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ABSTRACT: The low bending stiffness of atomic membranes
from van der Waals ferroelectrics such as @-In,Se; allow access to
a regime of strong coupling between electrical polarization and
mechanical deformation at extremely high strain gradients and .
nanoscale curvatures. Here, we investigate the atomic structure iiiiiiiiiiiiiiiiiiiis y 38
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and polarization at bends in multilayer at-In,Se; at high curvatures ssssssssssssssssssaass
down to 0.3 nm utilizing atomic-resolution scanning transmission '"'"'"T T
electron microscopy, density functional theory, and piezoelectric —ssserseeeeessssseseses kk
force microscopy. We find that bent a-In,Se; produces two classes )
of structures: arcs, which form at bending angles below ~33°, and
kinks, which form above ~33°. While arcs preserve the original
polarization of the material, kinks contain ferroelectric domain
walls that reverse the out-of-plane polarization. We show that
these kinks stabilize ferroelectric domains that can be extremely small, down to 2 atoms or ~4 A wide at their narrowest point.
Using DFT modeling and the theory of geometrically necessary disclinations, we derive conditions for the formation of kink-
induced ferroelectric domain boundaries. Finally, we demonstrate direct control over the ferroelectric polarization using
templated substrates to induce patterned micro- and nanoscale ferroelectric domains with alternating polarization. Our results
describe the electromechanical coupling of @-In,Se; at the highest limits of curvature and demonstrate a strategy for nanoscale

ferroelectric domain patterning.
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he large, switchable electric polarization of ferro-

electrics makes them promising candidates for next

generation technologies including energy harvesters,
transducers, and memristors." Flexoelectricity, defined as the
coupling between strain gradients and electrical polarization,
plays an important role in ferroelectrics, where it can enhance
or rotate the electrical polarization and manipulate ferroelectric
domain structure. For example, strain gradients from
heteroepitaxy, substrate deformations, or scanned probes can
be used to induce the formation of ferroelastic domain
boundaries’ and pattern ferroelectric domains.””® These
effects are especially significant in recently developed free-
standing ferroelectrics, made by releasing epitaxially grown
ferroelectric thin films like BiFeOj; or by exfoliating van der
Waals ferroelectrics like a-In,Se;. Such freestanding ferro-
electrics can be bent and wrinkled into complex three-
dimensional shapes. Understanding the interaction between
mechanical deformation and ferroelectric polarization in this
regime of highly deformed structures is important to emerging
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applications like nanoscale transducers or sensors, micro-
robotics, and wearable electronics.

In particular, flexoelectricity has emerged as an active area of
research in 2D van der Waals materials,"* ™" because their high
516 and low bending moduli'’~*°
possible to sustain extremely large strains and strain gradients.
van der Waals materials can achieve bending radii as low as 1

m,"”*° more than 30-fold higher curvatures than those
achieved so far in freestanding ferroelectric oxides, correspond-
ing to strain gradients 2 orders of magnitude higher than those
achieved via heteroepitaxy in conventional thin film oxides.
While flexoelectric effects should be strongest in strongly polar
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Figure 1. Bend-induced domain wall formation in a-In,Se;. (a) Optical image of a-In,Se, flake mechanically exfoliated onto a SiO,/Si
substrate. (b) Cross-sectional ADF-STEM image of the a-In,Se; buckle, from the region indicated by the dotted line in (a). (c) ADF-STEM
image and (d) cartoon of flat multilayer a-In,Se;, viewed along the (1100) zone axis. The out-of-plane polarization is visible as a shift in the
center Se layer in each quintuple layer of @-In,Se; and is directly determined from atomic-resolution imaging. (¢) ADF-STEM image and (f)
cartoon of an arc in multilayer @-In,Se;, with a bending angle of 22.5°. The polarization varies smoothly with the curve and points
downward, perpendicular to the basal plane on both sides of the arc. (g) ADF-STEM image and (h) cartoon of a kink with a bending angle of
45°. The polarization changes from down to up across the kink from left to right.

materials such as ferroelectrics, the vast majority of studies in
2D systems have focused on materials that are centrosym-
metric or weakly polar. The interplay between high strain
gradients and ferroelectricity remains largely unexplored.

Here, we investigate the impact of nanoscale bending in a-
In,Se;, a room-temperature van der Waals ferroelectric with a
thickness-dependent Curie temperature of $33—700 K. 7> a-
In,Se; has been used in field-effect transistors, memristors,
neural computing, and nonvolatile memories.”* Moreover, a-
In,Se; exhibits rich electromechanical behavior, such as strain-
induced phase changes” and flexoelectric effects."” We utilize
bending in @-In,Se; to probe electromechanical coupling in a
previously unstudied limit: in a strongly polarized, ferroelectric
material under extreme bending down to a 0.3 nm radius of
curvature, where electromechanical coupling should be the
strongest. By combining atomic-resolution scanning trans-
mission electron microscopy (STEM) with density functional
theory (DFT) and piezoelectric force microscopy (PFM), our
work provides an atomic-scale understanding of bending in 2D
ferroelectrics and illustrates a mechanism by which bending
leads to the formation of ferroelectric domain boundaries in
2D systems.

RESULTS AND DISCUSSION

Figure 1 demonstrates the impact of bending and the
formation of bend-induced domain walls in multilayer a-
In,Se;. Figure la shows an optical image of a typical sample
containing a bend. To induce bends, we mechanically exfoliate
a-In,Se; onto a Si0,/Si substrate (see Section 1.1 in the
Supporting Information). Many of the flakes naturally contain
buckle delaminations, which form due to stresses induced
during exfoliation, as has been observed in other van der Waals
materials.” ">’ Then, we prepare cross-sections of the buckle
using focused ion beam (FIB) milling and image the samples

using aberration-corrected annular dark-field STEM (ADF-
STEM). We use ADF-STEM to image the microscale
morphology of the buckle, characterize the nanoscale curvature
of an individual bend, and probe the atomic-scale structure
within each layer in order to determine the local polarization of
the ferroelectric. Figure 1b is a micron-scale STEM image
showing each buckle contains several nanoscale bends. Figure
1c shows the local atomic structure within the ferroelectric at a
flat region near the buckle. As shown in Figure 1d, the crystal
structure of a-In,Se; possesses a net out-of-plane electric
dipole moment. This polarization can be seen as a shift of the
center Se sublayer along the c-axis within each quintuple
layer”"***° and imaged via cross-sectional atomic-resolution
STEM (Figure 1c). We further confirm the polarization
direction with PEM (Figure S1). While some groups have also
reported an in-plane polarization component,®"** @-In,Se,
exhibits 3-fold rotational crystal symmetry (Figure S2),
which should produce zero net in-plane polarization in the
absence of in-plane strain.*

As shown in Figure le—h, we observe two classes of
bends—arcs and kinks. These structures are distinguished by
their bending radii: while kinks are atomically sharp, we
observe arcs with internal bending radii of 5—150 nm. At the
bends, we sometimes observe buckle delamination, where
layers of a-In,Se; separate (Figure 1b), but we do not observe
the formation of cracks within a layer at any of the arcs or
kinks. Figure 1 panels e and f show the ADF-STEM image and
cartoon structure of an arc with a bending angle of 22.5°
While atomic columns are not visible in Figure le because the
bending direction does not lie along a major zone axis, the
polarization direction is still visible by examining the shifts of
the center Se plane in each a-In,Se; layer. The polarization
direction rotates smoothly with the curve, pointing toward the
substrate (down) across the entire arc and remaining
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Figure 2. Angle-dependent kink and domain wall formation. (a—f) ADF-STEM images of six different bends in multilayer a-In,Se;. Smooth
arcs (purple) contain no domain walls, whereas sharp kinks (red) exhibit domain walls. (g) ADF-STEM image of two kinks in series,
resulting in a wedge-shaped domain polarized up between two domains polarized down. At the tip of the wedge, the domain width within a
layer drops to only two atoms wide. (h) Plot of multilayer thickness versus bending angle for arcs (purple squares) and kinks (red circles),
extracted from 55 different bends. For samples where a portion of the material delaminates to form a bend; the thicknesses are reported for
the delaminated layers. Arcs occur for bends below 33°, while kinks form above 33°.

perpendicular to the basal plane. Figure 1 panels g and h show
an ADF-STEM image and cartoon structure of a kink with a
bending angle of 45°. The kink forms an atomically sharp
domain wall. Across the kink, the polarization changes from
pointing roughly down toward the substrate to up away from
the substrate, while remaining perpendicular to the basal plane
on either side.

In Figure 2, we systematically investigate the role of bending
angle on the sample morphology. Figure 2 panels a—f show
STEM images from six bends with bending angles from 9° to
89°. Generally, smaller bending angles (ex: 9°, 15° and 22°
bends shown in Figure 2a—c) produce smooth arcs, while
larger bending angles (ex: 41°, 52°, and 89° bends shown in
Figure 2d—f) produce kinks. Moreover, we do not observe any
strain away from the kink. In addition, arcs do not contain any
defects, such as dislocations or disclinations, and they do not
appear to alter the polarization direction of the material: for
example, the bends in Figure 2a—c can appear in both down
(Figure 2a,b) and up (Figure 2c) domains. These structures
achieve extremely high strain gradients. For example, the strain
gradient in the arcs, calculated as the reciprocal of the radius of
curvature, ranges between 7 X 10° and 2 X 10® m™, 2 orders of
magnitude higher than in heteroepitaxial growth® and 12 to
400 times higher than in atomic force microscopy (AFM) tip-
induced mechanical writing.**~¢

Notably, we also find that kinks in mechanically deformed a-
In,Se; can produce extremely small ferroelectric domains. The
STEM image in Figure 2g shows two kinks in close proximity,
resulting in a wedge-shaped up domain in between two
domains polarized down. At the tip of the wedge, the domain is
only two atoms (approximately 4 A) wide. To our knowledge,
this is the smallest dimension ever reported for a ferroelectric
domain, 75 times smaller than the domains obtained from an
AFM probe-induced strain gradient.’

Figure 2h plots the thickness of the a-In,Se; versus bending
angle for arcs (purple squares) and kinks (red circles) in SS
bends measured across 9 different samples. Two trends are
visible in these data: first, lower bending angles <33° produce

smooth arcs, while higher bending angles >33°, lead to sharp
kinks. This behavior is thickness-independent and consistent
across the 55 bends measured. Second, kinks produce an
atomically sharp domain wall, while arcs do not.

These observations are strikingly different from the flexo-
electric effects previously observed in 2D materials, where the
polarization is directly correlated with the sign of the local
curvature. For example, periodic ferroelectric striped domains
form in rippled CulnP,Ss, where the polarization points
radially outward with respect to each curve.* Bend-induced
flexoelectricity has also been observed in nonferroelectric 2D
materials such as graphene, MoS,, and other 2D transition
metal dichalcogenides.u_14 In contrast, our images show that
arcs of a-In,Se; maintain their original polarization direction
with respect to the c-axis, with no measurable shifts in the
center Se sublayer, regardless of whether the polarization
points radially inward or outward. Rather than direct
flexoelectricity in smooth arcs, kink formation is the primary
mechanism for bend-induced ferroelectric domain wall
formation in @-In,Se;.

Figure 3 identifies the energetic and geometric origins of
kink formation. Figure 3a shows the relaxed structures of a
monolayer a-In,Se; arc and kink obtained from DFT. In these
simulations, we vary the bending angle by changing the
compression of the supercell. Next, using methods we have
developed to study bending in van der Waals multilayers and
heterostructures,'”*° we measure the bending energy, defined
as the difference in ground state energies between bent and flat
structures of equal length. To match experiment, we initialize
the kinks with a domain wall and arcs without a domain wall
(Figure S3 and Section 1.2 in the Supporting Information). We
also simulate kinks without domain walls but find that such
structures are energetically unfavorable (Section 1.3 in the
Supporting Information). We calculate the bending stiffness of
monolayer a-In,Se; to be 9.9 + 0.2 eV (Section 1.4 in the
Supporting Information), on the same order of the bending

stiffnesses of monolayer transition metal dichalcoge-
nides, 17:2037,38
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Figure 3. Calculated structure and energetics for arc and kink
formation in @-In,Se;. (a) Simulated relaxed structures of
monolayer arc and kinks obtained from DFT simulations at 45°
and 42° bending angles, respectively, with bending axes parallel to
the (1100) direction. (b) Plot of DFT-calculated bending energy
versus bending angle for arcs (purple) and kinks (red) in @-In,Se;.
At bending angles above approximately 36°, kinks are more
energetically stable than arcs. (c) Wedge disclination illustration in
the kink. The geometric relationship requires a bending angle of
34° to satisfy the formation of one disclination per layer.

Figure 3b plots the bending energy for arcs and kinks as a
function of bending angle from DFT. Here, we focus on
bending angles near 33° to understand the origin of the
observed transition from arcs to kinks. For arcs, the bending
energy increases with angle, as expected from continuum
mechanics.’*** In contrast, the bending energy of kinks
exhibits a minimum between 35° and 45° (details in Figure S4
and Section 1.5 of the Supporting Information). Importantly,

Figure 3b shows that the bending energies of arcs and kinks
cross at a bending angle of approximately 36°, making arcs
energetically favorable below this angle and kinks favorable
above it. These results are in excellent agreement with the
experimental data in Figure 2.

The origin of this critical bending angle can be understood
using the theory of geometrically necessary disclinations.*' The
diagram in Figure 3c relates the bending angle required to form
one disclination per layer in a kink to the lattice parameters of
a-In,Se;. This diagram indicates an “ideal” bending angle to
form a kink from a disclination with minimal lattice strain:

0 itical = 2 arctan( dd"’ ), where d;p = 2.08 A is the in-plane
0oP

spacing between projected atomic columns, and dgop = 6.70 A
is the distance between the top and bottom Se planes, acquired
from DFT simulations. This equation yields an equilibrium
kink angle of 34° for a crystal bent parallel to the (1100)
direction. While the geometric condition for disclination
formation should depend on the crystallographic direction of
the bend, our calculations yield a similar critical angle for
bending along the (2100) zone axis (Figure S5). Here, these
angles represent the bending angles for which kink formation
energy should be the lowest, and they are in good agreement
with our DFT results. Interestingly, the formation of domain
walls via disclination kinks creates a purely geometric condition
for the bend-induced domain walls in @-In,Se;, a phenomenon
that has not been previously observed in other ferroelectrics.
Next, we show how 3D buckled structures generate micron-
scale polarization domains. Figure 4 shows corresponding low-
magnification ADF-STEM, AFM topography, and PEM images
of an a-In,Se; buckle formed via mechanical exfoliation (see
Methods for PFM imaging details). The buckle structure is
complex, containing multiple arcs and kinks (Figure 4a).
Because each kink produces a domain wall, buckles that
contain an odd number of kinks in series have opposite
polarization on either side. In Figure 4a, three kinks are visible
(black solid lines) in the layers near the top of the sample.

Figure 4. Domain evolution at buckles in @-In,Se;. (a) Cross-sectional ADF-STEM image of a complex @-In,Se; buckle. Layers undergo
three kinks in series as marked by the solid black lines, producing opposite polarizations to the left and right of the buckle. (b) AFM height
image and (c) normal PFM phase image of the same @-In,Se; flake shown in (a). The bright gold vertical line in (b) is the buckle in the flake.
As shown in (c), the majority of the flake has an upward polarization (blue), except to the right of the buckle, where there is a ~2 ym wide
downward-polarized ferroelectric domain (yellow). The boundary of the new domain is marked by the red dashed line.

https://doi.org/10.1021/acsnano.3c01311
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a a-In,Se,

Figure 5. Controlled domain wall formation in a-In,Se; using patterned substrates. (a—d) Schematics of the experiment before (a,b) and
after (c,d) transfer. (e,f) AFM height profile of Sample 1 and Sample 2 transferred on the trenches and (gh) corresponding PFM phase
images, with the edges of the flakes marked in red. Sample 1 in (e) has an initial polarization down, while Sample 2 in (f) has an initial
polarization up. After transfer, flat regions maintain the original polarization direction, while suspended a-In,Se; at the trench edges exhibit

reversed polarization.

Comparing the AFM and PFM images (Figure 4b,c), we see
that, while the majority of the flake has an upward (blue)
polarization, a new domain (yellow) starts at the buckle and
propagates around 2 um to the right, until it terminates at a
crack in the material (Figure S6 shows STEM images of the
crack). We observe this domain creation and termination in
several samples; in each, the newly generated domain
propagates freely through the material until it is arrested by
a defect such as an edge, crack, or another kink. These data
suggest that kinks may be used to controllably fabricate
ferroelectric domains.

Figure S demonstrates the controlled creation of ferro-
electric domains in a-In,Se; using templated substrates.
Templated substrates have been utilized to apply patterned
strains and strain gradients in order to explore physics such as
strain engineering of Raman modes,** exciton trapping,43 and
inducing of superlattice quantum states.”* We use electron
beam lithography to fabricate an array of trenches 2—5 ym
wide and 150 nm deep in a Si substrate and then transfer 12—
40 nm a-In,Se; flakes on top (see Methods). The trenches
serve as a template on which the a-In,Se; partially conforms to
the surface. Using our previous studies of 2D materials
laminated on steps,'””” we estimate the thickness-dependent
bending stiffness of a-In,Se; and design the height of the
trenches to promote the formation of kinks in thin samples
(Section 1.7 in the Supporting Information and Figure S9).
Before transfer, the a-In,Se; flakes have uniform polarization
down (Figure Sa) or up (Figure Sb). AFM topography images
(Figure Se,f) and corresponding PFM phase images (Figure
Sgh) are shown for two representative samples (see Figure S7
for optical microscope images of the samples and Figure S8 for
an additional sample). Sample 1 (Figure Se,g) is 25 nm thick,
while Sample 2 (Figure Sfh) is 20 nm thick. After transfer,
each flake forms two domain wall kinks near the edges of each
trench: one at the top and one at the bottom of each trench.
The PFM data (Figure S gh) show that flat regions of the
sample maintain the original polarization direction of the flake,
while suspended regions at the edge of the trenches have
reversed polarization. Discussed in the Supporting Information
Section 1.6, we estimate that the primary contribution to the
PEM signal on the suspended regions is the piezoelectric

expansion of the film, with smaller contributions rising from
the electrostatic and flexoelectric deflection. We also observe
that the domain wall at the top of the step is straight, whereas
the domain wall at the bottom of the step is jagged (Figure
Sgh and Figure S8). The roughness of the domain wall at the
bottom of the trench likely results from heterogeneities in the
local strain within the a@-In,Se; flake after transfer, which
produces variations in the position of the contact between the
material and the substrate and thus the location of the kink and
domain wall. Together, Figure 5 demonstrates that the bend-
induced polarization reversal can be directly induced and
patterned using templated substrates. Modifying the size and
aspect ratio of the templated surface should allow patterning of
domains with different shape, size and symmetry. Coupled
with our observations in Figure 2g, the minimum size of
patterned ferroelectric domains in @-In,Se; may be as low as 4
A, nearly 2 orders of magnitude smaller than the domain size
obtained from utilizing an AFM probe-induced strain
gradient.’

CONCLUSION

These results demonstrate a mechanism in a@-In,Se;, where
bending to high angles produces kinks and corresponding
ferroelectric domain walls. We experimentally observe a critical
bending angle for kink formation, which we corroborate using
DFT calculations and the theory of geometrically necessary
disclinations. We also show that new ferroelectric domains are
nucleated from these kinks and propagate over the micron
scale. Finally, we demonstrate that we can pattern micron-scale
ferroelectric domains by transferring multilayer a-In,Se; to
templated substrates. This study provides a fundamental
understanding of bend-induced atomic-to-micron-scale struc-
tural modulation that produces electrical polarization domain
boundaries in van der Waals ferroelectrics. These findings
establish opportunities for electrical polarization manipulation
and domain wall engineering in deformable nanoelectronics.

METHODS

TEM Sample Preparation. We thermally evaporate a protective
layer of amorphous carbon that is S—30 nm thick on top of a-In,Se;.
Then, we fabricate cross-sectional STEM samples using standard FIB

https://doi.org/10.1021/acsnan0.3c01311
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lift-out procedures in a Thermo Fisher Scientific Helios 600i
DualBeam FIB-SEM and Scios 2 DualBeam FIB-SEM. A cryo-can
is used during thinning to minimize redeposition.

Aberration-Corrected STEM Imaging. The cross-sectional
samples are imaged in a Thermo Fisher Scientific Themis Z
aberration-corrected STEM. The STEM is operated at 300 kV at a
convergence angle of 25.2 mrad.

DFT Simulations. We use DFT to simulate bending in monolayer
a-In,Se; using VASP* with projector augmented wave pseudopo-
tentials.*® The in-plane lattice constant of the In,Se; unit cell is 4.1 A
and its thickness is 6.7 A. We choose a rectangular supercell of
monolayer In,Se; that contains 400 atoms. To bend the monolayer a-
In,Se;, we deform the material through geometric perturbation in the
out-of-plane z-direction. We also reduce the size of the simulation cell
along the x-direction so that the total length of the deformed a-In,Se;
remains the same as its flat configuration. The y-direction remains
unchanged and parallel to the xz-plane. The dimension of the system
size of the simulation is 166.47 A X 7.21 A x 58 A. We incorporate a
vacuum of 58 A to avoid interaction between the adjacent periodic
image of a-In,Se; along the z-direction. To generate the bend

structures, we have followed the methodology from our previous
19,20

papers.
The Brillouin zone is integrated using the Monkhorst—Pack

method*” and the k-space is sampled using a 1 X 4 X 1 mesh. The
energy cutoff for the DFT simulations is 400 eV for the plane wave
basis and 107" eV for the total energy convergence. Geometric
relaxations are performed to obtain the ground state configuration for
each a-In,Se; supercell. We allow the relaxation until forces on each
atom are below 0.03 eV/A. We calculate the bending energy of bent
a-In,Se; by subtracting the total energy of the unstrained and flat
configuration from the total energy of bent configuration. From the
bending energy, we also calculate the bending stiffness of monolayer
a-In,Se; which is 9.9 + 0.2 eV (see Section 1.4 in the Supporting
Information), consistent with the bending stiffnesses of monolayer
transition metal dichalcogenides.'”*?73*

PFM Imaging. We perform AFM and PFM imaging with an
AIST-NT SmartSPM instrument. During the measurement, we apply
an AC bias to the platinum coated probe (ElectriTap190-G, Budget
Sensor) at the contact resonance frequency. We measure in PEM-Top
Mode where the probe is in contact with the sample during the
measurement but lifted in between two scanning points to minimize
probe wear and parasitic signals. For each scanning point, the
piezoelectric flake oscillates in response to the oscillating electric field
generated by the applied AC bias on the probe. The cantiliever
deflects in response to the oscillation. which is captured by a lock-in
amplifier. The phase and amplitude of the deflection along with the
topography is obtained by PFM. The phase image shows the
orientation of the dipole moments of the sample.

Fabrication of Patterned Trenches. To fabricate the array of
trenches, 400 nm of ZEP is spin-coated on Si substrate. Then the
design of the trenches (length S0 ym and width 2 ym with S ym
separation for sample 1; length S0 ym and width S gm with 2 um
separation for sample 2 and length 50 ym and width S gzm with 1 gm
separation for sample 3) is patterned by electron beam lithography.
Then the ZEP is developed and the Si substrate is etched to create
150 nm deep trenches by CHF; etchant. The remaining ZEP is
removed by PG remover and the substrate is subsequently sonicated
and cleaned by Piranha solution to remove any possible polymer
residue. Caution: Piranha solution is aggressive and explosive. Never
mix Piranha waste with solvents. Check the safety precautions before
using it.

Transfer of a-In,Se;. First, the a-In,Se; flakes are exfoliated on
SiO, substrate. Then, a 6% (w/w) poly(bisphenol A carbonate) (PC)
in chloroform is spin-coated on the substrate. The PC film, along with
the a@-In,Se;, is subsequently delaminated and put on a
polydemethylsiloxane (PDMS) stamp. Finally, the PC film along
with the a-In,Se; flake is transferred onto the trenches and the
temperature is increased to 200°. The PC melts and is removed by
putting the whole system in an overnight chloroform bath.
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