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Exceptional plasticity in the bulk single-crystalline
van der Waals semiconductor InSe
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Inorganic semiconductors are vital for a number of critical applications but are almost universally
brittle. Here, we report the superplastic deformability of indium selenide (InSe). Bulk single-crystalline
InSe can be compressed by orders of magnitude and morphed into a Mabius strip or a simple

origami at room temperature. The exceptional plasticity of this two-dimensional van der Waals
inorganic semiconductor is attributed to the interlayer gliding and cross-layer dislocation slip that are
mediated by the long-range In-Se Coulomb interaction across the van der Waals gap and soft intralayer
In-Se bonding. We propose a combinatory deformability indicator (Z) to prescreen candidate bulk
semiconductors for use in next-generation deformable or flexible electronics.

norganic semiconductors are versatile and

have applications in information, sensor,

catalysis, and energy technologies (7). Most

bulk inorganic semiconductors are intrin-

sically brittle at ambient condition (2). The
lack of intrinsic plasticity and deformability
restricts the scope of application for bulk in-
organic semiconductors. While doping or al-
loying may alter the electrical, magnetic, optical,
and thermal properties of an inorganic semi-
conductor by orders of magnitude, doping hardly
bestows any plasticity and deformability. A
handful of examples, however, suggest that this
is not always the case. Bulk single-crystalline ZnS
is brittle under normal lighting but becomes
plastically deformable in complete darkness at
ambient temperature, as plastic deformation
is inhibited by the trapping of photoexcited
charge carriers and the electrostatic interac-
tions between dislocation cores (3). Brittle mate-
rials in the bulk form can also exhibit plasticity
as nanowires (4). The discovery of intrinsic
plastic deformability in bulk Ag,S (5) has
enabled the fabrication of a fully inorganic
Ag,S-based flexible thermoelectric power gen-
eration module (6). The plasticity of bulk Ag,S
is attributed to multicentered chemical bonding
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and solid linkage among easy slip planes (5)
or to easy motion of Ag-S octagons without
breaking Ag-S bonds in the presence of metallic
Ag-Ag bonding (7).

Aside from Ag,S, evidence for a wide range
of bulk inorganic semiconductors being plas-
tically deformable at ambient condition is not
yet available. Note that two-dimensional van
der Waals (2D vdW) inorganic materials gain
pliability upon exfoliation, after thinning down
to a monolayer or a few layers (8, 9). This ob-
servation follows the general rule that the
bending modulus is proportional to the cube
of the thickness (10), and thus the stiffness of a
bulk material can be lowered by reducing its
cross-sectional area (17-13). Hence, monolayer
or few-layer 2D vdW inorganic semiconduc-
tors become promising candidates for nano-
electronics (14, 15).

Still, plastic deformability is not expected
for a bulk 2D vdW inorganic semiconductor
at room temperature. The thickness-induced
flexibility does not change the brittle nature of
the material, and large stress during deforma-
tion can still rupture a material of finite thick-
ness, especially for those high-elastic modulus
materials such as graphene or graphite (16).
In a typical 2D vdW bulk inorganic semicon-
ductor, the intralayer bonding is often covalent
or ionic-covalent, creating intralayer rigidity.
The presence of a vdW gap makes the material
easy to cleave, thus making it difficult for the
material to retain its structural integrity through
plastic deformation.

In this work, we discovered that indium sel-
enide (InSe), a 2D vdW group IIIA metal chal-
cogenide, exhibits exceptional plasticity in the
bulk single-crystalline form but not in the bulk
polycrystalline form. We characterized and
pinpointed the atomic origin of deformabil-
ity and plasticity and proposed a deformabil-
ity factor (Z) to prescreen materials that can
be morphed into various shapes for specific
applications.

Despite the potential applications in elec-
tronics and optoelectronics (17-19), InSe is
underutilized compared with other III-V and
II-VI semiconductors. InSe adopts a layered
structure in which each layer is formed by
the In-Se honeycomb lattice in the ab plane,
and the sequence of atoms in the ¢ direction is
Se-In-In-Se, with a vdW gap between Se and
Se (Fig. 1A). These layers are stacked along the
¢ axis with a period of ~0.8 nm (¢/2, where c is
the lattice constant along the ¢ axis). Different
layer-stacking sequences lead to various poly-
types (20-22). The as-grown InSe crystalline
ingot (23) and its cleaved facets have a metallic
luster (Fig. 1, B and C). The measurements of
packing density, x-ray diffraction (XRD), and
transmission electron microscope-selected-area
electron diffraction (TEM-SAED) (fig. S1) cor-
roborate that the InSe samples studied here
are B-phase single crystals with a space group
of P63/mmc (20). The unit cell contains two
Se-In-In-Se layers, with the In atoms in one
layer vertically aligned with Se atoms in the
adjacent layer (Fig. 1A).

The as-grown InSe single crystal is a non-
degenerate, native n-type semiconductor with
a measured bandgap around 1.2 eV (fig. S2),
consistent with previous reports (18, 24). The
sheets peeled off from an InSe single crystal
can be bent, wound, twisted into a M&bius strip,
or folded into a simple origami (Fig. 1, D to F).
Large deformation induces large local stress,
as reflected by the few wrinkles and microcleav-
ages on the compression side of an ~300-um-
thick sheet (~10° unit cells along the c axis) that
is folded into a “U” shape with an ~400-um ra-
dius semicircle without visible fractures (Fig.
1G). Rather than extending through the sam-
ple, these microcleavages and wrinkles are local,
and most can be healed by gentle pressing after
unfolding (fig. S3). Cyclic bending deformation
is found to have a trivial effect on the photo-
luminescence and Raman spectra and a lim-
ited effect on the electrical resistance (fig. S4).
Such exceptional deformability and plasticity
are not observed in other 2D materials with
similar thickness or in inorganic semiconduc-
tors such as SnSe and Bi,Te; (fig. S5). In fact,
2D materials such as graphene can only be
folded and unfolded when they are one or a
few layers thick (25) or by artificial microstruc-
tural manipulations (26).

As shown in Fig. 1, H and I, InSe crystals
exhibit ~80% compression strain along and
perpendicular to the ¢ axis. Because of the
equipment limit, the ultimate strain is not
reached. The serrations in the stress-strain
curve indicate the dislocation nucleation, cross-
link, and break off. Large plastic deformability
is also confirmed in the uniaxial tensile tests
(fig. S6A) and three-point bending tests (fig.
S6B). Progressive roller pressing can compress
a 660-um-thick crystal slab to the equipment
limit of ~15-um thickness (fig. S7), corresponding
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Fig. 1. Deformability of InSe single crystals. (A) Crystal structure of B-InSe and the projection on the (110) and (001) planes. (B) As-grown crystal and (C) cleavage
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Fig. 2. Microscopic characterization and in situ SEM compression tests revealing the plasticity mechanisms of InSe. (A to C) TEM-STEM analyses of
deformed InSe crystal; the zone axis is along (A) and perpendicular to [(B) and (C)] the ¢ axis. (A) The slip steps are the result of easy interlayer gliding. The inset is
the inverse Fourier transform from dark-field STEM (IFT-DF-STEM) image of the area near the slip step (dashed orange line). [(B) and (C)] IFT-DF-STEM images
of edge dislocations. Yellow lines highlight the edge dislocation. (D to G) In situ SEM compression tests on InSe micropillars along [(D) and (E)] and perpendicular to
[(F) and (G)] the ¢ axis, showing interlayer gliding and cross-layer slip.
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Fig. 3. Bond characters of InSe. (A) Intralayer modulus of InSe and several other
hexagonal 2D inorganic semiconductors (table S1). (B) Calculated slipping energy
(E, red, left axis) and cleavage energy (E., blue, right axis) for several representative

to a total compression ratio of >4000%. Brittle
materials are shattered through a similar
compression process. Scanning transmission
electron microscopy (STEM) and TEM charac-
terization of the deformed InSe single crystal
provide atomic-scale details of plastic defor-
mation and hints of the underlying mechanism.
As shown in Fig. 2A and fig. S1, the intralayer
lattice is nearly perfect, with very few defects;
the slip steps are the sign of interlayer gliding.
Meanwhile, the cross-layer lattice contains abun-
dant defects, such as stacking faults, consis-
tent with the streaked SAED spots (fig. S8A).
Figure S8B displays the continuous, smooth,
and fracture-free bending over many layers in
a collective fashion that underlies the macro-
scopic bendability. Edge dislocations are clearly
seen in Fig. 2, B and C, with the extra half-
plane of atoms parallel to the basal ad plane.
The cross-layer dislocation slip thus enables
shear deformation under compression.

‘We also conducted in situ SEM uniaxial com-
pression tests on the InSe single-crystalline
micropillars along and perpendicular to the ¢
axis (Fig. 2, D to G, and fig. S9). Consistent
with the results of macroscopic compression
tests (Fig. 1, H and I), the stress-strain curve
of microscopic compression tests clearly shows
slip-induced strain bursts (fig. S9), similar to
those of metals (27), and the morphology after
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testing is free of discernible cleavage, confirm-
ing the exceptional plasticity. Through the pro-
cess of compression, interlayer gliding occurs
first, followed by cross-layer dislocation slip, as
evidenced by the cross-layer shear band [Fig. 2,
D to G, and movies S1 and S2 (23)]. The shear
band angle (Fig. 2E) and the XRD patterns of
roller-pressed samples (fig. S10) suggest the
(10L) slip planes. Hence, it is the interlayer
gliding and the cross-layer dislocation slip that
enable the exceptional plasticity of bulk InSe
single crystal.

To elucidate the atomic origin of the excep-
tional plasticity of bulk InSe single crystal, we
inspected the intra- and interlayer interactions.
For intralayer mechanical properties, we used
the elastic stiffness constants (c;;) data to deduce
the intralayer Young’s modulus Ej;,, which is
isotropic within the ab plane of a hexagonal
crystal lattice (23). The Ej, value essentially re-
flects the intralayer bond rigidity, and the con-
tribution from interlayer interactions is small.
The E;, of InSe is ~53 GPa (Fig. 3A), among the
lowest for the hexagonal-structured semicon-
ductors, and explains the pliability of mono- or
few-layer InSe.

Given the difficulty of experimentally char-
acterizing the interlayer interactions and rela-
tive glide process, we invoked density functional
theory calculations. On the basis of our TEM

materials. (C) Differential charge density and (D) projection on the (110) plane.
(E) Charge density. (F) Electron localization function (ELF). (G to I) COHPs for interlayer
In-Se bonding (G), intralayer In-Se bonding (H), and intralayer In-In bonding (I).

observations, we assume that the (001) planes
slip along the [100] direction in InSe. For con-
venience, we divide each slipping period into
12 steps and calculate the energy variation
versus the interplanar distance for each step
(23). The slipping energy (E;) barrier of InSe
is as low as 0.058 eV per atom (Fig. 3B). In con-
trast, the cleavage energy (E.) is 0.084: eV per
atom, which is much higher than that of 2D
MoS, and graphene. The E. of InSe is also
substantially higher than that of well-known
brittle materials such as NaCl and diamond.
The small slipping energy Es points toward
an easy interlayer gliding, while the relatively
large cleavage energy E,. value favors a strong
interlayer integrity during slip. Facilitated by
the interlayer gliding and cross-layer slip (com-
pare Fig. 2, D to G), plastic deformation takes
place. The interlayer interaction, along with the
pliable layers, makes large plastic deformation
possible. The plasticity of InSe is strongly
anisotropic owing to the limited slip systems.

The intralayer and interlayer interactions
have a common origin in chemical bonding.
We calculated the charge density map and the
differential charge density map. One Se atom
is bonded with three In atoms in one layer,
leaving lone-pair electron lobes pointing to the
interlayer van der Waals gap (Fig. 3, C and D).
The electron localization function (ELF) of the
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intralayer In-Se bond is as low as 0.34 to 0.5
(Fig. 3F), which is comparable to that of metals
(28), suggesting a considerable degree of delo-
calization, a low bond rigidity, and thus a low
intralayer modulus (Fig. 3A). Similarly, one In
atom is bonded to three Se atoms and another
In atom. The In-In bond in the slab has a high
ELF of 0.94 and a strong, sharp peak in the
crystal orbital Hamilton population (COHP)
(Fig. 31), indicating a localized covalent feature.

For the interlayer interactions, we clearly
see the Se-Se interaction from the distortion of
the electron cloud in the differential charge
density maps (Fig. 3, C and D). The vdW-like
force is the prevalent feature of 2D materials.
Of special interest is the presence of a long-
range Coulombic interaction reflected in the
charge density distortion between In and Se
atoms across the layer (Fig. 3D, red arrows),
spreading from O to -7 eV in the calculated
COHP (Fig. 3G, blue rectangle). This long-
range Coulombic In-Se interlayer interaction
explains the peak-splitting in the Raman and
infrared spectra of InSe (29) and GaSe (30).
Here, the long-range coulombic In-Se inter-
layer interaction and the Se-Se vdW-like force
work in tandem with a sufficiently large E. to
enable the interlayer gliding and cross-layer
dislocation slip while retaining the structural
integrity through plastic deformation.

More important than the specific criteria for
deformability in InSe and Ag,S is the devel-
opment of a more general rule to find other
candidate bulk materials. Any criteria should
apply to both Ag,S and InSe. As the defor-
mability and bendability of 2D materials require
large cleavage energy (E.) and small slipping
energy (E;) to facilitate plastic deformation as
well as pliable layers with low modulus to allow
elastic bending, we propose that a deformabil-
ity factor ZE = (E./E5)(1/Ey,) (in units of inverse
gigapascals) might be useful to prescreen bend-
able and deformable inorganic semiconduc-
tors. The E,/E; ratio quantifies the plasticity of

the material that is in line with the criterion

Wei et al., Science 369, 542-545 (2020) 31 July 2020

E, (eV)

proposed by Rice et al. (31, 32), while Ej, is the
in-plane Young’s modulus along the slip di-
rection. We summarize = as a function of the
bandgap (E;) for a number of representative
materials (Fig. 4). Metals are in the top-left
corner with extremely large plasticity and
deformability but zero bandgap. The wide-
bandgap inorganic materials such as NaCl
and diamond are in the bottom-right corner
with brittleness and sizable bandgap. Nota-
bly, deformable semiconductor Ag,S and InSe
have close = values, and they are located in
the middle area with medium bandgaps. The
diagram also shows that p-Agl with a large
bandgap (~2.9 eV) should be deformable.
This seems to be the case according to early
literature (33). The Z-E, diagram can thus
be used as a guide to prescreen and develop
deformable and plastic bulk inorganic semi-
conductors, especially in the vicinity of InSe
and Ag,S.

In this work, we discovered exceptional de-
formability and plasticity in bulk single-crystalline
InSe, the first of its kind in van der Waals in-
organic semiconductors. We envisage applica-
tions in deformable and flexible thermoelectric
devices, sensors, and photodetectors, to name a
few. The results of comprehensive experimen-
tal and theoretical study corroborate that such
extraordinary mechanical properties stem from
both the intralayer pliability and the interlayer
long-range In-Se coulombic interaction across
the van der Waals gap, a trade-off and synergy
between the retention of substructures and
multiple easy slip pathways. We believe that
our proposed deformability factor will help
guide materials development for discovering
other bulk semiconductors useful in next-
generation deformable or flexible electronics.
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