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With increasing film thickness of the epitaxial BiFeO5 (001) films deposited on SrTiO; substrates from 30
to 720 nm, the crystal structure evolutes from a fully strained tetragonal lattice to partially relaxed monoclinic

one with rotated twins. Although the mismatch strain results in a significant lattice distortion and twinning
evolution, the polarization does not show a direct correlation with strain. Instead, there is a strong dependence
of polarization on the body diagonal length of the distorted pseudocubic unit cell. The distortion in the
polarization direction is the critical parameter, other than strain, that determines the polarization in the mono-

clinic phase ferroelectric thin films.
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I. INTRODUCTION

Ferroelectric thin films promise wide applications in mi-
croelectronic and data-storage devices, such as sensors, tran-
sistors, and nonvolatile memories.! Exploring how the
substrate-induced strain affects the ferroelectric behavior of
ferroelectric thin films is an important issue, as epitaxial
strains can dramatically enhance the ferroelectric polariza-
tion and Curie temperature of thin films compared to their
bulk counterparts. For example, the epitaxial strain has been
shown to produce room-temperature ferroelectricity in
SrTiO; thin films by increasing the ferroelectric transition
temperature (7T¢) for several hundreds of degrees.” In
BaTiO; epitaxial thin films, strain gives rise to a T nearly
500 °C higher and a remanent polarization 250% higher
than those of bulk single crystal.3 Therefore, due to the
strong coupling between ferroelectric order and strain, ferro-
electric properties can be tuned by a proper control of epi-
taxial strain.

BiFeO; (BFO) has attracted great attention in recent
years, as it is a single-phase multiferroic material at room
temperature.*> Bulk BFO exhibits a rhombohedrally dis-
torted perovskite structure with space group R3¢ and lattice
parameters a=3.96 A and a=89.4°.° The spontaneous po-
larization in bulk BFO is along the [111] direction in
pseudocubic unit cell and the value calculated from the first-
principles is 90—100 wC/cm?.” In the case of epitaxial BFO
thin films grown under compressive strain, the lattice will be
deformed, which can be tetragonal or monoclinic dependent
on film thickness and deposition techniques.® Recently, a
strain-driven morphotropic phase boundary was demon-
strated in BFO films grown on LaAlO; (001) substrate,
showing the dramatic effect of strain engineering in BFO
thin films.”?

There have been a lot of works about the strain effect on
the polarization of BFO epitaxial thin films. For example, for
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rhombohedral phase BFO (R3c¢), the first-principles calcula-
tion has showed that the dependence of polarization on epi-
taxial strain is very weak.'” Later, large spontaneous polar-
ization, which is comparable with that of epitaxial thin film,
has also been obtained in strain-free bulk single crystal.!'!
The experimental results reported by Kim et al.'> have dem-
onstrated that indeed the polarization almost keep unchanged
when strain relaxes with increasing film thickness of (001)
BFO films grown on SrTiO; (STO) substrate. More recently,
Jang et al.'3 have confirmed that the spontaneous polariza-
tion itself keep unchanged while there was a strong strain
dependence of polarization in BFO (001) thin films due to
the polarization rotation. Therefore, the strain effect on po-
larization in BFO epitaxial thin films is rather negligible. On
the other hand however, the lattice of a BFO film is distorted
by epitaxial strain, which would, in principle, affect the di-
pole moment therefore the polarization as in other ferroelec-
tric thin films.>3 In this paper, we demonstrate that the epi-
taxial BFO (001) film with twinning rotation structure shows
a large variance of polarization up to 58% as the film thick-
ness changes, strongly depending on the length of polariza-
tion direction along the body diagonal.

II. METHODOLOGY

In our previous work on the epitaxial BFO (001) film
grown on (001) STO with 60 nm SrRuO; (SRO) buffer layer,
a twinning rotation structure was identified, which greatly
decreases the leakage current and improves remanent
polarization.'* In order to investigate the effect of residual
strain on twinning evolution and ferroelectric behavior, epi-
taxial BFO (001) films with thickness from 30 to 720 nm
were grown by radio-frequency sputtering. The crystal struc-
ture was identified by high-resolution synchrotron x-ray dif-
fractometry at the XDD beam line of Singapore Synchrotron
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FIG. 1. (Color online) KL reciprocal space mappings around SrTiOs (002) for the epitaxial BiFeOj; films with film thickness of (a) 30 nm,
(b) 180 nm, (c) 360 nm, (d) 450 nm, (e) 540 nm, and (f) 720 nm, respectively.

Light Source (SSLS) and BL14B1 beam line of Shanghai
Synchrotron Radiation Facility (SSRF), using 1.000 A
x-rays with a Huber 5021 six-axes diffractometer. The ferro-
electric and leakage behavior of the thin film were investi-
gated by using the radiant precise workstation (Radiant Tech-
nologies) and Keithley 6430 I-V system, respectively. The
experimental details for sample preparation were described
elsewhere.'*
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III. RESULTS AND DISCUSSION

Figure 1 shows the KL reciprocal space mappings (RSM)
from (002) STO diffraction of the epitaxial BFO thin films
(H, K, and L are reciprocal space coordinates). The vertical
axis is along the L direction while the horizontal axis is along
K direction in the reciprocal space. The spots from STO and
SRO remain to be a single peak for all mappings with dif-
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FIG. 2. (Color online) KH reciprocal space mappings around SrTiO; (002) for the epitaxial BiFeOs films with film thickness of (a) 30
nm, (b) 180 nm, (c¢) 360 nm, (d) 450 nm, (e) 540 nm, and (f) 720 nm, respectively. L values were set at corresponding BFO peaks in

Fig. 1.
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FIG. 3. (Color online) Lattice parameters derived from recipro-
cal space mappings for the epitaxial BiFeO; film with the film
thickness changing from 180 to 720 nm.

ferent film thicknesses, showing a high quality of epitaxial
growth of the SRO buffer layer. However, for the diffraction
peaks from BFO, it develops from a single sharp peak at 30
nm to an elongated peak at 180 and 360 nm, and finally to
two well-separated peaks for 450, 540, and 720 nm films. As
discussed in Ref. 14, these two peaks with the same L value
indicate a rotated twinning structure in BFO lattice. There-
fore, with increasing film thickness, the BFO film changes
from a strained lattice to a partially relaxed one with mono-
clinic rotated twinning structure.

In order to fully understand the crystal structure of the
BFO films of varying thicknesses, KH (H, K, and L are re-
ciprocal space coordinates) RSM around (002) STO diffrac-
tion were measured for BFO thin films with thickness chang-
ing from 30 to 720 nm, as shown in Fig. 2. These mappings
were obtained with L value at the BFO peaks in Fig. 1.
Clearly, for the 30 nm film, a single peak without any distor-
tion was observed. As the film thickness increases, the BFO
spot shows a trend to form four peaks for diffraction in the
KH plane. This confirms the structure model proposed in
Ref. 14, in which two pairs of twin variants along [100] and
[010] coexist.

From the reciprocal space mappings shown above and the
mappings around (103) and (113) (not shown here), the crys-
tal structures and lattice parameters were determined, as
summarized in Fig. 3. The BFO film possesses a fully
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strained tetragonal structure for the film with thickness of 30
nm. However, the films with thickness increasing from 180
to 720 nm show a monoclinic twinning structure, which is
initiated at 180 nm and fully developed at 450 nm. The
monoclinic distortion angle B shows increasing deviation
from 90° as film thickness increases. The lattice parameters
exhibit a different evolution as compared to the film with
in-plane twins but without out-of-plane twinning rotation.'’
This unique out-of-plane twinning rotation relaxes strain in
the films and maintains a degree of distortion in lattice pa-
rameters even at a film thickness of 720 nm.

Figure 4(a) shows the hysteresis loops for the 180 and 450
nm BFO thin films at the frequency of 3 kHz. Both loops are
squarelike, showing the intrinsic remanent polarizations of
epitaxial ferroelectric thin films. Due to the large leakage
current, the polarization of 30 nm film cannot be properly
measured. The polarization as a function of BFO film thick-
ness increasing from 180 to 720 nm is plotted in Fig. 4(b).
The remanent polarization increases from 55 to 87 uC/cm?
when the film thickness increases from 180 to 450 nm, rep-
resenting about 58% enhancement. As reported in Ref. 11,
for epitaxial BFO (001) films without twinning rotation
structure, the polarization is almost unchanged as the film
thickness increases from 77 to 960 nm. This great enhance-
ment of polarization observed in the present work is thus
related to the unique strain relaxation mechanism by twin-
ning rotation. Figure 4(c) shows the leakage current density
of the epitaxial BFO (001) film as a function of applied
electrical field for film thickness from 180 to 720 nm. The
leakage current density measured at 100 kV/cm is plotted as
a function of film thickness in Fig. 4(d). Despite that the 180
nm film has a larger leakage current than others; all the
samples show very low leakage current on the order of
10°% A/cm?. This agrees with the squarelike loops obtained
in ferroelectric hysteresis test and confirms the intrinsic po-
larization measured.

The monoclinic lattice of BFO is orientated by 45° with
respect to [001] direction of the substrate. A schematic con-
figuration of monoclinic unit cell is represented by the thick
lines in Fig. 5(a) while the pseudocubic (pc) unit cell is
shown by the dashed lines. In order to derive the in-plane
strain, the lattice parameters of monoclinic unit cell have to
be transformed into the pseudocubic cell. This relation is
given by

a,+b,
Afilm = 5 \’E 5 ( 1 )
Ciilm = Cp/SIN B, (2)

where ag,, and cp, are the lattice constants for the
pseudocubic cell. As the thin SRO buffer layer and STO
substrate are rather close in lattice parameters, as compared
to that between BFO and STO, the mismatch strain is largely
arising from the lattice mismatch between the BFO film and
STO substrate. Taking the bulk BFO rhombohedral phase as
reference, the in-plane and out-of-plane strain is calculated
by the following relationship:
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FIG. 4. (Color online) (a) Hysteresis loops for epitaxial BiFeOj thin films of 180 and 450 nm in thickness; (b) remanent polarization as
a function of film thickness; (c) J-E relationships of the Au/BFO/SRO capacitor for the epitaxial BiFeO; film with film thickness increasing
from 180 to 720 nm; and (d) leakage current density at 100 kV/cm as a function of film thickness from 180 to 720 nm.
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The strains thus derived are plotted as a function of film
thickness in Fig. 5(b). The in-plane strain does not relax from
negative to zero with increasing thickness as expected but
varies slightly from —0.5% to +0.5%. This unique behavior
of strain evolution is due to the twinning rotation. At 180 nm
film thickness, when the twinning is initiated, the compres-
sive strain is relaxed to nearly zero. While, the fully devel-
oped twinning rotation structure even drives the compressive
strain from the substrate to be tensile at 450 nm. For the
out-of-plane strain, it keeps decreasing as the film becoming
thicker, except a drop at 450 nm when the twinning rotation
is fully formed. The trend of strain change does not agree
with the change in polarization in Fig. 4(b), showing no di-
rect correlation between the residual strain and polarization.
This agrees with the result of the first-principles
calculations!® and previous experimental results'? that the
polarization of BFO is not strongly dependent on the strain.
In addition, the polarization rotation mechanism proposed in
Ref. 13 also cannot explain the polarization change of about
58% observed in our films. For the 450 nm BFO film with a
tensile in-plane strain, the rotation of polarization is expected

to toward [110],. and give rise to lower polarization along

the measured [001] direction. However, the polarization
measured at 450 nm is even higher than those with compres-
sive in-plane strain.

If the strain is not the critical parameter to account for the
large polarization variance with film thickness, then now we
turn to the length of polarization direction along the body
diagonal of pseudocubic lattice. As is shown by the dashed
line [111], in Fig. 5(a), the body diagonal direction is the
face dlagonal of (101) in monoclinic cell. The calculated
length along [111],,. and polarization are plotted in Fig. 6 as
a function of film thickness. A strong and clear dependence
of polarization on the [111],,. length is obviously seen. For
the ferroelectric film of tetragonal phase, the in-plane strain
is very important as it affects the length of polarization di-
rection in [001]. Indeed, the first-principles study shows te-
tragonal phase ferroelectric films [BaTiO;, PbTiO; and
BiFeO; (P4mm)] are in-plane strain sensitive.'® However,
for the monoclinic phase, the in-plane strain is not the critical
influencing factor, because the polarization direction is not
along [001] any more. Although the monoclinic phase of our
BFO films shows a degree of distortion from the bulk rhom-
bohedral phase, the polarization direction should still be
along the body diagonal direction in pseudocubic unit cell.
Therefore, the body diagonal length is the determining fac-
tor, as it affects the space for the ionic displacement within
the unit cell.

IV. SUMMARY

By employing high resolution x-ray diffraction, twinning
evolution was shown for epitaxial BFO (001) films grown on
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FIG. 5. (Color online) (a) A schematic drawing for the relation-
ship between monoclinic unit cell (thick lines) and pseudocubic unit
cell (dashed lines) and (b) in-plane strain and out-of plane strain as
a function of film thickness.

(001) STO with SRO buffer layer. The lattice parameters and
epitaxial strain derived from reciprocal space mapping show
significant lattice distortions. Polarization has a strong de-
pendence on the body diagonal length of distorted pseudocu-
bic unit cell. While in conventional perovskite ferroelectric
materials with tetragonal phase, in-plane strain can turn the
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FIG. 6. (Color online) Remanent polarization and [111], length
as a function of film thickness.

polarization greatly; our results indicate that more attention
should be paid to the distortion in polarization direction
along body diagonal in monoclinic phase ferroelectric thin
films.
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