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ABSTRACT:Two-dimensional (2D) trigonal selenium (t-Se) has become a new
member in 2D semiconducting nanomaterial families. It is composed of well-aligned
one-dimensional Se atomic chains bonded via van der Waals (vdW) interaction. The
contribution of this unique anisotropic nanostructure to its mechanical properties has
not been explored. Here, for the� rst time, we combine experimental and theoretical
analyses to study the anisotropic mechanical properties of individual 2Dt-Se
nanosheets. It was found that its fracture strength and Young’s modulus parallel to the
atomic chain direction are much higher than along the transverse direction, which was
attributed to the weak vdW interaction between Se atomic chains as compared to the
covalent bonding within individual chains. Additionally, two distinctive fracture
modes along two orthogonal loading directions were identi� ed. This work provides
important insights into the understanding of anisotropic mechanical behaviors of 2D
semiconductingt-Se and opens new possibilities for future applications.
KEYWORDS:2D t-Se nanosheets, anisotropic mechanical properties, in situ nanomechanical testing, MD simulation, DFT calculation

� INTRODUCTION

Trigonal selenium (t-Se) has recently emerged as a promising
semiconductor material.1Š3 In particular, it can crystallize into
an ultrathin 2D nanosheet (NS) assembled by parallel one-
dimensional (1D) Se atomic chains (Figure 1a),1 where the Se
atoms are covalently bonded along the chain direction (c-axis)
and the atomic chains are connected via van der Waals (vdW)
interactions along the direction perpendicular to the chain axis
(a/ b-axis). This is in sharp contrast to typical 2D nanoma-
terials that usually possess layered structures, where the atoms
are held together by covalent bonds within the layers with
di� erent chirality characteristics, and these layers are stacked
together by relatively weak out-of-plane vdW force.4,5 This
unique 2D crystal structure not only enriches the 2D
nanomaterials family but also endows it extraordinary multi-
functional properties including nonlinear optical responses,
high photoconductivity, piezoelectricity, thermoelectricity,
etc.1,6

The anisotropy structures of materials generally play critical
roles in their practical applications, and the 2D materials are no
exceptions. For example, the in-plane anisotropic structure of
2D black phosphorus (BP) can lead to a variety of Raman
responses re� ecting thermal and electrical property variations
along di� erent directions, greatly expanding its applications.7

Such structural anisotropy can be clearly demonstrated in
ultrathin BPs by the remarkable di� erences among the Raman
shift rates of Ag

1, B2g, and Ag
2 modes along di� erent strain

directions, where the maximum Raman shift rate of B2g mode
can reach approximatelyŠ11 cmŠ1/%.8 Although the in-plane
mechanical properties of 2D materials have been intensively

investigated using a series of advanced nanomechanical testing
techniques, such as atomic force microscope (AFM)
indentation andin situ scanning electron microscope
(SEM)/transmission electron microscope (TEM) tension,9Š15

the reports on the mechanical anisotropy correlated to
anisotropic structures are very limited. It is thus important to
systematically study the mechanical anisotropy e� ects in 2D
materials.

In this work, the structural anisotropy of 2Dt-Se NSs under
uniaxial tensile strain along thec-axis anda/ b-axis was� rst
studied using a simple bending apparatus combined with
Raman spectroscopy. Additionally, tensile mechanical proper-
ties and fracture behaviors of 2Dt-Se NSs along these two
distinctive directions were studied using a quantitativein situ
SEM nanomechanical testing platform combined with
molecular dynamics (MD) simulations and density functional
theory (DFT) calculations. This work could provide an in-
depth understanding on the roles of structure-dependent
mechanical anisotropy e� ects in 2D materials, paving the way
for utilizing such e� ects in real applications.
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� RESULTS AND DISCUSSION

The 2D t-Se was obtained using a simple physical vacuum
deposition (PVD) method (Section S1, Figure S1).3 The thin
t-Se NS displays light-blue color with irregular trapezium
shapes, and the lateral dimension could reach up to 30� m
with the smallest thickness of 12 nm (Figure 1b,c,Figure S2).
High-angle annular dark-� eld scanning transmission electron
microscopy (HAADF-STEM) was performed to investigate
the crystalline orientation oft-Se NS (Figure 1d,e), where the
helical Se atomic chains can be clearly identi� ed and marked
by the yellow balls inFigure 1e. The lattice spacing was
measured to be 0.485 nm and can be assigned to (0001)
planes, which is in excellent agreement with the theoretical
calculations.16 Combining the low-magni� cation TEM with
selected area electron di� raction (SAED) pattern (inset in
Figure 1e), we can determine that thet-Se NS tends to
crystallize with straight edges in parallel with the [0001]
direction.

We employed regular and polarized Raman spectroscopy to
further explore the structural anisotropy oft-Se NSs. However,
it is noted that thet-Se NS is very sensitive to the laser
irradiation, and it could quickly degrade or become amorphous
due to the low melting point of only 232°C.3 To resolve this
issue and obtain reliable Raman signal, monolayerh-BN with
high thermal conductivity was introduced to fabricate a novel
h-BN/t-Se/h-BN sandwich structure (Section S2, Figure S3).
The crystalline integrity oft-Se NS can thus be well preserved

after Raman laser irradiation since heat can e� ciently dissipate
throughh-BN layers.Figure 1f presents the typical Raman
spectrum oft-Se NS in the range from 120 to 260 cmŠ1, where
three active Raman modes can be detected. The most intense
peak located at 233 cmŠ1 belongs to the E2 mode, which is
caused by asymmetric stretching of atoms alongc-axis. The A1
mode at 237 cmŠ1 is introduced by the chain expansion where
Se atoms moves along in-plane direction.16 It should be noted
that the E1 mode located at 145 cmŠ1 is extremely di� cult to
be detected; thus we mainly focused on the A1 and E2 modes
in the following discussion. Angle-resolved polarized Raman
spectroscopy was also performed to identify the crystallo-
graphic orientation and anisotropic crystal structure oft-Se. As
presented inFigure 1g, both E2 and A1 modes exhibit high
dependence on� . Here,� is de� ned as the angle between thec
axis oft-Se NS and the incident photon polarization. The
extracted peak intensity of di� erent vibration modes could be
� tted with Lorentz function and plotted into polar� gures. As
shown inFigure S4, the� tted curves based on the calculations
are in good agreement with the experimental data. The E2
mode has four branches, with maxima and minima at 45° and
90°. The A1 mode exhibits a two-lobed shape, with the
maximum at an angle of� 90°, coinciding with the direction
vertical to the straight edge of Se NS.17 Thus, we can con� rm
that the 2Dt-Se NS crystallizes with straight edge along thec-
axis. The detailed explanation for the structural anisotropy by
Raman signals is inSection S3.

Figure 1.Characterization of 2Dt-Se NSs. (a) Schematic for the lattice structure oft-Se crystal, where parallel Se atomic chains are packed together
by vdW interaction. These atomic Se chains could arrange parallel into ultrathin NS in 2D form. (b) Optical microscopy image of a 12 nm thickt-
Se NS and (c) corresponding AFM height pro� le. (d) Low-magni� cent TEM image oft-Se NS. (e) HAADF-STEM image oft-Se NS, where the
lattice spacing of 0.495 nm is assigned to (0001) faces, and the Se atomic chain is illustrated by yellow balls. The inset shows corresponding SAED
pattern of thet-Se NS with zone axis along thea axis. (f) Raman spectra oft-Se NS, where the inset illustrates the corresponding lattice vibration
pattern of E2, A1, and E2 Raman modes, respectively. (g) Raman spectra oft-Se as a function of� .
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To reveal the anisotropic structural evolution oft-Se NSs
under tensile deformation, we built a four-point bending
instrument, with the samples on the top surface that is
subjected to tension, to investigate the direction-dependent
Raman response oft-Se NSs under uniaxial tensile strain
(Figure 2a,b). This technique has been successfully applied to
study the Raman response of various 2D materials under
tensile strain.8,18Š20 In detail, by use of the PMMA-assisted wet
transfer technique, monolayerh-BN � lm was� rst transferred
on the 1 mm PET substrate. After the direct transfer oft-Se
NSs by using a W probe under the optical microscope, another
monolayerh-BN � lm is introduced using the same process,
forming anh-BN/t-Se/h-BN sandwich structure. Finally, a thin
layer (about 200 nm) of PMMA is spin-coated on PET surface
to prevent the slippage and protect the ultrathint-Se from
degradation under ambient conditions. The clamping role of
PMMA was con� rmed by the observation that the position of
Raman modes does not show any shift after 100 times of

bending with tensile strain up to 0.84% (Figure S5). The
bending strain� b can be estimated by� b = d/(2 r), whered and
r represent the thickness and radius of curvature of the bent
PET substrate, respectively (Figure 2b). As the thickness of the
t-Se NS sample is much smaller than the thickness of PET, the
induced strain to the� akes can be assumed to be the same as
the applied strain to the PET substrate. It was noted that when
r � d, the thin� lm sample on top of the PET substrate can be
assumed to be under pure tensile loading. In this study, the
Raman responses of strainedt-Se NSs along two orthogonal
directions (c-axis anda/ b-axis) were investigated in the
nonpolarized con� guration. The detailed setup and testing
process are inSection S4 and Figure S6.

As shown inFigure 2c, both E2 and A1 Raman modes exhibit
a signi� cant red-shift, which suggests that the associated
restoring force in vibration modes oft-Se could be greatly
weakened by tensile strain.8,19 The shift rate can be calculated
according to� * = � � / � � , where� represents the Raman

Figure 2.Anisotropic Raman response oft-Se NS under uniaxial strain along thec-axis anda/ b-axis. (a) Photograph of the four-point bending
system for Raman testing. This testing method is usually used to apply orthogonal in-plane strain along speci� c directions. (b) Schematic for the
Raman testing setup. (c) Evolution of Raman spectra of the encapsulatedt-Se NS on PET substrate under uniaxial strain� along thec-axis. (d, e)
Corresponding Raman shifts of E2 and A1 modes as a function of� along thec-axis. (f) Evolution of Raman spectra under the uniaxial strain� along
a/ b-axis. (g, h) Corresponding Raman shifts as a function of� along thea/ b-axis.
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frequency. The� * of the E2 mode could reach up to 1.3 cmŠ1

%Š1 while � * of A1 mode is only 0.56 cmŠ1 %Š1, suggesting
that these two vibration modes response di� erently (Figure
2d,e). The E2 mode oft-Se represents the motion of Se atoms
alongc-axis, while the A1 mode re� ects the radical expansion of
Se atom chains along in-plane direction (Figure 1f). The
length of SeŠSe covalent bonds was obviously elongated under
tensile strain, resulting in the decrease of atomic interaction
and reduction of vibration frequency.21 However, the tensile
strain along thec-axis could only slightly decrease the
equilateral triangle projection of 1D Se atomic chains, leading
to the relatively small red shift of the A1 mode. In contrast, the
response of Raman modes int-Se NS shows remarkable
di� erence when the tensile strain is applied along thea/ b-axis.
As shown inFigure 2fŠh, the peak positions of E2 and A1
modes only� uctuate with no obvious change even as applied
strain reaches up to 0.86%. As mentioned before, interaction

between Se atoms has distinct anisotropy in thet-Se crystal,
i.e., covalent bonding along thec-axis and vdW interaction
along thea/ b-axis. Therefore, the strain along thea/ b-axis
cannot be e� ectively transferred to the individual Se helical
chain due to the weak vdW interaction, leading to the
extremely weak strain sensitivity of Raman modes in this
con� guration. In this study, similar behaviors were also
revealed in some samples with applied compression strains
(Section S4, Figure S7). This pronounced anisotropy of
Raman responses in strainedt-Se NS further demonstrated its
anisotropic structures.

Next, we employed anin situSEM nanomechanical testing
system enabled by a nanoindenter to quantitatively study the
perceived anisotropic mechanical properties oft-Se NSs
(Figure 3a,b).14,15,22Š24 The ribbon-liket-Se NS was� rst cut
to several micrometer long strips and then transferred onto the
sample shuttles using a sharp W probe under the optical

Figure 3.In situtensile testing of 2Dt-Se NS. (a) SEM image of the nanomechanical device. (b) Schematic for the tension of individualt-Se NSs,
where the loading is applied along thec-axis anda/b-axis, respectively. (c) Tensile� Š� curves along two orthogonal directions. (dŠf) Snapshots of
t-Se NS (c-#1) before and after loading alongc-axis. (gŠi) Snapshots oft-Se NS (a/ b-#3) before and after loading along thea/ b-axis. (j, k) Fracture
strength and Young’s modulus oft-Se NSs along two orthogonal directions.
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microscope. The testing device loaded with samples was
actuated by the in-SEM nanoindenter, and uniaxial tension
forces can be applied to individualt-Se NS samples through a
pushŠpull mechanism. The edge of strips alongc-axis is very
smooth and� at, which could serve as a natural guideline and
allows us to determine and align two orthogonal crystalline
orientations with the loading direction. Furthermore, the
crystalline orientations of all samples were accurately identi� ed
using angle-dependent Raman spectroscopy before sample
transfer. The detailed testing procedures can be found in
Section S5.

Figure 3c shows typical tensile stress versus strain curves of
t-Se NSs alongc-axis anda/ b-axis (c-#1 and a/b-#3 as
numbered inTable S1). Figure 3dŠi shows the corresponding
snapshots of the tensile fracture experiments along these two
directions, respectively (see corresponding tensileMovie S1
andMovie S2in Supporting Information). As evidenced by the
linear stressŠstrain curves, the stress increases to a maximum
value before rapidly dropping to zero, indicating a typical
brittle fracture behavior. The mechanical anisotropy e� ects are
quite obvious. FromTable S1, it can be clearly seen that the
measured fracture strength� f and Young’s modulusE along

the c-axis (0.11Š0.82 GPa and 8.59Š43.24 GPa, respectively)
are much higher than those along thea/ b-axis (0.045Š0.094
GPa and 1.63Š4.50 GPa, respectively). These big di� erences
are attributed to the bonding nature along the two directions,
i.e., strong covalent bonding along thec-axis vs weak vdW
interactions along thea/ b-axis. In addition, we found that the
� f andE along thec-axis appears to decrease with increasing
thicknesses, similar to typical size-e� ect. However, they are less
dependent on thicknesses along thea/ b-axis. More interest-
ingly, it was observed that the crack propagation oft-Se NS
sample follows a typical“zig-zg” path under the tensile loading
along thec-axis (Figure 3f) while the crack front is� at when
the loading was along thea/ b-axis (Figure 3i). In this study, in
order to further understand the fracture process and
corresponding crystalline orientation oft-Se NSs, the local
regions of fracture surfaces of tested samples were examined by
HRTEM combining with the SAED pattern, as shown in
Figure S8. These anisotropic mechanical behaviors are quite
di� erent from some other 2D materials such as black
phosphorus,25,26 where the in-plane mechanical anisotropy is
not signi� cant and is mainly caused by the anisotropy of the
covalently bonded honeycomb-like nanostructures. It should

Figure 4.Theoretical calculations on the anisotropic fracture behaviors of 2Dt-Se NS. (aŠh) MD simulation snapshots with di� erent tensile
strains (upper) along two orthogonal directions, where atoms in MD snapshots are colored according to the height in the out-of-plane direction, as
well as the corresponding SEM images oft-Se NSs showing similar fracture modes (lower). (i) Atomic structure oft-Se slabs after DFT relaxation
for calculating surface energy. (j, k) Angle dependence of normalized fracture strength and Young’s modulus obtained by DFT simulation.
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be mentioned that this experiment also provides a rare
opportunity to quantitatively estimate the vdW interaction
strength in 2D single crystals, which is comparable with that in
well-known carbon nanotube-based nanomaterial systems.27,28

To better understand the anisotropic fracture behaviors from
the atomic viewpoint, classic MD simulation was performed. A
molecular model of 170 nm× 170 nmt-Se NS with thickness
� 0.6 nm (one layer of atom chain) was established, and a
uniform tensile loading was applied along two orthogonal
directions (see detailed simulation process inSection S6). The
tensile snapshots are shown inFigure 4aŠh (see corresponding
tensileMovie S3andMovie S4in Supporting Information). It
was found that the tensile stress increases linearly with increase
of strain along thec-axis. In the early stage,� is mainly
attributed to the stretching of the Se atomic chains. When�
increases to� 3.7%, a tiny crack can be observed at the edge of
t-Se NS, with the breakage of several Se atomic chains. With
further increase of� (up to the maximum 10.5%), more Se
atomic chains were broken irregularly near the crack tip, and
the fast release of elastic strain energy led to a“zigzg” fracture
morphology (Figure 4d). It was observed that the zigzg crack
propagation strongly correlates to the out-of-plane wavy
deformation of thet-Se NS, which agrees with what was
observed for the fracture of polycrystalline graphene.29 The
zigzag crack propagation e� ectively increases the crack growth
resistance with more energy dissipation during facture process,
as it has been observed in composites made of di� erent
material phases30 or materials with defect tolerance.31 This is
widely observed in biomaterials but rarely seen in 2D materials,
as they are usually brittle and can be easily fractured from a
crack. This kind of fracture mode is in good agreement with
earlierin situSEM observations. On the other hand,� also
increases linearly with� as the loading is applied along thea/ b-
axis, and an initial crack would appear when� reaches up to a
critical value (� 4%). Due to the relatively weak vdW
interaction, individual Se atomic chains can be easily teared
apart. Thus, the crack would catastrophically propagate along
the chain direction, leading to the straight fracture edge
(Figure 4h).

Additionally, we performed the DFT calculation to further
reveal the mechanical anisotropy oft-Se NSs (see detailed
calculation process inSection S7). On the basis of fracture
mechanics theories, the surface energy� on (101�0) and (0001)
surfaces can be used to describe the material capability to resist
fracture. As shown inFigure 4i, the surface energy can be
de� ned as the excess energy of a slab relative to the perfect
nanosheet divided by the nominal area of two free surfaces of
the slab.15 The surface energy on surfaces perpendicular to the
c-axis and thea/ b-axis was calculated to be 3.88 eV/nm2 and
0.20 eV/nm2, respectively, which con� rms that the fracture
resistance of covalently bonded Se atomic chains is much
stronger than that of Se atomic chain bundles connected by
vdW interaction. The DFT calculated� f and E of t-Se NSs
along di� erent loading directions (0Š90°) were investigated
and presented inFigure 4j,k, where angles� = 0° and� = 90°
refer to the loading directions along thec-axis anda/ b-axis,
respectively. It was found that that� f and E are highly
dependent on� . With increase of� , � f and E nonlinearly
increase until reaching maximum values when stretching and
breaking the covalent bonds in Se atomic chains. It is worth
noting that the measured� f andE are much lower than the
theoretical prediction with relatively large variation, which can

be attributed to the procedure-induced� aws/cracks in thet-Se
NSs.

� CONCLUSIONS
In summary, the structural and mechanical anisotropy of a
novel asymmetrical 2Dt-Se NS was experimentally and
theoretically investigated. It was found that there was a strong
Raman peak shift under tensile strain along thec-axis due to
the stretching of covalent Se atomic chains. However, the
Raman peak shift is much less sensitive to the tensile strain
along the orthogonal direction because of the weak vdW
interaction between Se atomic chains. Thein situ nano-
mechanical SEM testing shows that Young’s modulus and the
fracture strength along thec-axis are much higher than that
alonga/ b-axis. In addition, the“zigzg” and“straight” fracture
modes were observed along these two directions. MD
simulations revealed that the“zigzg” fracture morphology is
mainly attributed to the irregular breakage of Se atomic chains
near the crack tip, and the“straight” fracture morphology is
resulting from stable interface crack between Se atomic chains.
Finally, DFT calculations revealed that the mechanical
anisotropy oft-Se could also track back to the di� erences in
surface energy in these two orthogonal orientations. Our work
sheds light into the intrinsic structural and mechanical
anisotropic properties of 2Dt-Se crystals, laying the foundation
for promising applications of advanced 2D materials.
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