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Here, we report the structural and mechanical properties of several two-dimensional (2-D)
materials by using first-principles density functional theory calculations. We find that the buckled
single-layer silicene could transit to planar hexagonal silicene at a critical tensile strain of 0.20.
Phonon dispersion analysis suggests that the planar hexagonal silicene under tension is stable. The
Poisson’s ratio of silicene and MoS, shows strong anisotropy: it increases while stretched in the
zigzag direction, but decreases when strained in the armchair direction. When stretched in the
zigzag direction, the Poisson’s ratio of silicene could reach 0.62. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4866415]

With the growing interest in the integration of 2-D
materials,' such as graphene and MoS,, with extraordinary
properties for electronic applications, researchers find that
the mechanical properties of such 2-D materials and
their heterostructures are critical for their technical
applications.*® Many typical single-layer 2-D materials, for
example, graphene, hexagonal boron-nitride (h-BN), fluorog-
raphene, MoS,, and silicene have been widely investigated.
Although these 2-D materials all have a honeycomb arrange-
ment, their properties can be very different. For example,
h-BN is electrical insulating with a large band gap both
within and across the layers, in contrast to graphene with no
band gap and being a semi-metal. Fluorographene is a deriva-
tive of graphene and can serve as an insulation layer for gra-
phene electronics with a band gap of about 3eV.” Single
layer MoS, is a direct band gap semiconductor with a band
gap of 1.8eV.® The interest in silicene stems from the great
success in silicon technology. As a corollary, we desire to
know whether the great success in silicon is reproducible in
its 2-D counterpart. Unlike graphene, silicene has a hexago-
nal atomic arrangement and a buckled configuration.” Such
structure difference calls for an in-depth investigation on
whether silicene exhibits different mechanical behavior in
contract to graphene. The latter has been broadly recognized
for its super-high strength® and is regarded to have potential
impact for composite materials.'®'" In this work, we perform
close examination on the mechanical response of silicene by
using first-principles density functional theory (DFT). For
comparison, four typical other single layer 2-D materials
including graphene, h-BN, fluorographene, and MoS, are
also investigated.

First-principles DFT calculations are performed to study
the structural and mechanical properties of the five typical
2-D materials by using the Vienna Ab initio Simulation
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Package (VASP).'? The projector augmented wave (PAW)
pseudopotentials'® and the generalized gradient approxima-
tion (GGA) of the Perdew-Burke-Ernzerhof (PBE) func-
tional'* are used. The kinetic-energy cut-off for the
plane-wave basis set for silicene is 380 eV, and for graphene,
h-BN, fluorographene and MoS, the cutoff is 400eV. For
relaxation of the structures, 31 x 31 x 1 Monkhorst-Pack
k-point mesh for graphene, h-BN and silicene, 16 x 16 x 1
mesh for fluorographene and 5 x 3 X 1 mesh for MoS, are
used. To eliminate the interactions between periodic images
of single layer samples, a vacuum space of 20 A was used.
Periodic boundary conditions are applied to the in-plane
directions in all the calculations conducted here. Here, we
make the assumption that the periodic unit cell with several
atoms may represent well the mechanical response of large
area perfect samples. All structures (graphene, h-BN, fluo-
rographene, MoS,, and silicene) are relaxed using a conju-
gate gradient (CG) algorithm until the atomic forces are
converged to 0.01 eV/A. The quasi-static displacement-con-
trolled deformation is used by imposing the deformation
with a small strain increment (a typical value of 0.01 is used
for most calculations). The corresponding stress is obtained
from the reaction force induced by the imposed strain di-
vided by the current cross-sectional area (the current sample
width times the sample thickness shown in Table I). So it is
convenient to covert the stress-strain curves to force (per
unit length) versus strain curves if the stress is multiplied by
the sample thickness given in Table I. Phonon dispersion is
analyzed by using the density functional perturbation theory
(DFPT)15 implemented in the Quantum Espresso (QE)
Package.'® We used the pseudopotentials Si.pz-hgh.UPF,
S.pbe-mt_fhi.UPF, and Mo.pbe-mt_fhi.UPF from QE web-
site. The kinetic energy cutoff was set to be 45 Ry for sili-
cene and 70 Ry for MoS,.

Fig. 1(a) shows the stress versus strain curves of silicene
in the armchair direction and in the zigzag direction. The
mechanical behavior of silicene in the zigzag direction is
substantially different from that in the armchair direction.

© 2014 AIP Publishing LLC
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TABLE I. The lattice parameters (from DFT calculation in this study and experiments if available) and the initial size of the simulation structure (Lx0 and
LyO0) used in our DFT calculations for the five types of 2-D materials. Here, « is the length of an in-plane bond and c is the distance between two neighboring

layers.

Name a (nm) (DFT) a (nm) (Exp.) ¢ (nm) (DFT) ¢ (nm) (Exp.) Ly Ly
Graphene 0.247 0.245° 0.33 0.33° 0.2468 0.4271
h-BN 0.250 0.249¢ 0.33 0.33¢ 0.2504 0.4337
Fluorographene 0.254 0.248° 0.62° 0.62-0.87¢ 0.2538 0.4415
MoS, 0.318 0.315" 0.614 0.675' 0.6364 1.1022
Planar h-Si 0.3901 N/A 0.42 N/A 0.3901 0.6757
Buckled h-Si 0.3867 0.38 0.42" N/A 0.3867 0.6698

“Reference 17.
"Reference 18.
“Reference 19.
YReference 20.
“Reference 21.
Reference 22.
2Reference 23.
"Reference 24.
iReference 25.
JReference 26.
*Reference 27.

There exist two stress peaks in the stress-strain curves when
stretched in the zigzag direction. The first one corresponds to
the mechanical response of buckled hexagonal silicene
(buckled h-Si) structure. After the buckled sample is
completely flattened by tension, a small stress drop emerges,
corresponding to point “d” keyed in Fig. 1(a) (the amplified
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FIG. 1. Mechanical behavior of single layer silicene under tension. (a) The
stress as a function of strain until the failure strain in both the armchair and
the zigzag directions. The inset shows a small stress peak before the transi-
tion from buckled silicene to planar silicene. (b) The true and the engineer-
ing Poisson’s ratio versus strains. The engineering Poisson’s ratio can reach
a large value of 0.62 when strained in the zigzag direction, which breaks the
conventional upper bound of 0.5. (c) Energy per atom versus strains.
(d) Evolution of sample height to show the sudden flattening and structure
transition while stretching along the zigzag direction.

region in the inset). Further stretching the planar hexagonal
silicene (planar h-Si) may induce a transition to square lat-
tice (s-Si), which however, is not a stable structure even
under straining, as will be detailed in Fig. 2.

When strain is applied in the longitudinal direction, the
samples are relaxed to ensure that the load in the transverse
direction approaches zero. The degree of deformation in the
transverse direction of the sample over that along the longitu-
dinal direction is characterized by the Poisson’s ratio. It is
well-known that the Poisson’s ratio is bounded in the range of
(—1.0, 0.5) in isotropic materials.”®*° Materials with v > 0.5
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FIG. 2. Phonon dispersion of silicene at different configurations and strains.
(a) Initially buckled configuration. (b) Silicene with planar honeycomb
structure without straining, suggesting unstable configuration without strain-
ing. (c) At 20% strain for buckled silicene and now the sample is planar,
suggesting stable configuration of planar silicene with straining. (d) At 36%
strain for buckled silicene, now we have square silicene, where phonon
instability is seen.
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will counter-intuitively undergo “stretch densz‘j"ying,”30 which
might find various applications.”® Following the original defi-
nition for the Poisson’s ratio v, we have

V= _Sy/sx - _(Ly - LyO)LXO/LyU(LX - Lx())v (l)

where &, and ¢, are the engineering strains in the loading and
the transverse directions, respectively, Lyy and Ly, are the
initial lengths of the sample in the loading (longitudinal)
direction and in the transverse direction, respectively, and Ly
and L, are the respective deformed dimensions. Following
mechanical convention, the Poisson’s ratio defined above is
called as the engineering Poisson’s ratio. For comparison,
we also give the true Poisson’s ratio by calculating v at the
deformed configuration, i.e.,

v = —(Ly(t +dr) — Ly(0))Lx () /Ly () (Lx (2 + di)~Lx (1)),
2

where the dimensions at time ¢ and subsequent time step
t+dt are used. From both the true and the engineering
Poisson’s ratio versus strain curves shown in Fig. 1(b), we
see that although v keeps decreasing with increasing strain in
the armchair direction, it increases with straining in the zig-
zag direction. The engineering Poisson’s ratio of silicene
indeed breaks the conventional upper bound at strains from
0.19 to 0.24 and is anomalously greater than 0.5. Figure 1(c)
shows the height of the buckled layer as a function of strains
in both the armchair and zigzag directions, which demon-
strates the transition from buckled b-Si to planar h-Si. The
energy as a function of strains (Fig. 1(d)) also shows an
apparent kink at the point where the structure changes. We
also find that the buckled h-Si state is most stable when the
strain is less than 0.20, which is consistent with experimental
observations.” The structure becomes the planar h-Si struc-
ture in the strain range of 0.20-0.24.

While the structure transition seen in Fig. I—from both
buckled h-Si to planar h-Si—seems intriguing, it remains
unclear whether such intermediate configuration is stable.
We use the DFPT to perform phonon calculations.'” The
obtained phonon dispersion could be used to determine the
stability of 2-D structures, with negative frequencies sug-
gesting structural instability.®" Figure 2(a) shows the phonon
dispersions of buckled silicene at 0% strain; as a comparison,
that for planar silicene without straining is given in Fig. 2(b).
The negative frequency for the planar silicene without strain-
ing suggests the instability of this structure, which is consist-
ent with previous analysis.> Figure 2(c) gives the phonon
dispersions of the buckled silicene at 20% tensile strain,
where it becomes planar. At 20% strain, the structure is still
stable. When further straining is applied, we see emergence
of negative frequency for buckled silicene at 36% (now the
structure changes to square silicene, and one-atom unit cell
was used to calculate the phonon dispersion). Those phonon
dispersion curves shown in Fig. 2 indicate that silicene is
structurally stable even during the stress softening region
while we apply strain to the buckled silicene.

As a comparison, we also explored the stress-strain
response of MoS,. Figure 3(a) shows evolutions of both the
Poisson’s ratio and the stress as a function of strain in single
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FIG. 3. Mechanical behavior of MoS, and its phonon dispersion at different
strains. (a) The true and the engineering Poisson’s ratio (left) and stress
(right) as a function of strain in both the armchair and the zigzag directions.

7Rt}

Note that the place where the Poisson’s ratio beyond the peak point “c” is in
red. (b)—(d) Deformed atomic structures at different stage of strains keyed in
the stress-strain curve in (a). (e) and (f) Phonon dispersion of MoS; at its ini-
tial configuration and at 40% strain (with 6 atoms in orthogonal super cell),
respectively.

layer MoS, stretched in both the armchair direction and the
zigzag direction. The Poisson’s ratio in MoS, increases with
the applied strain when stretched in the zigzag direction, but
decreases when the strain is applied in the armchair direction.
Figures 3(b)-3(d) show in turn the bond configurations (both
in plane and transverse projections) at different stage of defor-
mation. By comparing both the stress-strain curve and the
bond configurations, we see that the first peak occurs at a
strain of 0.22 corresponding to the maximum stress achievable
in the hexagonal-close packed (hcp) MoS,, but the second one
at the strain of 0.55 may be due to the transition of hcp MoS,
to body-centered tetragonal (bct) MoS,. Results of phonon
dispersion analysis shown in Figs. 3(e) and 3(f), at the strain
of 0.0 and 0.4, suggest that the (bct) MoS, is not stable. For
completeness, we further explore the mechanical behaviors of
three other 2-D materials, graphene, h-BN, and fluorogra-
phene. The results are shown in Fig. 4. The mechanical
responses of these three materials are strikingly different from
that of MoS, and silicene. The Poisson’s ratio decreases
monotonically with strains in graphene, h-BN, and fluorogra-
phene when stretched in the zigzag direction.

In summary, we report the structural and mechanical
properties of several 2-D materials by using first-principles
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of strain until the failure strain in both the armchair and the zigzag directions
in: (a) Graphene; (b) h-BN; and (c) Fluorographene.

DFT calculations. We show an abrupt structure transition in
buckled planar silicene to planar silicene at a critical tensile
strain of 0.20. Phonon dispersion analysis suggests that the
planar hexagonal silicene under tension is stable, and sili-
cene can be structurally stable even during the stress soften-
ing region. The Poisson’s ratio of silicene shows strong
anisotropy: it increases while stretched in the zigzag direc-
tion and could reach 0.62, a number breaking the conven-
tional boundary of Poisson’s ratio of three-dimensional
materials, but the Poisson’s ratio decreases when strained in
the armchair direction. In contrast, the Poisson’s ratio
decreases with strains in graphene, h-BN, and fluorogra-
phene when stretched in the zigzag direction. The stability of
planar silicene suggests that silicene is intrinsically tougher
than other 2-D materials as their out-of-plane bonds are both
bendable and extensible to become in-plane bonds. Such
mechanism could be utilized in making composites based on
2-D materials.'®!" It also shows possibility that we may syn-
thesize planar silicene when the lattice mismatch between
the substrate material and planar silicene is within the right
range, so that the interfacial energy between the substrate
and the silicene is able to overcome the strain energy
required to flatten buckled silicene. Furthermore, the distinct
Poisson’s ratio effect observed in those 2-Dimensional may
require us to pay extra attention while designing

Appl. Phys. Lett. 104, 081902 (2014)

heterostructures where mechanical deformation presents:
The different Poisson’s effect in different layers could
induce significant shearing between them.
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