substrate. These observations indicate that the fab-
ricated films have a threefold symmetry, which is consistent
with the rhombohedral symmetry. Figure 2(a) shows a semi-
logarithmic contour plot of the RSM around the (312) STO
Bragg reflection for the 400 nm-thick film. Only one peak is
observed in the RSM, indicating that there is no crystallo-
graphic twinning in the film. The observed RSM is consistent
with the rhombohedral structure. In Figs. 2(b) and 2(c), we
plot the thickness dependence of the lattice constant and the
distortion angle « in the cubic notation, respectively. The
compressive strain begins to relax below 50 nm. This is in
good agreement with previous works'>!? where the critical
thickness for the (111) film was reported to be as thin as 20
nm. With increasing thickness, both the lattice constant and
the angle « increase in values, and become constant at 3.966
A and 89.4° in the thickness region larger than 150 nm. More
importantly, the observed angle is almost the same as the one
in bulk, while the lattice constant is slightly off the bulk
value (3.96 A) even in the fully-relaxed thick film. This
strongly suggests that the angle relaxation is the predominant
process for relieving the strain from the substrate. Figure
2(d) shows the saturated polarization value for different
thicknesses. ~ The  values remain  unchanged at
~105 uC/cm?, which agrees with the reported values.'*
The constant polarization value with the thickness is consis-
tent with the fact that the structural properties do not depend
on the thickness in this range.

Figure 3(a) shows semilogarithmic contour plots of the
RSMs around STO (003), (113), and (203) Bragg reflections
for the 400 nm-thick (001)-oriented BFO films. The multiple
reflections from the BFO layer are observed in the (113) and
(203) RSMs, indicating that the multiple crystallographic do-
main structures have formed. The key observation is that the
one reflection with the larger H in the (113) RSM has the
same L index as the one for the (003) RSM, while the two
reflections in the (203) RSM is slightly shifted up for one
and down for the other with respect to the L index of the
(003) reflection. This indicates that the film structure has
taken the monoclinic structure® as depicted in Fig. 1(b). It is
worthwhile to note that the ¢ scan of the (011) BFO peak
(not shown) clearly has four peaks separated by 90°, which is
consistent with the monoclinic structure in Fig. 1(b). Essen-
tially the same features as those for the 400 nm-thick film are

FIG. 2. (Color online) (a) Semilogarithmic contour plot
of the x-ray RSM for the 400 nm-thick (111)-oriented
BiFeO; thin film. The mapping was measured around
the (312) SrTiO; Bragg reflection. STO, SRO, and BFO
stand for SrTiOs;, SrRuO;, and BiFeO;, respectively.
(b)-(d) Thickness dependence of the lattice constant
(b), angle « (c) and the saturated polarization value (d).
The dotted line shows the value for the rhombohedral
BiFeO; in bulk.
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FIG. 3. (Color online) (a) Semilogarithmic contour
plots of the x-ray RSM for the 400 nm-thick (001)-
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seen for the films in the entire thickness range, indicating
that the monoclinic structure is the fully-relaxed structure for
this orientation.

The thickness-dependent structural evolution of the
(001)-oriented thin films shows a distinct difference from
that of the (111)-oriented films. Figures 3(b) and 3(c) show
the thickness dependence of the lattice constants and the
angle B determined from the RSMs, respectively. Below 50
nm, the in-plane lattice constants are locked-in by the sub-
strate and have the identical value with the STO substrate.
The 50 nm-thick film apparently has a tetragonal structure
within the resolution of our x-ray diffractometer [the peak
splitting in the (113) reciprocal space is not distinguishable.
Beyond the critical thickness of ~50 nm where the lattice
relaxation begins to take place, the lattice parameters show a
gradual change and, beyond 600 nm, have almost constant
values. The distortion angle 3 also shows the similar trend as
seen in Fig. 3(c). The gradual decrease in the value is seen up
to 600 nm and beyond this thickness, B has the constant
value of ~0.6°. This indicates that the film continues to suf-
fer from the residual strain from the substrate beyond the
critical thickness. This is in stark contrast to the structural
evolution observed for the (111)-oriented film as seen in Fig.
2(c) and indicates that the lattice relaxation mechanism in
(001) films is different. The reason for the gradual change for
the (001)-oriented film could be the biaxial strain imposed by
the (001) substrate, which could inhibit the relaxation in the
angle and results in incomplete strain relaxation at the criti-
cal thickness. Figure 3(d) shows the tetragonality defined as
2¢,,/Na’ +b2 [see Fig. 1(b)] and values of the saturated po-
larization at room temperature against the thickness. Due to
the lattice deformation associated with the strain relaxation,
the tetragonality changes from 1.04 at the thickness of 50 nm
to 1.0 at 1 um. Nonetheless, the observed polarization value

Film thickness (nm)

remains unchanged at ~65 wC/cm?. This observation is in
agreement with a previous report.7 The invariance in the po-
larization value tells us that the strain relaxation plays little
role on the polarization value beyond 200 nm.

Tilting of the (001) plane of the BFO layer is also ob-
served as the thickness is increased. This was revealed by the
splitting of the (003) BFO reflection as seen in Fig. 4(a),
where the semilogarithmic contour plots of the RSMs for the
1 um-thick (001)-oriented film taken with the incident x-ray
parallel to the [100] and [110] directions are displayed. Two
reflections are seen along the [100] (or [010]) direction (¢
=0°), while along the [110] direction (¢=45°) three reflec-
tions are observed. These observations correspond to the tilt-
ing depicted in Fig. 4(b). This agrees well with the recent
report on the rotation of twin structures in 720 nm-thick
(001)-oriented BFO thin film.' Fig. 4(c) shows the thickness
dependence of the tilting angle. Beyond 600 nm, the tilting
occurs and the value remains at ~0.3° up to 1 um. Based on
the fact that the lattice constants and the distortion angle 3
have almost constant values beyond this thickness [Figs. 3(b)
and 3(c)], we conclude that the residual strain is relieved
through the tilting. Moreover, since the tilting occurs in the
plane where 3 exists, it is not unreasonable to consider that
the tilting is associated with the relaxation in the distortion
angle which is suppressed in the thinner region.

Figures 5(a) shows the semilogarithmic contour plots of
the RSMs for the 400 nm-thick (110)-oriented film. The
RSMs were taken around STO (220), (310), and (222) Bragg
reflections. The BFO layer exhibits two peaks in each (220)
and (222) RSMs. Note that the (220) reflection splits only
along the [001] direction and remains a single peak along the

[110] direction. This also agrees with the fact that the single
peak is observed in the RSM around the (310) reflection.
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Based on the monoclinic cell drawn in Fig. 1(c), the appear-
ance of the two BFO reflections in the (220) RSM can be
understood as the existence of two crystallographic domain
structures where one of the BFO domain structure is dis-

torted along either the [001] or [001] direction and that the
(110) plane is tilted up or down with respect to the (110)
substrate surface.

The thickness dependence of the lattice parameters and
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FIG. 5. (Color online) (a) Semilogarithmic contour
plots of the x-ray RSM for the 400 nm-thick (110)-
oriented BiFeO; thin film. The mappings were mea-
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FIG. 6. (Color online) (a) L scans of the (220) BiFeO;
reflection for the (110)-oriented film with thickness up
to 1 um. The scans were performed along the [001]

SrTiOj; direction. (b) Evolution of the distortion (green
circle), tilting (blue square) and rotation angle (red tri-
angle) for the domain structure in (110) film with thick-
ness. (c) Schematics describing the evolution of the tilt-
ing of domain structures in (110) films as a function of
thickness.
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the distortion angle 8 determined using the monoclinic cell
are plotted in Figs. 5(b) and 5(c), respectively. Due to the
anisotropic strain from the (110) substrate, the lattice con-

stants along the [001] (c,,) and [110] (b,) STO direction
show different behaviors. In the thickness less than 100 nm,
Cy, is locked to the same lattice constant as the substrate,
while b, has the larger value than the one for the substrate.

This reveals that the negligible strain along the [110]gro di-
rection and the contraction in c,, result in the expansion in
b,,. As the thickness is increased up to 200 nm, the relaxation
takes place exhibiting the distinct change in the lattice con-
stants and (. Beyond this thickness, b,, and 8 remain con-
stant while ¢, shows gradual increase with thickness. This
behavior indicates that, for the (110)-oriented film, the stored
elastic energy is relieved through the change in not only the
lattice constants but also the distortion angle. The uniaxial
strain along the [001] direction allows the relaxation in the
angle while the biaxial strain for the (001)-oriented BFO thin
film keeps the lattice constant fixed, suppressing the angle
relaxation process which is only seen in the larger thickness
region. Combining our experimental results in Figs. 2, 3, and
5, we can conclude that compressive strain from substrate is
mainly applied along the {100} axis and that the distortion
angle is predominantly relaxed in the orientation where the
compressive strain along the {100} axis is not involved. This
is also confirmed by the fact that the thickness where the
lattice constants begin to be fully relaxed become smaller as
the number of the {100} axes on the substrate surface is de-
creased.
N

In Fig. 5(d), the tetragonality (2c,,/Va2+b%) and the
saturated polarization value at room temperature are plotted
against the thickness. Due to the uniaxial strain, the tetrago-
nality becomes lower than 1, from which the slight decrease
in the polarization is expected. The observed polarization,
however, is 90 /.LC/Cm2 which is consistent with the value

estimated with the projection rule, 105/(,3/,2) uC/cm?.
This indicates again that strain relaxation has little impact on
the polarization value beyond 400 nm.

Another interesting behavior is the tilting of the (110)
plane associated with the lattice relaxation. Figure 6(a)
shows a L scan at the (220) BFO peak along the [001] direc-
tion. When the lattice relaxation takes place in the film, the
peak begins to split into two peaks (200 nm-thick sample),
indicating that the relaxation induces the tilting of the (110)
plane of the surface. Note that this tilting is essentially the
same as the one observed for the (001) film, revealing that
the tilting in connection with the strain relaxation is an in-
trinsic characteristic of the epitaxially-stabilized monoclinic
phase in BFO. The key observation for the (110) film is that
the tilt angle varies with thickness and that one of the tilted
surfaces of the two domain structures becomes parallel to the
substrate surface. The domain structure with the surface par-
allel to the substrate eventually becomes the dominant one
with increasing thickness. This behavior is summarized in
Figs. 6(b) and 6(c). When the lattice relaxation occurs, the
domains tilt in opposite directions with the angle in blue as
shown in Fig. 6(c). Judging from the intensity of the BFO
(220) x-ray reflections [Fig. 6(a)], the population of the do-
main structures tilted in the opposite directions are equally
distributed. As the thickness is increased further, both of the
domains are rotated in the same direction [the angle in red in
the Figs. 6(b) and 6(c)]. This results in one of the (110)
surfaces of the domain structures becoming parallel to the
substrate surface. It should be noted that the domain with the
surface parallel to the substrate surface shows the prominent
x-ray diffraction peak, indicating that this is the major do-
main. The population of the other domain structure decreases
with increasing thickness. This observation implies that the
{100} twin boundary where the domain with the distortion in
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opposite directions (along the [001] and [001] directions)
faces each other is energetically unfavorable in the BFO lat-
tice (Fig. 6).

Finally, it is interesting to compare the tilting behavior
between the (001) and (110) films. Although the tilting itself
is essentially the same for two films, the tilting angle in the
(110) film is almost double the angle in the (001) film. In
addition, the thickness at which the tilting occurs is smaller
for the (110) film as compared to the (001) film. These are all
consistent with the fact that there is no constrain on the angle
relaxation in the (110) film while the biaxial strain in the
(001) film suppresses the angle relaxation. This demonstrates
the impact of the substrate orientation on not only the crystal
structure (and the structural symmetry) in the thin film but
also the strain relaxation processes.

IV. SUMMARY

In summary, we have investigated the detailed structural
properties of the epitaxial BFO thin films grown on (001),
(110), and (111)-oriented STO substrates with thickness up
to 1 um. We found that the orientation of the substrates has
a strong influence on not only the structural symmetry but
also the strain relaxation process. The rhombohedral struc-
ture, as observed for the bulk BFO, is maintained only on the
(111) oriented substrate. The films grown on (001) and (110)
substrates have a monoclinic structure. We also found that
there are two strain relaxation processes in BFO thin films,
namely, the relaxation in the distortion angle and relaxation
in the lattice constants. The dominant process depends on the
substrate orientation which in turn determines the symmetry
and the directions of the strain. The biaxial strain imposed by
the (001) substrate suppresses the angle relaxation process,
causing the gradual change in the lattice parameters. The
angle relaxation process was found to become the dominant
process as the number of the {100} axes on the substrate
surface is decreased. In the epitaxially-stabilized monoclinic
phase, the angle relaxation process induces the tilting of the
crystallographic domain structures. The observed orientation

J. Appl. Phys. 108, 014104 (2010)

dependence in the structural evolution is seen even in thick-
ness regions beyond the critical thickness, revealing the
strong influence of the substrate orientation on the structural
characteristics of the BFO epitaxial thin films.
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