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Highlights
Crystalline GaSe exhibits
substantial ductility upon loading
along certain orientations
Orientation-dependent
deformation mechanisms
revealed by in situ mechanical
testing
Large plasticity induced by van
der Waals interlayer gliding and
cross-layer slips
Ductile GaSe promising for
flexible/deformable electronics
and energy devices

Inorganic semiconductors are often brittle. Wang et al. report that the
thermoelectric semiconductor GaSe can exhibit substantial ductility upon
compressive and tensile loading along certain orientations. The large plasticity is
mainly attributed to van der Waals interlayer gliding, accompanied by cross-layer
slips, suggesting its potential for applications in flexible/deformable electronics
and energy systems.
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Orientation-dependent large plasticity
of single-crystalline gallium selenide
Heyi Wang,1 Hong Wu,2 Weitong Lin,1 Bin Zhang,3 Xiaocui Li,1 Yang Zhang,1 Sufeng Fan,1
Chaoqun Dang,1 Yingxin Zhu,1 Shijun Zhao,1,* Xiaoyuan Zhou,2,3,* and Yang Lu1,4,5,*

SUMMARY

Unlike metals and alloys with high ductility, inorganic semiconductors are mostly ceramics with brittle nature due to covalent/ionic
bonding. Recent studies have shown that some layered/van der
Waals semiconductors could exhibit substantial room-temperature
ductility, despite the fact that the underlying mechanisms remain
to be understood. Here, we report that the van der Waals semiconductor gallium(II) selenide (GaSe) can have crystal-orientationdependent large plasticity at room temperature. Through in situ
tensile and compressive experiments inside electron microscopes,
we demonstrate that microfabricated GaSe can have substantial
ductility loaded along and slanted with the intralayer direction while
showing predominantly elastic deformation perpendicular to the intralayer direction until brittle fracture. We further reveal that,
despite the interlayer gliding as the main mechanism, cross-layer
slips induced by buckling associated with stacking faults also
contribute to the plasticity. This study offers insights to understand
the ductility and plasticity of van der Waals semiconductors and
shows promising flexible/deformable electronics and energy-device
applications.
INTRODUCTION
Inorganic semiconductors play critical roles in many cutting-edge applications, such
as information, energy, sensor, and optical technologies.1,2 However, most inorganic semiconductors lack plasticity at room temperature because of the presence
of strong covalent bonding.3 The intrinsic brittle nature has become one of the obstacles that hinders the practical applications of inorganic semiconductors. One
approach to achieving good deformability in inorganic semiconductors is via
altering dislocation characters. For example, ZnS crystals can exhibit large plasticity
of up to 45% deformation strain in complete darkness, while they are brittle under
light conditions.4 It was found that the dark environment enables dislocations to
divide into two partial dislocations for mediating large slip deformation. On the
other hand, significant efforts have been devoted to discovering inorganic semiconductors with intrinsic plasticity, such as layered or van der Waals semiconductors. For
example, in the ambient environment, a-Ag2S exhibits extraordinary metal-like
ductility5 originated from the interlayer slippage, which is highly desirable for flexible/deformable devices. The large plasticity in a-Ag2S is also attributed to the irregularly distributed silver-silver and sulfur-silver bonds that suppress the cleavage of
the semiconductor. More intriguingly, the bulk single-crystalline van der Waals semiconductor InSe can be compressed into a thin sheet at room temperature,6 which is
due to the exceptional plasticity enabled by the cross-layer dislocation slip and the
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interlayer gliding, as observed in in situ scanning electron microscope (SEM)
compression tests.
Until now, only a limited understanding of the enhanced plasticity in van der Waals
semiconductors has been reported due to their intriguing microstructural feature.
Whether such plasticity can also be realized in a broader class of ceramic materials7
requires in-depth knowledge of plastic-deformation mechanisms. Hence, in this
work, we report the study of the plastic deformation in the thermoelectric semiconductor gallium(II) selenide (GaSe). GaSe is an III–VI group compound with a van der
Waals layered structure, exhibiting unique structural anisotropy8 and electronic interactions.9–12 Owing to its excellent properties, such as high transparency range,
high optical birefringence, and low loss, GaSe has been widely used in the fields
of nonlinear optics,13–16 solar cells,17,18 photoelectronic devices,19,20 solid-state
batteries,21 and energy devices.22,23
To explore the underlying plastic-deformation mechanism of the single-crystalline
van der Waals semiconductor GaSe systematically, we first designed uniaxial
compressive tests in three representative directions (perpendicular, along, and
slanted at an angle of 45 with the intralayer direction). We then performed uniaxial
tensile tests along and perpendicular to the intralayer direction. Using quantitative
in situ SEM nanomechanical tests,24–27 we found that the microfabricated van der
Waals semiconductor GaSe could demonstrate outstanding ductility along and
slanted with the intralayer direction. However, full elastic deformation was observed
before the catastrophic fracture perpendicular to the intralayer direction. We elucidate the underlying deformation mechanism based on the transmission electron microscopy (TEM) analysis and density functional theory (DFT) simulations.

RESULTS AND DISCUSSION
Microstructural characterization
GaSe is a lamellar compound with strong covalent bonding in the layer planes and
weak van der Waals interaction between layered planes. The schematic diagrams
of the atomic structure are shown in Figures 1A and 1B. Figure 1A represents the
atomic structure of GaSe in the side view, and Figure 1B demonstrates the atomic
structure in the top view. All atomic bonds of GaSe are arranged in a 6-fold triangular lattice with a typical distance of 3.755 Å, which are located within the sheets.
Figure 1C displays a high-angle annular dark-field scanning TEM (HAADF-STEM)
image of GaSe in the ab plane. The corresponding selected area electron diffraction pattern (SAED) is shown in Figure 1E. It exhibits a high-quality crystal structure. The high-resolution TEM (HRTEM) image of GaSe in the c plane is shown
in Figure 1D, and the corresponding SAED pattern is shown in Figure 1F. Through
comprehensive S/TEM analysis, we identify that the GaSe investigated in this work
is ε phase.
Uniaxial compression tests
In situ SEM uniaxial compression tests were systematically performed on GaSe single-crystalline pillars along, perpendicular, and slanted with the c axis. First, an in
situ SEM loading-unloading compression test along the c-axis was conducted
upon a pillar sample with increasing compression-strain values (Video S1). The
GaSe pillar with a diameter of 1,050 nm first experienced loading-unloading
compression with a strain value of 5.7% (Figure 2A). The pillar could still recover
its original length without visible plastic deformation, which indicates that the
compressive deformation is fully elastic. Later, the GaSe pillar failed at a compressive strain of 6.0% with a breaking stress of 1.2 GPa. The transverse fracture strain
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Figure 1. Atomic structure of the studied GaSe specimens
(A and B) Schematic diagrams of the atomic structure of GaSe in the (A) side and (B) top views.
(C) HAADF-STEM image of GaSe in the ab plane.
(D) HRTEM image of GaSe in the c plane.
(E) Selected area diffraction pattern of GaSe in the ab plane.
(F) Selected area diffraction pattern of GaSe in the c plane.

(εxx) determined from Figure 2A was about 0.013 G 0.002, while the axial strain (εyy)
was about 0.060. Therefore, the Poisson’s ratio was about 0.217 G 0.033, consistent
with the Poisson’s ratio of GaSe reported in past work.28 Additionally, the corresponding engineering stress-strain curves are shown in Figure 2D. From the elastic
unloading part of the curve in Figure 2D, the Young’s modulus was calculated to be
about 26 G 3.5 GPa (errors from sample and loading geometries, surface amorphous thin layer, etc.), which is reasonably close to the reported value29 (i.e.,
33 G 3 GPa) measured by nanoindentation.
An in situ SEM compression test perpendicular to the c axis was then performed on a
GaSe pillar with a diameter of 1,270 nm (Video S1). Figure 2B shows representative
snapshots during the compression process, while the corresponding engineering
stress-strain curve is shown in Figure 2D. The loading-unloading linear part of the
stress-strain curve in Figure 2D gives a much lower modulus value perpendicular
to the c axis, about 3.5 G 1.5 GPa (partly due to the early onset of the plasticity). After yielding, we observed the significant cross-layer shear band on the up-side of the
GaSe pillar with a compressive strain of 10.9% (Video S1), with the postmortem
HRTEM imaging showing the deformed structure of GaSe (Figure 2F), while the pristine structure is shown in Figure 2E. The second cross-layer shear band that occurred
on the down-side of the GaSe pillar with a strain of 20.2% was then observed. Such
a cross-layer shear band has also been reported in other van der Waals semiconductors, such as InSe.6 After unloading, the pillar retained a considerable 19.7% plastic
deformation (Figure 2B).
Lastly, we conducted in situ uniaxial compressive testing on a GaSe single-crystalline
pillar with a layered structure slanted at an angle of 45 with the c axis, mainly to
assess the slippage process of the van der Waals (vdW) layers under pure shear along
the intralayer direction (Video S2). The result clearly showed that plastic deformation
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Figure 2. In situ compression tests on GaSe samples along, perpendicular to, and slanted with the
c axis
(A) Schematic structure of GaSe along the c-axis, and in situ SEM loading-unloading compression
tests of a single-crystal GaSe pillar (diameter of 1,050 nm) along the c-axis. One loadingunloading cycle was conducted, and the yellow lines were used to calculate the strain.
(B) Schematic structure of GaSe perpendicular to the c-axis, and SEM images of in situ compression
process of a single-crystalline GaSe pillar (diameter of 1,270 nm) perpendicular to the c-axis.
(C) Schematic structure of GaSe slanted at an angle of 45  with the c-axis, and the in situ SEM
compression process of a single-crystalline GaSe pillar (diameter of 1,153 nm) slanted at an angle
of 45  with the c axis.
(D) The corresponding engineering stress-strain curves for the compression tests of GaSe pillars.
(E) HRTEM image and the corresponding FFT of GaSe perpendicular to the c axis before
compression. The zone axis [100].
(F) HRTEM image and the corresponding FFT of GaSe perpendicular to the c axis after deformation.
The out-of-plane deformation associated with layers buckling and stacking faults can be observed.
(G) Maximum strains measured from multiple pillars compressed along two different directions.
Scale bar: 200 nm.

can be quickly initiated, with plastic strain reaching 9.3% in Figure 2C, with the shear
band exactly along the direction of 45 with respect to the pillar’s cross-section
plane. This test confirmed that the interlayer gliding indeed moves along the intralayer plane, acting as the main mechanism of ductile vdW semiconductors.
We summarized the maximum strains of GaSe pillars with two main loading directions (along and perpendicular to the c axis) based on the experiments of eleven
representative GaSe pillars in Figure 2G. It demonstrates that the pillars compressed
along the c axis showed mostly elastic deformation before brittle failure. However,
the pillars compressed perpendicular to the c axis presented significantly larger
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Figure 3. DFT simulations on the GaSe bonding character and slipping mechanism
(A) Energy changes as a function of interlayer distance during slip of {001} planes along the [11-20] direction. The energies are given at different fractions
of the displacement along the Burgers vector.
(B) Variations of the total energy and stress during compression along x, y, and z directions.
(C) Generalized stacking-fault-energy profiles for different slip systems in GaSe.

plastic deformation with more than 15% compressive strain (with a maximum value
up to 20% or more).
Underlying deformation mechanism revealed by DFT simulation and TEM
analysis
Compared with strong covalent bonding in the layer planes, vdW’s interaction between layers is considerably weak, which is consistent with the compression results
of interlayer gliding slanted with the c axis. InSe6 micropillars even exhibit interlayer
gliding for loading along the c axis. Therefore, interlayer gliding should be the main
mechanism of large plasticity. However, we also found the large plastic deformation
induced by cross-layer slips for loading perpendicular to the c axis, which would
result from other mechanisms. To clarify the underlying mechanism of the observed
cross-layer shear band that contributes to the large plasticity of GaSe, we performed
DFT simulations to calculate the interlayer slipping and cleavage energies. As shown
in the results in Figure 3A, with vdW interactions included, the slip energy is 9.52
meV/atom, and the cleavage energy is 16.77 meV/atom. The slip energy is much
lower than the cleavage energy, suggesting easy interlayer gliding without fracture.
The simulated compression responses of GaSe show similar variations in energy and
stress when compression is applied along the x and y directions (Figure 3B). Nevertheless, compression along the z direction induces a lower energy increase and a
lower stress increase. This result is further proof of the stronger intralayer bonding
compared with the interlayer bonding, as compression along the x and y directions
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Figure 4. In situ tensile tests for GaSe specimens along and perpendicular to the c-axis
(A–D) In situ SEM loading-unloading tensile tests of a single-crystalline GaSe bridge along the caxis.
(E–H) SEM images of in situ tensile process of a single-crystalline GaSe bridge perpendicular to the
c-axis.
(I) The corresponding engineering stress-strain curves for the tensile tests of GaSe bridges. Inset
shows the setup for tensile testing.

is quite stiff. Finally, Figure 3C shows the generalized stacking-fault-energy curves of
GaSe in four typical slipping systems in hexagonal structures. It demonstrates that
interlayer gliding in the basal {0001}<11-20> slip system exhibits the lowest energy
barrier, making it the predominant sliding mechanism responsible for the plasticity
observed in our experiment. On the other hand, the prismatic {10-10}<11-20> and
pyramidal {10-11}<11-20> slips have energy barriers considerably higher than the
basal slip. In particular, the pyramidal {11-22}<11-20> system is extremely difficult
to be activated due to its highest energy barrier. These results suggest that pyramidal and prismatic dislocation motion is difficult to operate other than the basal slip,
giving rise to the high stress in elastic deformation of the pillar when compressing
along the z direction (Figure 2).
The postmortem HRTEM analyses on the pristine and deformed GaSe samples (Figures 2E and 2F, with the insets corresponding to fast Fourier transform [FFT] images)
further reveal that for plastic deformation of the GaSe pillar perpendicular to the c
axis, the out-of-plane deformation was initiated by the buckling of the vdW layers
(Figure 2F), as shown by the cross-layer shear band in Figure 2B. In addition, stacking
faults were found in the deformed area, as suggested by the streaked spots in the
insert FFT (Figure 2F) image.6 Therefore, we can conclude that besides interlayer
gliding as the main plasticity mechanism, the cross-layer slip associated with layer
buckling, accompanied by stacking faults in the vdW crystal, should also contribute
to the plastic deformation.
Further understanding by uniaxial tensile tests
We have demonstrated the orientation-dependent plasticity of single-crystal GaSe
under compression. Moreover, we investigated the mechanical responses of
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single-crystal GaSe specimens by in situ SEM uniaxial tensile testing along and
perpendicular to the c axis and found similar deformation mechanisms as were
observed in compression tests. Figures 4A–4D show that the loading-unloading tensile tests with a strain value of 5.7% along the c-axis can essentially recover its original length. The GaSe bridge fractured with a strain of 6.5% and a stress of 1.07
GPa (Video S3). Figures 4E–4H demonstrated in situ SEM uniaxial tensile tests
perpendicular to the c axis with a maximum total strain of 10.7% and a stress of
1.54 GPa before failure (Video S3). After fracture, the plastic strain was measured
to be about 5.7% based on the remained fiducial markers, which served as the ‘‘strain
gauge’’ of the specimen. The corresponding engineering stress-strain curves shown
in Figure 4I give a Young’s modulus of about 18.7 G 3.5 GPa along the c-axis and
20 G 4.1 GPa perpendicular to the c axis (after considering the surface amorphous
thin layers 20–25 nm), relatively consistent with the literature.29 Similar to the
compression case, GaSe exhibits large plasticity perpendicular to the c axis, while
it is more brittle loading along the c axis. Therefore, the orientation-dependent
deformation exists both in compression and tension of the vdW material.
We microfabricated vdW semiconductor single-crystalline GaSe pillar/bridge specimens and conducted comprehensive compressive and tensile tests with different orientations. The results demonstrated that the compressive loads on microfabricated GaSe
single crystals displayed significant ductility perpendicular and slanted with the c axis, a
unique feature of ductile vdW semiconductors. By contrast, the compressive and tensile
tests of GaSe along the c axis showed essentially elastic deformation before brittle fracture. The large plasticity is attributed to the interlayer gliding as the main mechanism as
well as to cross-layer slips induced by vdW layer buckling accompanied by stacking
faults. This work not only provides critical insights to comprehend the enhanced
ductility and plastic deformation mechanisms in vdW semiconductors but also contributes to the design and manufacturing of novel flexible/deformation electronic and thermoelectric devices based on ductile semiconductors.

EXPERIMENTAL PROCEDURES
Resource availability
Lead contact
The lead contact is Dr. Yang Lu (yanglu@cityu.edu.hk).
Materials availability
This study did not generate new unique reagents.
Data and code availability
All data are included in the article and the supplemental information. Raw data files
are available upon request.
Material synthesis
High-purity element Ga chunks (99.99% purity) and Se powders were weighted according to the stoichiometry of GaSe and then loaded into cone-shaped quartz tubes
(v = 16 mm) under an argon atmosphere. The quartz tubes were vacuumed and
then sealed under 5 3 10 4 Pa. The tubes were placed in homemade single-crystal
furnaces using Bridgman methods. The furnaces were slowly heated to 1,273 K over
25 h and then soaked at this temperature for 15 h. Subsequently, the furnaces were
slowly cooled to 1,230 K, and then the tubes were lowered at a rate of 1.5 mm h 1.
Finally, the bulk GaSe crystal, with a dimension of 15 mm (diameter) 3 45 mm (length),
was successfully synthesized.
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Microfabrication of GaSe pillar and bridge samples
The GaSe pillar with a diameter of 1 mm and the bridge with a diameter of
300 nm were microfabricated from the bulk GaSe by using a dual-beam focused
ion beam (FIB; FEI Scios Dual-beam FIB/SEM system). The GaSe pillars were fabricated by FIB milling with a beam energy of 30 keV and a beam current ranging
from 5 nA to 30 pA. The beam current decreased with the decreasing of the pillar
diameter, and the final diameter of pillars was controlled to about 1 mm. The
aspect ratio was limited within 2:1 to 3:1 to avoid the effect from the substrate
and buckling. Different microfabrication procedures were used for the GaSe pillar
with different orientations (perpendicular to and along the c axis). For the pillar
along the c axis, the pillars were fabricated on the top of the bulk GaSe. For the
pillar perpendicular to the c axis, we extracted a thin lamella with a dimension
of 3 mm (thickness) 3 54 mm (length) 3 13 mm (width) from the bulk GaSe, while
the top surface was perpendicular to the c axis, and we fixed the lamella on the
top of the lift-out grid by platinum. The taper angle of the pillar was controlled
within 0.5 –2 . The taper angle of the pillar was taken into account when calculating the stress of the pillar.30 For the bridge specimens, we extracted a thin
lamella using the above method. Then, we divided the lamella into individual parts
and thinned them into 300 nm. Finally, we milled the individual pieces into the
bridge structure. The GaSe specimens covered by platinum were milled with a
beam energy of 30 keV. A beam energy of 5 keV was used to minimize the Ga+
implantation and amorphous layer.
In situ nanomechanical characterizations
We conducted the compressive and tensile tests in different directions, i.e., perpendicular to and along the c-axis. In situ SEM uniaxial compressive and tensile tests
were performed with a quantitative nanoindenter (Hysitron PI 85 PiconIndenter) inside an FEI Quanta 450 FEG SEM operated at 10 kV. All tests are conducted with a
constant displacement control mode, corresponding to the strain rate of 0.001 s 1.
The gauge section was calculated from the top to the bottom of the pillar to measure
the strains more precisely, as shown by the orange line in Figure 2. The edge of the
diamond indenter was used as the reference to measure the displacement of the
specimens. Consequently, the engineering strain could be gained by shifting the
displacement of the diamond indenter to the top of the pillar. The Poisson’s ratio
was estimated based on the measured transverse strain (εxx) versus the axial strain
(εyy) based on in situ SEM snapshots. Young’s modulus was calculated from the linear
part of the loading-unloading stress-strain curve.
Microstructure characterizations
The TEM (JEOL JEM-2100F) samples were fabricated by the FIB lift-up method of
deformed specimens for uncovering the plastic-deformation mechanism. HRTEM,
HAADF images, and SAED for structure identifications (Figure 1) were performed
by Thermo Scientific Talos F200S TEM operated at 200 kV and Titan Themis S/TEM
with a probe-corrector operated at 300 kV.
DFT calculations
First-principles calculations were performed using the Vienna Ab initio Simulation
Package (VASP) code with the projector-augmented-wave method. The generalized
gradient approximation in the Perdew-Burke-Ernzerhof (PBE) form was used to
describe the exchange-correlation interactions. The energy cutoff for the planewave basis set was 500 eV. The energy convergence was set to be 10–4 eV. The
DFT-D3 method with Becke-Jonson damping was adopted to account for the
weak interlayer vdW interactions. To calculate the generalized stacking-fault-energy
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curves, the orientation of the supercell was chosen according to the specific slip systems investigated. A vacuum layer of around 10 Å was added to the system perpendicular to the slip plane. At least 12 atomic layers were included in the calculations.
For the compression simulation, an orthogonal supercell was constructed based on
the hexagonal unit cell of GaSe. The deformation was then applied by changing the
simulation box in each dimension.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.
2022.100816.
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