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MOLECULAR DYNAMICS SIMULATIONS WERE CONDUCTED with the Stillinger—Weber
potential at room temperature to study the mechanical properties and find the
mode-I critical stress intensity factor of buckled two-dimensional (2D) hexagonal sil-
icon mono-sulfide (SiS) and germanium selenide (GeSe) sheets. Uniaxial tensile tests
were simulated for pristine and pre-cracked sheets. 2D Young’s modulus of SiS and
GeSe are estimated at 38.3 and 26.0 N/m, respectively. Their 2D fracture strength
is about 3.1-3.5 N/m. By using the initial crack length with the corresponding frac-
ture stress, their mode-I critical stress intensity factor is estimated in the range from
0.19 through 0.22 MPa,/m. These values differ within 5% from those obtained by the
surface energy and are very small compared to the reported fracture toughness of
single-crystalline monolayer graphene.
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1. Introduction

BUCKLED TWO-DIMENSIONAL (2D) HEXAGONAL SHEETS are part of graphene-
like materials family. Besides buckled 2D hexagonal materials with mono-ele-
ments, the binary systems XY, where X = C,Si, Ge,Sn from group IV and
Y = 0O,S,Se,Te from group VI elements, have been also theoretically pre-
dicted [1-3|. Figure 1 illustrates their structure. These buckled XY monolayers
are indirect band gap semiconductors. Small strain of about < 3% could in-
duce their indirect-to-direct band gap transition [2|. Here, we focus particularly
on buckled hexagonal silicon mono-sulfide (SiS) and germanium selenide (GeSe)
monolayers, as representative ones of the just above-mentioned XY binary sys-
tems. A small tensile strain of 1% was found to be enough to make the indirect-
to-direct band gap transition of buckled GeSe [2]. An indirect band gap of buck-
led SiS depends sensitively on the in-layer strain [1]. Buckled SiS and GeSe are
promising 2D materials for optoelectronic and thermoelectric applications |2, 4.
Motivated by their potential applications, their mechanical performance should
be investigated.
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Mechanical properties of buckled 2D hexagonal SiS and GeSe were reported
by JIANG and ZHOU [5] from molecular dynamics (MD) studies at 1 K. Using the
crack-tip displacement field, LE et al. |6] have considered recently the fracture of
various buckled 2D hexagonal materials, including SiS and GeSe, by an atomic-
scale finite element method, which neglected the temperature effect, hence their
work pertained to 0 K.

To the best of the author’s knowledge, mechanical properties of these two
materials at room temperature remain almost unclear due to their recent pre-
diction. The present work investigates through MD simulations the mechanical
properties and fracture at room temperature of buckled 2D hexagonal SiS and
GeSe monolayers. The mode-I critical stress intensity factor is computed either
from the initial crack length with the corresponding fracture stress of the pre-
cracked sheets, and from the surface energy. Present results at room temperature
are discussed with those at low temperature.

2. Numerical procedure

2.1. Interatomic potentials

According to the Stillinger—Weber potential 7], the potential energy E of an
atomic structure reads:

(2.1a) E=FE,+ Ey,
M N
(2.1b) B, =Y Vo, Ep=) Vi
e=1 e=1
(2.1c) Va = Aele/ris—rmail(B/rl — 1),
(2.1d) Vs = Kelpii/(rij—rmaxij)+pik(Tik—Tmax ik )] (cos eijk oS 90)2’

E, is the total bond stretching energy. Ejy is the total bond angle bending energy.
V5 and V3 are the energies associated to the individual bond stretching and the
bond angle bending, respectively. M and N are the numbers of bonds and bond
angles, respectively. Further detail of the Stillinger—Weber potential is available
in |5, 7]. Potential parameters are taken from [5| for SiS and GeSe sheets.

2.2. Molecular dynamics simulation

MD simulations were performed using the Large-scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS) code [§]. Temperature may have a sig-
nificant effect on the fracture hence the simulation was run at room temperature
to reveal accurate results. The MD simulation procedure is available in detail in
our previous work [9]. The tensile strain rate of 2.5 x 108s™! was used with the
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NPT method. The reason for the choice of this strain rate was well discussed in
our previous work [10]. To save the space, we do not mention the detailed sim-
ulation setup that was reported in [9, 10]. We note that computation of elastic
constants of solids using the MD simulation with NVT and NPT methods was
discussed in [11]. Every sample had approximately squared shape with 99840
atoms, giving the size of 686.0 x 685.5 A and 764.8 x 764.3 A for SiS and GeSe
sheets, respectively. The axial tensile stress o was recorded during the simulation
from atomic stresses as described in our previous work [10]. The VMD package
was used for visualization [12].

3. Results and discussion

Table 1 summaries the optimized structure parameters of the studied ma-
terials at zero strain at 0 K. The bond length and buckling height, revealed in
the present study, agree well with those from previous density functional the-
ory (DFT) calculations by [2, 4, 13]. We consider here pre-cracked sheet with
a central crack initially perpendicular to the tensile direction as shown in Fig. 1.
Uniaxial tensile stress-strain curves of the pristine sheets and their correspond-
ing pre-cracked ones are almost identical up to fracture points as indicated in
Fig. 2. Of course, the fracture occurs much earlier in a pre-cracked sheet than in
its corresponding pristine one. A sudden drop in the stress—strain curve demon-
strates a brittle fracture. The maximal axial stress and strain at a maximal stress
correspond to the fracture stress and fracture strain, respectively. The maximal
axial stress of the pristine sheet refers to its fracture strength. Young’s modulus
Y is determined by a linear fit of the stress strain curve with the axial strain
e € [0,0.02]. By denoting ¢ as the sheet’s thickness, Y¢ and ot correspond to
2D Young’s modulus and 2D stress, respectively. Our results of Young’s modu-
lus, maximal stress, and strain at the maximal stress at 300 K are significantly

Table 1. Optimized structure parameters at zero strain at 0 K. r is the bond
length; & is the buckling height, d is the lattice constant. r; and r; are the Van
der Waals radius [18] of the first and second elements in SiS and GeSe sheets.
Values in italic font with a subscript are taken from DFT calculations by:
a) KAMAL et al. [2], b) ToMAs et al. [13], ¢) KAaaGDADA et al. [4].

Sheets r [A] h[A] d [A] i |A] | r2 [A] | t[A]
SiS 2.320 1.327 3.297 2.1 1.8 5.23
2.321% 3.299%
2.97%) 1.368" 3.852%)
GeSe 2.568 1.449 3.672 2.11 1.9 5.46
2.568Y 3.676
2.56 1.45%
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FiG. 1. Schematic illustration of: a) top and side views of a buckled hexagonal sheet; b) top

view of a pre-cracked sheet under tension in the armchair direction; c) a pre-cracked sheet
under tension in the zigzag direction.
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Fia. 2. Uni-axial tensile stress-strain curves of the pristine and pre-cracked sheets (ao is the
initial half crack length and wy is the initial half sheet length along the initial crack
direction) under the tension in: a), b) zigzag and c¢), d) armchair directions.

lower than those from previous MD simulation at 1K by JIANG and ZHOU |[5]
as shown in Table 2. A reduction of 16-18 % in Young’s modulus, 25-32% in
tensile fracture stress due to the temperature is found. The other reason may
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Table 2. Tensile mechanical properties at 300 K (ZZ and AC denote the tension
along the zigzag and armchair directions, respectively). Values in parentheses are
taken from MD study at 1 K with sample size of 100 x 100 A by Jianc and

ZHou [5].
Sheets | Young’s modulus Y¢ [N/m| | Maximal stress ot [N/m] | Strain at maximal stress [%]
77 AC 77 AC 77 AC
SiS 38.3 38.3 3.54 3.46 11.65 10.2
(45.8) (45.5) (4.9) (5.1) (24.0) (21.0)
GeSe 26.0 26.0 3.13 3.27 14.6 13.85
(31.5) (31.6) (4.2) (4.4) (28.0) (24.0)

be our much larger sample size compared to that of 100 x 100 A in the previous
work by JIANG and ZHOU [5].

The fracture strength and Young’s modulus are almost the same for the
tension along the zigzag and armchair directions. 2D Young’s modulus of SiS
is 38.3 N/m, which is slightly higher than that of buckled monolayer germanene
(36-37.5N/m) estimated by the MD simulation with Tersoff potential at 300 K [9].
2D Young’s modulus of GeSe is 26.0 N/m, which is approximately a half of
that of low-buckled monolayer blue phosphorene (50-50.5N/m) reported from
the MD study with the Reax force field at room temperature [10]. 2D fracture
strength of SiS and GeSe are ~3.5 and 3.1-3.3 N/m, respectively. These values
of the fracture strength are lower than those of buckled monolayer germanene
(4.6-5.1N/m by MD study with Tersoff potential [9], 4 N/m by MD simulation
with the Stillinger Weber potential [14], 4.1-4.7N/m by DFT calculations [15]),
and blue phosphorene (6.4-6.7N/m) [10].

Figure 3 pertains to the evolution of the fracture strain versus the initial
half crack length, showing that the pre-cracked sheet’s fracture strain falls below
5.3% with the initial crack length in the range ag/wy € [0.048,0.1], where ag
is the initial half crack length and wq is the initial half sheet length along the
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FiGg. 3. Evolution of the fracture strain versus the normalized initial half crack length ag/wo
under uniaxial tension.
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initial crack direction. Figure 2 shows that SiS and GeSe sheets exhibit approx-
imately linearity up to an axial tensile strain of ~5%, allowing the use of linear
fracture mechanics [16] to compute the critical stress intensity factor (or fracture
toughness) from the fracture stress o and initial crack length as below:

(3.1) K. = opy/mag.

Table 3. Mode-I critical stress intensity factor K;. and surface energy at 300 K.
ZZ and AC denote the tension in the zigzag (initial crack in the armchair
direction) and armchair (initial crack in the zigzag one) directions, respectively.
Values in parentheses are taken from the atomic-scale finite element simulation
with the crack-tip displacement field at 0 K [6].

Sheets | Krct [107*N/m'/?| | K;. [MPa-m!?]| 4t [107°J/m] |ty/27Y [107*N/m'/?|

77 AC 77 AC 77 AC 77 AC
Sis 1168 1.147 | 0223 0219 | 01820 0.1576| 1.181 1.099
(2.03)  (1.85)
GeSe | 1.095  1.058 | 0201  0.194 | 0.2340 0.2026 | 1.103 1.026

(1.82)  (1.67)

The mode-I critical stress intensity factor K. remains almost a constant, in-
dependent of the initial crack length as clearly indicated in Fig. 4. Their averaged
values from tests with different initial crack lengths are listed in Table 3.
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Fic. 4. Stress intensity factor estimated by K. = o5+/mao (displayed by small circles)
versus the normalized initial half crack length ao/wo under the tension in: a), b) zigzag and
c), d) armchair directions. Solid lines correspond to /2vY.
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The sheet’s thickness ¢ is specified as [17]: ¢ = h + 71 + 72; where h is the
buckling height (see Fig. 1); r1 and ry are the Van der Waals radius of the first
and second elements in a binary sheet, respectively. The Van der Waals radii are
taken from [18] for Si, S, Ge and Se elements, and tabulated in Table 1.

On the other hand, the mode-I critical stress intensity factor K. can be
evaluated from the surface energy ~ as below [16]:

(3.2) Ko = /2Y~.

The surface energy v is evaluated at 300 K from the bond energy at equilib-
rium at zero strain. This bond energy is calculated by dividing the sheet’s po-
tential energy at equilibrium at zero strain by the number of bonds of the sheet.
K. estimated by the fracture stress with initial crack length from Eq. (3.1) and
its corresponding value (also shown in Fig. 4 and Table 3) by the surface energy
from Eq. (3.2) differ from each other less than 5 %, indicating that lattice trap-
ping is insignificant for SiS and GeSe sheets. K. of SiS and GeSe is estimated at
~0.22 and 0.19-0.2 MPa,/m, respectively. These values are very small compared
to the values of ~ 3MPa,/m of single-crystalline monolayer graphene at 300 K,
see e.g. [19]. Compared to the critical stress intensity factor at 0 K (estimated by
the atomic-scale finite element simulation of the crack-tip displacement field [6])
listed in Table 3, the corresponding values at 300 K in the present study are
about 36-42 % lower. When increasing temperature from 0 K to 300 K, Young’s
modulus and tensile fracture stress of the pristine sheets reduce about 16-18%
and 25-32%, respectively, as shown in Table 2. Pre-broken bonds in a pre-cracked
sheet weaken certainly the bonds at a crack tip. Atomic fluctuation due to the
temperature is possibly larger around the crack tip in a pre-cracked sheet than in
its corresponding pristine one. Hence, temperature affects much on the fracture
but less on Young’s modulus. This issue should be further studied in the future.

a) b) c)

Fic. 5. Snapshots of the buckled GeSe sheet under uniaxial tension in the zigzag direction
(horizontal direction) with a centered pre-crack of initial length 2ag = 327, (ao/wo = 0.089,
rp = /1?2 — h?) at a: a) axial tensile strain £ = 4.0 %; b) e = 4.5 %; ¢) € = 5.0 %. The tensile
strain at maximal stress is ~4.4%. Red narrow indicates a magnification of the crack region.
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F1a. 6. Snapshots of the buckled SiS sheet under uniaxial tension in the armchair direction
(vertical direction) with a centered pre-crack of initial length 2ag = 12d (ao/wo =~ 0.058) at
an axial tensile strain € = 4.0 % (d is the lattice constant). The tensile strain at maximal
stress is ~3.8%.

SiS and GeSe exhibit similar fracture mechanisms with crack kinking, branch-
ing, and meandering for both the tension along the zigzag (initial crack in the
armchair direction) and armchair (initial crack in the zigzag direction) directions
as shown in Figs. 5 and 6.

4. Conclusions

In summary, the mechanical and fracture properties of buckled 2D hexagonal
monolayer SiS and GeSe sheets were studied by MD simulation at 300 K. Frac-
ture strength and Young’s modulus are almost the same for the tension along
the zigzag and armchair directions. 2D Young’s modulus of SiS and GeSe are
38.3 and 26.0 N/m, respectively. 2D fracture strength is ~3.5N/m for SiS, and
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3.1-3.3N/m for GeSe. Young’s modulus and fracture strength of SiS and GeSe
are lower than those of buckled monolayer blue phosphorene. Mode-I critical
stress intensity factor was computed either from the initial crack length with
the corresponding fracture stress, and from the surface energy. Deviations of the
fracture toughness estimated by these 2 methods are less than 5 %. Mode-I frac-
ture toughness of SiS and GeSe appears in the range from 0.19 to 0.22 MPa/m.
These values are very small compared to the reported fracture toughness of
single-crystalline monolayer graphene.
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