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The integration of ferroic oxide thin films into advanced flexible electronics will bring multifunctionality beyond
organic and metallic materials. However, it is challenging to achieve high flexibility in single-crystalline ferroic
oxides that is considerable to organic or metallic materials. Here, we demonstrate the superior flexibility of free-
standing single-crystalline BiFeO3 membranes, which are typical multiferroic materials with multifunctionality.
They can endure cyclic 180° folding and have good recoverability, with the maximum bending strain up to 5.42%
during in situ bending under scanning electron microscopy, far beyond their bulk counterparts. Such superior
elasticity mainly originates from reversible rhombohedral-tetragonal phase transition, as revealed by phase-field
simulations. This study suggests a general fundamental mechanism for a variety of ferroic oxides to achieve high

flexibility and to work as smart materials in flexible electronics.

INTRODUCTION

Flexible electronics is booming for foldable and wearable electronic
devices, i.e., electronic skins, health monitoring systems, and human-
machine interfaces (I, 2). Ferroic oxides are essential building
blocks of various electronic devices due to their excellent dielectric,
ferroelectric, and piezoelectric properties (3). Among them, multi-
ferroic oxides distinguish themselves by their unique multiferroic
properties and will bring multifunctionality to flexible electronics
such as sensing and actuation (4, 5), energy storage capacitors (6),
memories, and logic devices (7). Flexible electronics require their
components to have superior flexibility or elasticity to conform to
various curved surfaces or complicated bent conditions. However,
bulk ferroic and multiferroic oxides are always thought to be inherently
brittle because of the strong covalence/ionic bond and lack of dis-
location glide planes as compared to organic or metallic materials
that could easily withstand large bending strain up to tens of
percent (8, 9). Therefore, the realization of superior flexibility in
ferroic oxides, especially multiferroic oxides, will greatly promote
their application in flexible electronics.
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With the reduction of dimensionality, some brittle oxides have
exhibited unexpected flexibility that is different from their bulk
counterparts. This is much obvious in oxide nanowires with a high
surface-to-volume ratio, in which surface elasticity plays a dominant
role through surface relaxation and reconstruction (10). Except for
nanowires, two-dimensional ferroic oxides are much more plausible
for device integration in flexible electronics. Currently, the widely
studied flexible ferroic oxide thin films are those deposited on flexible
mica (11), but their flexibility is limited by the mica substrate, the
applied bending strain in those previous studies is always below 1%,
and their superior elasticity is not explored. The advancement in
fabricating strategies of freestanding single-crystalline ferroic oxide
membranes provides useful platforms to study their intrinsic mechan-
ical deformation behavior (12, 13). In ferroelectric/ferroelastic
oxides, polarization rotation and the accompanying ferroelastic
domain switching are important ways to accommodate strong strain/
stress (14). Recently, we reported that the freestanding single-
crystalline BaTiO3 membranes could endure a giant bending strain
up to 10% without any crack or damage (15). This superior elasticity
originated from continuous polarization dipole rotations rather
than conventional 90° domain switching (15).

Moreover, phase transition in oxides offers strong atomic dis-
placement tolerance and induces additional strain that exceeds the
elasticity limit of bulk materials. For example, zirconia micro-pillars
exhibited super-elasticity, benefiting from both martensitic phase
transition and size reduction (16). In ferroic oxides, the phase tran-
sition is also a general phenomenon to accommodate large strain/
stress or generate large piezostrain. Electric field-induced phase
transition could induce two to three times strain than the linear
piezoelectric response in relaxor ferroelectric single crystals (17). In
strained thin films, e.g., BiFeOj3 epitaxial thin film, the phase transi-
tion could be induced by large misfit strain (7, 18, 19) or mechanical
stress (20, 21). Typically, rhombohedral BiFeOs epitaxial thin films
could transform to the tetragonal phase under a biaxial compressive
strain up to over 4.5% (18). However, the explored strain level in
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bulk is still below 1 to 2%, and larger strain achieved in thin films is
at the nanoscale and clamped by the substrates. The enhancement
of flexibility in freestanding single-crystalline ferroic oxide mem-
branes by combined ferroelasticity and phase transition remains
unexplored.

In this study, we choose freestanding single-crystalline BiFeO;
membranes as the prototype to study its mechanical deformation
behavior and corresponding fundamental mechanism. BiFeOs is a
typical multiferroic material that has ferroelectricity, ferroelasticity,
(anti)ferromagnetism, and magnetoelectric coupling among those
ferroic orders (4, 7, 18). In BiFeOj epitaxial thin films deposited on
rigid substrates, their phase and domain are highly sensitive to the
misfit strain between the films and the substrates (7, 18, 19). Moreover,
freestanding single-crystalline BiFeOj3 thin films also exhibited
extraordinary ferroelectricity even down to one unit cell, while the
mechanical properties were not studied (13). Here, we fabricated
freestanding single-crystalline BiFeO3; membranes with >100 nm
thickness and examined their mechanical deformation behavior
under large bending strain far beyond 1%. Unexpectedly, it can
withstand cyclic 180° folding and has good recoverability, with the
smallest radius of curvature about 1 pm. The underlying mechanism
for freestanding BiFeO; membranes to accommodate a large bend-

A
BiFeOs , g&‘%\\ ;-..,
SrsAl,0s S
SITiO; ; e
As-grown heterostructure Transfer by supporting layer
B
)
S Transferred
=
k%)
cE
E F
= )
20 0 60 80454 458
26 (°)
D E
SITiO, BiFeO, =
| =
o
o
PE

=32 n_ 3.3nm

ing strain up to 5.42% without any crack or damage is analyzed by
phase-field simulation.

RESULTS

Preparation of freestanding BiFeO; membranes

The fabrication of freestanding single-crystalline BiFeO; mem-
branes started from an epitaxial growth of BiFeOs/Sr3Al,Og hetero-
structure on SrTiO3(001) substrates (see Materials and Methods),
followed by a water etching process to fully release BiFeOs thin
films from the substrates, and ended by a transferring process that
moves freestanding BiFeO; membranes onto any other substrates
(Fig. 1A). In the beginning, Sr3;Al,O¢ was chosen as a sacrificial
layer during epitaxial film growth because it is water-soluble and its
lattice matches well with BiFeO3, enabling the fabrication of large-
scale freestanding perovskite membranes (12, 13). The epitaxy of
SrTiO3(001)/Sr3Al,O6/BiFeO3 heterostructures was confirmed by
both x-ray diffraction (Fig. 1B) and cross-sectional transmission
electron microscopy (TEM) image (Fig. 1C). Benefiting from very
small lattice mismatch (only 0.03%) between Sr3Al,Og [a = 15.844 A;
(12)] and BiFeOs (4 x ap. = 15.84 A), only (00]) diffraction peak
could be observed, and Sr3Al,04(00]) and BiFeO3(00!) diffraction

Remove supporting layer Flexible BiFeO; membranes

Transferred (103)

As-grown (‘-l (05))]

w
o m
(5]

o
o
=)

©

SrTiOs

SrzAl,0s
BiFeOs

N
©
5

BiFeO; O

-1.05 -1.00 -0.95 -0.90
HOO (rl.u.)

N
©
=}

-1.05 -1.00 -0.95 -0.90
HOO (r.l.u.)

Fig. 1. Synthesis of freestanding single-crystalline BiFeO; membranes. (A) Schematics of the whole fabrication process: growing BiFeOs/Sr3Al,O¢ heterostructure on
SITiOs substrates, releasing BiFeOs films from the substrates by water etching, and then transferring BiFeO; membranes to any other substrates. (B) X-ray diffraction
patterns of as-grown SrTiO3(001)/Sr3Al,06/BiFeOs heterostructure and transferred BiFeO3 membranes on the silicon substrate. a.u., arbitrary units. (C) Cross-sectional TEM
and HAADF-STEM image of an SrTiO3(001)/Sr3Al,0¢/BiFeO3 heterostructure. (D) Optical images of a 5 mm-by-5 mm BiFeO; membrane that transferred to polyethylene
terephthalate (PET) and exhibited good flexibility. Photo credit: Bin Peng, Xi‘an Jiaotong University. (E) Surface morphology of transferred BiFeO; on PDMS by AFM.
(F) RSM of BiFeOs film around (—103) peak before (left) and after (right) releasing from the substrate. r.l.u., reciprocal lattice units.
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peaks are very close to each other. Their atomic-scale microstructure
was examined by cross-sectional high-angle annular dark-field
(HAADF) imaging using scanning TEM (STEM) (Fig. 1C), and the
interface between Sr;Al,O4 and BiFeOjs is sharp and clear.

Before releasing BiFeO; thin films, a soft supporting layer was
coated or attached on the surface of SrTiO3/Sr3Al,0¢/BiFeO3
heterostructures, and they were then immersed in deionized water
to separate BiFeOj; from the substrates (Fig. 1A; see also Materials
and Methods). Freestanding BiFeO3; membranes could then be
transferred onto any other substrates by removing the supporting
layer, or the supporting layer itself serves as the flexible substrate
(Fig. 1A; see also Materials and Methods). Here, millimeter-scale
(5 mm by 5 mm) freestanding BiFeO3; membranes were fully released
from SrTiO; substrates to a commercial transparent screen protector
sheet (Fig. 1D) or oxidized silicon substrates (fig. S1), and the free-
standing BiFeO; membranes transferred to soft supporting layer
exhibit high flexibility (Fig. 1D). The freestanding BiFeO3; mem-
branes have smooth surfaces and low surface roughness of 0.55 nm,
observed by atomic force microscopy (AFM) (Fig. 1E). The trans-
ferred BiFeO; membranes maintain their single crystallinity as that
of the as-grown ones. Representative reciprocal space mapping
(RSM) of as-grown SrTiOs3/Sr3Al,04/BiFeO; heterostructure and
transferred BiFeO; membranes on Si are shown in Fig. 1F, and here,
RSMs around the (-103) peak are presented. The lattice constant
for Sr3AL,Og was 15.828 A, a little smaller than its bulk value due to
the clamping of SrTiO; substrates. The lattice constant of BiFeO3;
thin films decreased from 3.9847 to 3.9804 A after releasing from
the substrate (Fig. 1B) due to the disappearance of the substrate
clamping effect.

The single crystallinity of freestanding BiFeO3; membranes was
confirmed again by plane-view STEM. Here, typical plane-view STEM
images of thin freestanding BiFeO; membranes were presented
(Fig. 2A). It was in a folded state and had good electron transparency,
supported by a holey carbon TEM grid. Totally folded two-dimensional
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perovskite thin films down to few unit cells thick were observed
before (13); here, the folded BiFeO; membranes are much thicker
than that, highlighting the high flexibility of freestanding BiFeO;
membranes. Figure 2B shows an atomic-resolution HAADF-STEM
image. This “Z-contrast” image presents two distinct atom columns:
The larger one with high intensity are Bi atoms, and the smaller one
with low intensity are Fe atoms. It is also clear that Fe atoms deviate
from the center of the unit cell. Those features match well with
the rhombohedral perovskite structure. The selected-area electron
diffraction pattern shown in Fig. 2C reveals that the lattice constant
is a = 3.974 A and B = 89.5°, very close to that of the bulk BiFeO;.
The ferroelectricity and local polarization switching of the freestanding
BiFeO3; membranes were demonstrated by piezoelectric force micros-
copy (PFM) (Fig. 2, D to F). Here, a box-in-box switched domain
pattern was written on the transferred BiFeO3; membranes by
applying £8 V (Fig. 2, D and E), where the inner and outer boxes
indicated polarization up and down states, respectively. Typical local
PFM amplitude and phase hysteresis loops are presented (Fig. 2F),
and they are quite symmetric and no imprint was observed that is
suitable for ferroelectric memories. In addition, both the as-grown
SrTiO5/Sr3Al,O6/BiFeOs; heterostructure and the transferred BiFeO;
membrane exhibited ferromagnetic behaviors at room temperature

(fig. S2).

Flexibility of freestanding BiFeO; membranes

Freestanding single-crystalline BiFeO3; membranes are mechanically
robust and exhibit super-elastic behavior under a large bending strain
without any crack or damage. Figure 3 shows the in situ scanning
electron microscopy (SEM) observation of bending the freestanding
BiFeO3; membranes. A nanoribbon was cut from freestanding BiFeO;
membranes by focused ion beam (FIB) and then handled by nano-
manipulator tips in SEM. One tip was used to hold the nanoribbon,
and another was used to push the nanoribbon to bend (Fig. 3A).
The lateral size of this nanoribbon was 17 um (length) by 4 pm
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Fig. 2. Microstructure and ferroelectricity of freestanding single-crystalline BiFeO3; membranes. (A) Plane-view HAADF-STEM images of a freestanding BiFeO;
membrane in a folded state, supported by Cu grid with lacey carbon film. (B) Atomic-resolution HAADF-STEM image from the top view and shift of Fe** cations from the
center of oxygen octahedron are clear. (C) Corresponding selected-area electron diffraction pattern of freestanding BiFeO3 membrane. (D) Phase and (E) amplitude
response mapping of a box-in-box domain pattern written by PFM under +8 V. (F) Typical amplitude and phase hysteresis loops (solid lines are guide for the eyes).
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A

Fig. 3. In situ SEM observation of bending the freestanding BiFeO; membranes. (A) Schematics of in situ bending a nanoribbon. (B) A BiFeO3 nanoribbon cut by FIB
with one side fixed to a tip, and this nanoribbon has a size of 17 um (length) by 4 um (width) by 110 nm (thickness). (C to E) Several runs of in situ bending-unbending test.
The first column shows the initial state during each run of bending, the second column shows the reducing of the radius of curvature during bending, and the third
column exhibits the minimum radius of curvature at each run. The maximum bending strain reaches 1.23, 2.99, and 5.42%, corresponding to the third column of (C) to
(E). During in situ bending test, the largest bending strain reaches 5.42% without any break or crack, and the corresponding panel was marked in red. The fourth column
of (C) to (E) shows the final state of the nanoribbon after unbending at each run, with the residual strain of about 0, 0.44, and 1.03%, respectively. Scale bars, 5 um (B to E).

(width) (Fig. 3B) with a thickness of about 110 nm, which was con-
firmed from the depth profile of AFM (fig. S3) and cross-sectional
TEM (Fig. 1C) images. This nanoribbon was bent-unbent for several
runs (Fig. 3, C to E), and the videos were recorded and shown in
movies S1 to S3. Here, we present typical images that were captured
from the videos, including the initial, intermediate, maximum, and
residual bending states of each run. For the first run, this nanoribbon
was bent to a maximum strain of about 1.23% (for calculations, see
table S1), and it recovered immediately to the initial state once the
pushing tip was removed (Fig. 3C). The recovering process is so
quick that we could not observe a continuous change in the video.
In Fig. 3C, the moving tip was not fixed to the nanoribbon. To
ensure applied larger force, the moving tip was then fixed to the
other side of the nanoribbon at the initial state for the following
runs. For the second run (Fig. 3D), the maximum bending strain
reaches 2.99%. However, after removing the pushing tip, the nano-
ribbon could not recover to its initial state but has a small residual
strain of 0.44%. When we push the nanoribbon to a 180° fold state,
both ends touched each other and the maximum bending strain
increased to 5.42% (Fig. 3E). After removing the pushing tip, the
nanoribbon had a larger residual strain of 1.03%. After that, the
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nanoribbon was bent again (fig. S4), with the maximum bending
strain of about 2.74%. Unexpectedly, with the removal of the push-
ing tip, the residual strain still maintained 1.02%, which was com-
mensurate with that shown in Fig. 3E.

Figure 3 demonstrates the high flexibility and recoverability of
freestanding single-crystalline BiFeO3; membranes, and it is natural
to wonder why they have super-elasticity that could endure at least
5.42% bending strain. Although such deformation behavior seems
to be induced by classic ferroelastic domain switching, lattice strain
in rhombohedral perovskite induced by ferroelastic domain switch-
ing is usually less than 0.5% (22, 23) and mechanical stress-induced
strain from combined ferroelastic domain switching and elastic
deformation is still below 1% in bulk rhombohedral perovskite
(24, 25). By contrast, tetragonal perovskites always have a large
spontaneous strain (¢/a — 1), which is far beyond 1%. BiFeO;
epitaxial thin films are highly sensitive to lattice mismatch strain,
and a biaxial compressive strain exceeding 4.5% will induce phase
transition from the rhombohedral phase to the tetragonal phase
(7, 18). Therefore, it is very likely that the phase transition is respon-
sible for the super-elasticity in freestanding BiFeO3; membranes. As
the mechanical boundary condition in previous theoretical calculations
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is different from our case (18), the previously predicted phase dia-
gram may not be suitable for our freestanding BiFeO; membranes.

Phase-field simulation of mechanical bending of BiFeO;
membranes

Furthermore, phase-field simulations are performed to reveal the
dynamic evolution of BiFeOj; ferroelectric nanodomains and the
behavior of phase transition between rhombohedral (R) BiFeO3 and
tetragonal (T) BiFeOj; in the BiFeO3; membranes upon bending or
unbending. The initial domain state of freestanding BiFeO3; mem-
branes without bending is R1+ single domain [i.e., its polarization
direction of (1 1 1) as shown in Fig. 4A within a simulated size of
800 nm (length) by 2 nm (width) by 110 nm (thickness)]. In Fig. 4B,
the two-dimensional distribution of the polarization vectors within
BiFeO3; membranes upon bending is obtained by starting from R1+
domain as the initial state and applying a bending angle (8) of
30.56°, which corresponds to a maximum strain of -3.67% at the
bottom surface (or +3.67% at the top surface). There exists an R-T
mix-phase in the bent membrane (where the volume fraction of T
phase is ~4.46%) in Fig. 4B. The fact that T phase (i.e., c+ domain)
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only appears at the bottom, which is a highly compressive region,
and R phase (i.e., R1+ domain) in the tensile strained region reveals
that the polarization orientation (or the phase state) is related to the
strain state. Unlike the sharp boundary from the conventional R-T
mix-phase observed in the system of the BiFeOs film/substrate
(7, 18, 26, 27), the phase boundary between T phase and R phase
is a rather thicker transitional region where polarization rotates
continuously from c+ domain to R1+ domain, possibly arising from
both the relaxed elastic strain to decrease the elastic energy at this
specific mechanical boundary and the local flexoelectric field (28-30)
from strain gradient for the bending state of the BiFeOj film. Also,
the magnitude of the polarization increases continuously from the
bottom to the top surface along the z axis for all bent cases shown in
the left panels of Fig. 4 (B to D), resulting from the strain state with
a gradient variation. Figure 4C shows that the fraction of c+ domain
or T phase increases to 19.23% when the bending angle 6 reaches 45.84°.

In Fig. 4F, the maximum strain of the BiFeO3; membranes upon
bending is proportional to the bending angle of the film. Also,
during the recovery process of the membrane upon unloading, as
the bending angle (8) decreases from 45.84° to 9.17°, the phase
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Fig. 4. Domain evolution of freestanding single-crystalline BiFeO; membrane during the bending or unbending process obtained by phase-field simulations.
Snapshots of the corresponding x-z plane polarization vectors at the left column (where the color bar denotes the magnitude of the polarization) and their phase states
or domain structures at the right column during the bending process of the BiFeO; membrane from the bending angle (A) 8 = 0° (the initial state), (B) 6 =30.56°, to
(C) 6=45.84°, and the recovery process from 6 =45.84°, (D) 6 =30.56°, to (E) the final state 8 =9.17° during the unloading process. (F) Maximum strain and the fraction of
tetragonal BiFeOs as a function of bending angle () of the BiFeO; membrane for the loading (solid line) and unloading (dot) process. (G) Schematics of polarization

directions of domains indicated in the right of (A) to (E).
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boundary between T phase and R phase shifts downward as shown
in the right panels of Fig. 4 (C to E), and the fraction of T phase (i.e.,
c+ domain) decreases as shown in Fig. 4F. The critical minimum
bending angle for the formation of T phase is about 27.78°, and the
corresponding critical minimum compressive strain (€i) is about
—3.33% from the simulated results, which is smaller than the previ-
ous results (ei) reported (18) due to no-constraint or stress-free
boundary conditions at the bottom of a freestanding BiFeO3; mem-
brane in our case. Last, when the membrane returns to the almost
flat state with 8 = 9.17° in Fig. 4F, the T phase disappears completely
and only R domains exist, and the other types of R domains form
because of the local ferroelastic (e.g., 71° or 109°) switching (fig. S6).
It reveals that the freestanding BiFeO; membranes can be trans-
formed reversibly between R phase and T phase.

DISCUSSION

BiFeO; is a typical ferroelectric/ferroelastic material, and it usually
exhibits ferroelastic behavior and phase transition in response to
strong mechanical stress. The elastic properties of strained BiFeOs
thin film at the nanoscale were systematically studied by AFM-based
technique, its Young’s modulus softens during the R-T phase tran-
sition (20, 31), and T phase is stiffer than R phase (20, 21, 32). Here,
the elastic properties of freestanding BiFeO3; membranes probably
differ from those of the strained thin films. Fundamentally, both
ferroelastic domain switching and phase transition are determined
by the total energy (combination of elastic energy and electric energy).
The most important difference between the strained BiFeO; film and
freestanding BiFeO3; membranes is the mechanical boundary con-
dition (that is, additional elastic energy from the substrate clamping
effect). This will induce a distinct energy profile under external
mechanical and/or electrical stimuli. It has been demonstrated that
by reducing the effective stress from the substrate clamping effect,
large voltage-induced strain of about >10% was achieved in BiFeOs;
by phase transition (5). Moreover, the mobility of ferroelectric/
ferroelastic domain walls could be enhanced in the declamped
ferroelectric thin films (33, 34). In our freestanding BiFeO; mem-
branes, there is no substrate clamping effect; therefore, it is reasonable
to expect much more elastic and flexible behavior in them from
enhanced ferroelastic domain switching and improved strain toler-
ance, which is the same as we have demonstrated in our study. In
addition, elastic properties, such as Young’s modulus, are sensitive
to both the phase and domain states, which means that they vary
with the applied mechanical strain/stress (35). Hence, a full stress-
strain curve is needed in the future to determine the true mechanical
properties of the freestanding BiFeO3; membranes.

We also notice some amount of residual strain that reaches ~1%
after the application of the maximum bending strain (Fig. 3E), and
it mainly originates from ferroelastic domain switching of rhombo-
hedral BiFeOs3, as we demonstrated in Fig. 4E. Mechanical stress—
induced irreversible ferroelastic domain switching is widely observed
in a variety of ferroelectric/ferroelastic materials after releasing the
applied stress (35). Here, the residual strain in freestanding BiFeOs
membranes is about two times larger than that observed in conven-
tional bulk ferroelectric/ferroelastic materials (35). Rhombohedral
BiFeOj; could probably tolerate a large spontaneous strain of about
7% in a single-domain state because it could maintain a large c/a
ratio of about 1.07 (taking rhombohedral as pseudocubic for sim-
plicity) (18). Because it turns to a multidomain state after ferroelastic
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domain switching (Fig. 4E), the residual strain from collective
ferroelastic domain switching behavior will be smaller than the
expected spontaneous strain from a single domain, as the internal
stress will drive domain back-switching. In addition, as we mentioned
above, freestanding BiFeO3; membranes are fully declamped and
irreversible/nonvolatile ferroelastic switching in BiFeO3 could be
stabilized (14). Nevertheless, a large residual strain stabilizes in free-
standing BiFeO3; membranes after irreversible ferroelastic domain
switching.

This study, together with our previous report (15), demonstrates
that flexibility and elastic behavior are distinct between the two-
dimensional ferroelectric/ferroelastic membranes and their bulk
materials, and it also indicates that the flexibility of the freestanding
BiFeO3; membranes will degrade with the increasing thickness. One
critical factor is the defects, such as point defects and grain boundaries,
which are well recognized to degrade the mechanical properties
of ferroic oxides. The increase in thickness means the increase in
epitaxial growth time. Because Bi is very volatile during high-
temperature deposition, more and more defects will appear in the
membranes. As a result, the mechanical strength will degrade in
thicker BiFeO3; membranes and they could crack easily (not shown
here). Another important factor is the surface morphology or
roughness, which becomes critical for thinner membranes. When
the roughness is considerable to the length scale of the stress field or
to the thickness of membranes, the surface/volume ratio increases a
lot and the elastic behavior near the surface dominates, as revealed
in nanowires (10). In our study, the surface is very smooth and the
roughness is below 1 nm (Fig. 1E), which is two to three orders of
magnitude smaller than the length scale of the bending stress.
Therefore, we do not take surface morphology into consideration in
this study, and superior flexibility could exist in relatively thicker
membranes (fig. S7).

Besides, in this study, the bending of BiFeO3 nanoribbon is along
the in-plane [100] direction. To study how the elastic behavior
depends on crystallographic orientations of bismuth ferrite, we
compare the bending of the nanoribbon along the [110] direction
by phase-field simulations (fig. S8). Compared to the domain struc-
tures for the bending along the [100] orientation, the stable domain
structures become more complex (i.e., R1+, R4+, and R3+) for the
bending along the [110] orientation, possibly arising from the com-
plex coupling between the strain and polarization. A good elastic
behavior (i.e., the bending angle under the same maximal bending
strain) for the bending along the [110] orientation in the BiFeOs;
membrane is still kept because of the accommodation of complex
domain structures and the R-T phase transition.

The mechanically induced R-T phase transition has been sys-
tematically studied in single-crystalline BiFeOs3 thin films and well
demonstrated by x-ray diffraction, PFM, and TEM (4, 7, 18, 20, 27).
Theoretically, it is an elastic energy—driven phase transition, occurring
when the mechanical strain exceeds a critical value, (18), and phase-
field simulations correlate well with experimental evidence in many
previous reports (7, 18, 20, 27). They introduced the mechanical
strain discontinuously by lattice-mismatched substrates, and we
introduced it continuously by bending; both could induce the R-T
phase transition when the strain level exceeds a critical value. Our
phase-field simulation indicates that a normal T phase, like that in
PbTiO;3 with (¢/a — 1) <10%, is strong enough to tolerate a large
bending strain of >5%. We can see that the freestanding BiFeO;
membranes are still not breaking when the bending strain is >5%

60of 9



SCIENCE ADVANCES | RESEARCH ARTICLE

(Fig. 3E and movie S3). Therefore, it is reasonable to expect that a
super-tetragonal phase may further improve such super-elasticity
and flexibility, as it could tolerate an even larger ferroelastic strain
(c/a—1) > 10%.

Benefiting from the superior flexibility of freestanding single-
crystalline BiFeO3; membranes, large strain gradient could be easily
achieved, which will be useful for macroscopic engineering of
flexoelectricity (28). Here, the strain gradient along the thickness
direction, which is inverse to the radius of curvature, could reach
the level of 10° m™" across the film thickness of >100 nm with the
smallest radius of curvature of about 1 um, and this is about five
times magnitude larger than the traditional method by bending of
bulk materials (28). Although a notable strain gradient of up to 10~
to 10 m™" was reported in the ferroic oxide thin film by strain
engineering or nanoindentation, its length scale is usually limited to a
few tens of nanometers because of the quick relaxation of strain/stress
(19). Therefore, freestanding single-crystalline BiFeO; membranes
with high flexibility provide a practical platform for flexoelectrics,
extending their applications in flexible electronics. In addition,
bending-induced phase transition in freestanding single-crystalline
BiFeOj thin films will provide an alternative method to manipulate
morphotropic phase boundaries irregardless of substrates, which is
favorable for enhancing macroscopic dielectric, ferroelectric, and
piezoelectric properties (18, 20).

In conclusion, freestanding single-crystalline multiferroic BiFeO3
membranes were fabricated by a lift-off process in water, and they
exhibited high flexibility that is considerable to metallic and organic
materials. A fundamental mechanism of such superior flexibility
was proposed, and it is originated mainly from the reversible phase
transition between the rhombohedral phase and the tetragonal
phase in BiFeOj;. As polarization rotation and phase transition are
general phenomena in many ferroic oxides, this study also implies
that super-elasticity will exist in a variety of freestanding perovskite
ferroic oxide membranes and related nanomaterials.

MATERIALS AND METHODS

Deposition of epitaxial thin films

At first, the polycrystalline Sr3Al,Og and BiFeOj; targets were pre-
pared by the solid-state reaction method. Both Sr3Al,0¢ and BiFeO3;
thin films were deposited sequentially on SrTiO3(001) substrates by
pulsed laser deposition using a KrF excimer laser with a wavelength
of 248 nm. The Sr3Al,Og layer was grown at 740°C under an oxygen
pressure of 15 Pa, the energy density was about ~0.8 J/cm?, and the
repetition rate was 5 Hz. The BiFeOj; layer was grown at 600°C under
an oxygen pressure of 1 Pa, the energy density was ~0.7 J/cm?, and
the repetition rate was 5 Hz. The SrTiO3/Sr3Al,06/BiFeO3 hetero-
structures were in situ annealed in the deposition chamber at 400°C
for 30 min with an oxygen pressure of about 200 Pa.

Release and transfer BiFeO; membranes

A soft supporting layer was coated or attached to the surface of
BiFeO; epitaxial thin films, and this supporting layer could be
polydimethylsiloxane (PDMS), silicone-coated polyethylene tere-
phthalate (PET), or photoresist (AR-P 3510T, Allresist GmbH).
They were then immersed into deionized water at room tem-
perature for a few hours, until Sr3Al,O¢ layer was completely
dissolved and BiFeO3; membrane was separated from the substrates.
PDMS or PET could serve as flexible substrates. To transfer BiFeO;

Peng et al., Sci. Adv. 2020; 6 : eaba5847 21 August 2020

on the silicon substrate, “photoresist/BiFeOs” stack was first trans-
ferred to Si and then the photoresist could be removed completely
by acetone.

Structural electrical characterizations

High-resolution x-ray diffraction measurements (8-26 scan) were
conducted with a PANalytical Empyrean diffractometer. The RSM
was carried out by using high-resolution synchrotron x-ray, which
was recorded at the BLO9B beamline of the Shanghai Synchrotron
Radiation Facility (SSRF). Atomic-resolution HAADF and annular
bright-field images were obtained on a JEOL ARM200F microscope
with CS-corrected STEM operated at 200 kV. In situ SEM bending
test on BiFeOs nanoribbons was conducted by FIB (Helios NanoLab
DualBeam) with Kleindiek mechanical manipulators. BiFeO3 nano-
ribbons were fabricated from the large-area freestanding membrane
using FIB (Ga+ sources, low ion current). The ferroelectric do-
mains and polarization reversal behaviors were characterized by
piezoresponse force microscopy (Asylum Cypher).

Phase-field simulations

In the phase-field model for the ferroelectric freestanding film, we
use the local polarization vector P = (P;, P,, P3) as the main order
parameter, the spatial distribution of which describes ferroelectric
domain structures. The temporal evolution of P; (i = 1, 2, 3) in a
(001)-oriented BiFeOj freestanding film is calculated by numerically
solving the time-dependent Ginzburg-Landau equation (36)

aPi(r, t) _ SFtOt
ot  T8P(r,t)

1

where r is the spatial position, L is a kinetic coefficient, and Fy is
the total free energy of the BiFeOs film, expressed as

Ftot = .m (fland +f;.lect +felastic +fﬂexo) av (2)

Viro

where Vgpo denotes the volume of the BiFeOj3 film and fiand, felect
Sarads felastic and fiexo represent the local densities of landau, electro-
static, gradient, elastic, and flexoelectric energies, respectively. The
mathematical expressions for the fland, felect fgrad> and felastic of the
BiFeO; film are given in the literature (7, 27-30, 37). faexo can be

given as
Jiw Jejj
Slexo = 5| € P (o

where fijx1 (i, j, k, | = 1 to 3) denote the flexoelectric coupling co-
efficients (or flexovoltage coefficients) (28). In the simulation, Voigt
notation of fij; for the cubic symmetry is used, i.e., fi1 = fi111,
12 = fi122, and fuq = fi212. Because of the uncertainties of fjj, f11 = 2.5V,
fi2=2.5V, and fy4 = 1.25 V are used for the simulation.

Equation 1 can be solved numerically by a semi-implicit Fourier
spectral method (38) based on a quasi-two-dimensional geometry sample
on 800Ax x 2Ay x 126Az with a real grid space of Ax=Ay=Az=1nm.
The thickness of the film, the substrate, and the air are 110Az, 10Az,
and 6Az, respectively. The mechanical boundary condition between
the bottom layer of the film and the top layer of the substrate is
set as a stress-free boundary to satisfy the boundary of the free-
standing film.

0P _
”axl

3)
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SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/34/eaba5847/DC1
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