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ABSTRACT: In this study, we have thoroughly investigated the tensile A A A A A A A A A | Point Vacancy
mechanical behavior of monolayer XN (X = Ga, In) using molecular dynamics B A A AL S S

simulations. The effects of temperature (100 to 800 K) and point vacancies (PVs, ;‘\.: ;:\:\:‘ 5"

0.1 to 1%) on fracture stress, strain, and elastic modulus of GaN and InN are Il A b b A A

studied. The effects of edge chiralities on the tensile mechanical behavior of creesere .
niaxia

monolayer XN are also explored. We find that the elastic modulus, tensile  Tensile Loading

Uniaxial I

N
L A A& & & Tensile Loading

strength, and fracture strain reduce with increasing temperature. The point defects Y “:\ ‘\.\‘\ ‘:R‘\‘
cause the stress to be condensed in the vicinity of the vacancies, resulting in  Point Vacarcy | b b b _&_b& b _&_&_&
straightforward damage. On the other hand, all the mechanical behaviors such as Heat

fracture stress, elastic modulus, and fracture strain show substantial anisotropic

nature in these materials. To explain the influence of temperature and PVs, the

radial distribution function (RDF) at diverse temperatures and potential energy/ &

atom at different vacancy concentrations are calculated. The intensity of the RDF

peaks decreases with increasing temperature, and the presence of PVs leads to an

increase in potential energy/atom. The current work provides an insight into adjusting the tensile mechanical behaviors by making
vacancy defects in XN (X = Ga, In) and provides a guideline for the applications of XN (X = Ga, In) in flexible nanoelectronic and
nanoelectromechanical devices.

1.0. INTRODUCTION Therefore, the application prospects of monolayer XN in the
field of NEMS such as nanoenergy harvesting, energy storage,
sensing, and piezotronics are exciting, and the investigation of
the mechanical properties at different circumstances attracts
great attention.

Usually, the mechanical behavior of nanoscale materials is
significantly influenced bzf the temperature of the environment
and structural chirality.”*' Mechanical behavior of various 2D
materials, including graphene, graphynes, 2D-ZnS, 2D-SiC,
and MoSe,,”' *° has recently been investigated at different
temperatures. The atomic vibration of nanostructures increases
significantly as the system temperature increases, making the
materials less stiff. Therefore, the breaking of the nanostructure
may occur at an early stage and show a decreasing trend of the
mechanical properties with increasing temperature. In
addition, the honeycomb arrangement of 2D materials
produces two types of chirality: armchair and zigzag chiralities.
Hence, when a uniaxial loading is applied to nanosheets such

The functional efficiency of nanodevices and nanoelectrome-
chanical systems (NEMS) is greatly affected by the mechanical
behavior of the constituent materials.”” Due to the rapid
shrinking trend of nanoscale devices, structural failure
problems have increased considerably and must be solved
urgently to realize reliable and efficient NEMS.” Since the
exfoliation of graphene,”” the very first two-dimensional (2D)
materials with a honeycomb structure, a new milestone has
been achieved to solve the failure problems of NEMS by using
the extraordinary mechanical strength of graphene.”” How-
ever, the zero electronic band gap of graphene5 is a major
limitation in all of these prospects and triggered the scientists
to invent other monolayer systems with comparable behavior
like graphene. Recently, monolayer group IlI-nitrides XN (X =
Ga, In) have shown promising potential in nanoscale device
fabrication owing to their outstanding electronic, piezoelectric,
optical, thermal, and mechanical properties.” " Although the
fabrication of monolayer XN from its bulk counterpart was a
great challenge, recently, using the graphene encapsulation Received: December 23, 2021
technique and molecular beam epitaxy method, the exper- Accepted:  April 8, 2022
imental fabrication of monolayer XN has been done.'”™'° Published: April 18, 2022
Moreover, employing a surface-confined nitridation technique,

micrometer-sized 2D-GaN has been synthesized recently.”'®

InN-based nanostructures' >’ are also improving day by day.
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as graphene, 2D-SiC, 2D-ZnS, and 2D-SiGe, the two different
chiral directions of these materials show a significant dissimilar
(anisotropic) mechanical strength due to changes in the
bonding arrangement.”**** Conversely, due to the complex
synthesizing techniques, when a monolayer structure is
produced experimentally or used in different technological
applications under different environmental and operating
conditions, the appearance of point vacancies (PVs) such as
structural defects is inevitable.”’ ' The law of thermody-
namics reveals that a small amount of vacancy such as
imperfections in nanoscale materials has a substantial effect on
the physical properties and hence can reduce the fracture
strength of the nanoscale material 2greatly as a result of their
robust regularity breakdown effect.”” In recent times, the effect
of vacancy type defects on the fracture behavior of hybrid
graphene-boron nitride, MoS,, 2D-ZnS, and 2D-BeO has been
investigated””**™*° It has been discovered that vacancy-
induced structures fracture at breaking stress that is far lower
than the intrinsic strength of ideal structures, and increasing
the vacancy concentration can significantly reduce fracture
stress, elastic modulus, and fracture strain. To fulfill the large-
scale industrial objectives, especially at high temperatures
under which the device works or considering the realistic
experimental conditions with vacancy like structural defects,
exploring the dependency of mechanical properties of XN is a
matter of concern to avoid structural damage.

Of late, numerous experimental, as well as theoretical,
investigations have been accomplished on monolayer XN to
explore different physical properties such as strain- and doping-
induced electronic, optical, and vibrational properties, gas
molecules’ adsorption behavior, excitonic properties and
magnetic properties, light-harvesting behavior, topological
phase transition, thermodynamic stability, and hydrogenation
behaviors.**~** Moreover, a van der Waals heterobilayer built
by XN has also been explored recently.”® From these studies, it
has been found that monolayer XN is very much promising
and can be successfully employed in different piezoelectric,
optoelectronic, photocatalytic, and sensing applications.
Although most of the existing works has focused on studying
the structural, electronic, and optical properties of XN, to the
greatest of our understanding no studies have reported on the
tensile mechanical behavior of this prospective monolayer. The
mechanical properties of XN with different concentrations of
PV along with different chiral alignments are still unknown. It
is also unidentified how temperature changes affect the tensile
mechanical characteristics and fracture behavior of the XN
monolayer. To design reliable nanodevices and NEMS based
on XN, an exhaustive investigation of their mechanical
behavior is thus significantly imperative under diverse
boundary conditions.

In this study, we have carried out a systematic and rigorous
investigation on the tensile mechanical properties of
monolayer XN through molecular dynamics (MD) simulation.
Modified embedded atom method (MEAM) potential
proposed by Do et al.*’ is used to explain the atomistic
interaction of the considered nitride structures. We inves-
tigated the effect of temperature ranging from 100 to 800 K
and PV defects with a concentration varying from 0.1 to 1.0%
on the fracture performance under tensile loading along the
two chiral directions. Due to the bonding properties, tensile
mechanical properties such as fracture stress, elastic modulus,
and fracture strain exhibit substantial anisotropic behavior for
this monolayer XN. To explain the effect of temperature and

PV, the radial distribution function (RDF) at different
temperatures and potential energy/atom at different vacancy
concentrations are calculated. The sheet deformation profile is
also analyzed by considering different temperatures as well as
various PV concentrations.

2.0. SIMULATION DETAILS

We used classical MD simulations to calculate the tensile
mechanical characteristics of monolayer XN. The potential
used in the system has a significant impact on the accurate
prediction of material properties in MD simulations. Choosing
a suitable potential for a particular system is thus an essential
prerequisite for getting reliable results from MD simulation. Of
late, Do et al.* developed a modified embedded-atom method
(MEAM) potential for modeling the atomistic interactions
between the atoms of GaN and InN in MD simulations. This
potential has been shown to accurately characterize the
structural, defect, and elastic properties of zinc-blende and
wurtzite GaN and InN. The cohesive energy (E(), lattice
parameters (a and c), internal structural parameter (u), elastic
constants (Cy;, Cy,, Ci3, C33, Cyyy and Cgg), and bulk modulus
(B) of GaN and InN systems reported from the MEAM
potential in the MD simulation agree well with the
experimental results as well as the first-principles (FP)
calculations.” Tables S1 and S2 (Supporting Information)
show the comparison of different physical parameters of XN
(X = Ga, In) reported by the MEAM potential in the MD
simulation along with experimental values and FP calcu-
lations.”> The tensile mechanical strength of monolayer XN
under uniaxial tensile loading can be e:iplored by the virial
stress theorem, which can be specified as +

1 . . 1
Uvirial(r)ZEE, _mi”i®”i+5§:ry‘®f,—j
! i 1)

where the total sum is chosen for all the atoms in the volume,
m; signifies the mass of atom i, i signifies the time derivative of
the interchange, r; signifies the location vector, and f;; signifies
the interatomic force applied on atom i by atom j.
Realization of single-layer XN along with two ultimate chiral
alignments, namely the armchair and the zigzag directions, is
exposed in Figure la. The dimensions considered for the
monolayer GaN and InN were ~1252.91 nm? (35.9 nm X 34.9
nm) and ~1245.84 nm® (34.6 nm X 35.6 nm), respectively.
The bond lengths for Ga—N and In—N were 1.87 and 2.06 A,
respectively. The total atoms considered in the GaN and InN
sheets were 27648 and 22400, respectively. With the purpose
of removing the size effect, periodic boundary conditions
(PBC) were applied along the two (X and Y) orientations. An
outsized vacuum space of 20 A was taken on both faces (along
the Z-axis direction) of the sheet so that the atoms do not
interact along the vertical orientation, and only single-layer XN
was involved in the simulation. The conjugate gradient scheme
was used for the energy optimization of the structure. The
finishing tolerance for force and energy were chosen as 107°
eV/A and 107% respectively. In the optimization process, the
maximum force/energy costing and the highest iterations of
the minimizer were taken as 10,000 and 5000, respectively. As
soon as one of the stopping criteria is fulfilled, the iteration
process of minimization changed to the finishing condition.
After finishing the energy optimization, an equilibration
computation for 50 ps is used by means of an NVE
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Figure 1. (a) Realization of single-layer XN (X = Ga, In) along with
two fundamental chiral orientations, namely the armchair and the
zigzag orientations. (b) PV defects in single-layer XN.

microcanonical ensemble. An NPT ensemble (isobaric,
isothermal) for SO ps was further utilized to equilibrate the
structure pressure to 1 bar. Throughout the NPT ensemble
simulation, the structure gets reorganized and all the interior
pressure grown was removed. Finally, we engaged the NVT
ensemble (canonical) for 30 ps for thermal easing. The
equation of motion was resolved through the velocity—verlet
integration method by means of a time step of 1 fs. We have
utilized a stable strain rate of 10° s™' along the tensile
distortion alignments (zigzag and armchair). Although the
operating strain rate is quite high, the applied strain rate is well
suited for atomistic computations to determine material
fracture performance with a reasonable computational
expense.” > For postprocessing and verifying the estimated
stress, strain, and trajectories of the studied configuration, the
open-source visualization software OVITO was utilized
throughout the study.* Besides, it is well known that the
trajectory of classical MD computations is enormously
stochastic. To account for stochasticity and ambiguity, all
MD simulations were run for four different initial conditions
(i.e., molecular velocity) for both pristine and vacancy-induced
configurations.”> We took the average of the four results of
these four distinct calculations to carry out the error
calculation.

3.0. RESULTS AND DISCUSSION

XN (X = Ga, In) are projected to be competitive nanomaterials
for real-world applications in which the environment is likely
to change dramatically. Predominantly, the steadiness of the
XN-based devices and systems at extreme temperatures®™"" is
a serious disquiet in current nanoelectronics. NEMS, nano-
sensors, nanodevices, aerospace applications, fuel-cell applica-
tions, energy-harvesting systems, and nanoactuators demand
extremely durable structures at high temperatures.”>*°
Therefore, characterization of the fracture behavior of XN at

high temperatures is very essential to employ it in the next-
generation NEMS and nanoelectronics. We have thus first
calculated the temperature (100 to 800 K) effect on the
uniaxial tensile mechanical properties of monolayer XN. The
stress—strain behavior of GaN and InN monolayers is
represented in Figures 2ab and 3ab, respectively. For both
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Figure 2. Effect of temperature on the stress—strain performance of
single-layer GaN along the (a) armchair and (b) zigzag orientations.
Temperature-dependent (c) fracture stress, (d) fracture strain, and
(e) elastic modulus of single-layer GaN along the two different chiral
orientations.

monolayers, the stress—strain performance maintains a linear
relationship up to the fracture strain and then shows a sharp
breaking, indicating that monolayer XN can show brittle types
of fracture for both chiral orientations. Most importantly, with
increasing temperature, a decreasing trend of the fracture stress
in both the armchair and zigzag alignment is perceived for both
of these GaN and InN monolayers. The thermal vibration of
atoms leads the structure to become less stiff as the
temperature increases. As a result, chemical bonds among
the atoms are more likely to reach the acute bond length and
therefore break. Two energy factors contribute to the overall
energy of the uniaxial tensile deformation process when it
breaks: thermal energy and strain energy. The thermal energy
contribution increases linearly with temperature and therefore
the required strain energy contribution for breaking the
structure decreases as the temperature increases. For the GaN
monolayer, at 100 K, the maximum tensile strengths of ~74.21
and ~77.36 GPa are found along the armchair and zigzag
directions, respectively. Nevertheless, when the temperature is
elevated to 800 K, the tensile strength drops from ~74.21 to
~36.80 GPa and from ~77.36 to ~38.41 GPa in the armchair
and zigzag alignments, respectively. Moreover, for the InN
monolayer, at a temperature of 100 K, we have found
maximum tensile strengths of ~47.38 and ~50.26 GPa along
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Figure 3. Effect of temperature on the stress—strain performance of
single-layer InN along the (a) armchair and (b) zigzag orientations.
Temperature-dependent (c) fracture stress, (d) fracture strain, and
() elastic modulus of single-layer InN along the two different chiral
orientations.

the armchair and zigzag directions, respectively. However,
when the temperature of the GaN monolayer is increased to
800 K, the tensile strength is found to be ~11.70 and ~11.62
GPa in the armchair and zigzag directions, respectively. Similar
to fracture stress, fracture strain also shows a reducing trend for
both orientations of XN. At a temperature of 100 K, the
fracture strains of GaN for armchair and zigzag coordinations
are found to be 0.1408 and 0.1608, respectively, whereas those
quantities are diminished to 0.0659 and 0.0707, respectively,
once the temperature is increased to 800 K. Similarly, for the
InN sheet, at 100 K, the fracture strains for armchair and zigzag
alignments are 0.1028 and 0.1245, respectively, while those
values are lowered to 0.0246 and 0.0254, respectively, when
the temperature is increased to 800 K. The influence of
temperature on the reduction of fracture stress and strain of
monolayer XN for both chiral orientations is plotted in Figures
2¢,d and 3¢,d, respectively. Moreover, the percentage reduction
of distinct mechanical properties of XN with respect to 100 K
is presented in Tables S3 and S4 (Supporting Information).
Next, we have calculated the elastic modulus of XN at
different temperatures. In order to calculate the elastic
modulus, the stress—strain relationship is matched with a
straight line considering a tiny strain of <2%. The smaller
strain region is considered so that the structure guarantees
linear elastic deformation and conforms to Hooke’s law. The
estimated elastic modulus of XN at diverse temperatures is
depicted in Figures 2e and 3e, respectively. Identical to the
tensile stress and strain, the computed elastic modulus also
demonstrates a reducing nature with a higher temperature. As
depicted in Figures 2e and 3e, because of the increase in
temperature from 100 to 800 K, the elastic modulus of GaN
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Figure 4. RDF, g(r) of (a) Ga—Ga, (b) Ga—N, and (c) N—N pairs of the GaN sheet and (d) In—In, (e) In—N, and (f) N—N pairs of the InN sheet

at four different temperatures.
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Figure S. Stress—strain performances of PV-induced GaN sheets at 300 K along the (a) armchair and (b) zigzag orientations. PV-induced (c)
fracture stress, (d) fracture strain, and (e) elastic modulus of a GaN sheet along the two different chiral orientations.

shows a reduction from ~709.39 to ~642.19 GPa with a
~9.47% decrease and ~706.42 to ~641.05 GPa with a ~9.25%
decrease along the armchair and zigzag orientations,
respectively. Conversely, because of the increase in temper-
ature from 100 to 700 K, the elastic modulus of InN shows a
reduction from ~593.92 to ~494.9 GPa with a ~16.67%
decrease and ~587.71 to ~499.47 GPa with a ~15.02%
decrease along the armchair and zigzag orientations,
respectively. Hence, it can be argued that the elastic modulus
of 2D-InN is more susceptible to temperature changes
compared to those of 2D-GaN. The attained temperature-
dependent elastic modulus agrees well with the findings of 2D-
SiC, 2D-ZnS, and 2D-BeO.>'?*** Moreover, the elastic
modulus of both GaN and InN monolayers exhibits a
significant anisotropy in the armchair and zigzag alignments.
The anisotropic elastic modulus behavior of XN in both chiral
directions is caused by differences in bond alignments and
bond stretching. Similar anisotropic elastic modulus behavior
of XN was seen in ab initio calculations,'’ where the reported
elastic modulus for GaN was found to be 106.586 and 105.846
N/m, respectively, in the armchair and zigzag directions. In
addition, the values for InN were 61.619 and 62.158 N/m,
respectively.

To explain the temperature-dependent mechanical behavior
qualitatively, we have calculated the RDF at four different
temperatures. The temperature-dependent RDFs of GaN
(Ga—Ga, Ga—N, and N—N) and InN (In—In, In—N, and
N—N) for different nearest neighbors are presented in Figure

14682

4a—c and 4d—f, respectively. Generally, for a single-layer
configuration, the RDF can be quantified as, gPQ(r) = Anpg/
27rArpq, where gpo(r) represents the RDF, pg denotes the
mean density of particles Q in the whole structure, and Anpq
denotes the mean quantity of particles of category Q present in
the annular zone between r and r + Ar with a P particle at the
focus. The RDF should be a delta-like function at 0 K.
However, the particles become energetic and start to oscillate
from their normal location with the increase of temperature.

Consequently, the probability of finding a specific atom in
the vicinity of the reference atom decreases with increasing
temperature. Therefore, the RDFs show widening delta
functions with decreasing peak intensities for all neighbors,
indicating greater atomic vibrations and confirming the weak
mechanical strength at high temperatures.”” From Figure 4a—c,
it is also noticed that the peak locations of the first, second, and
third neighbors of the 2D-GaN sheet are approximately at
1.985, 3.445, and 3.45S5 A, respectively, justifying the accuracy
of the RDF calculations for 2D-GaN. Moreover, the peak
positions of the first, second, and third neighbors of the 2D-
InN sheet (Figure 4d—f) are at 2.025, 3.505, and 3.515 A,
respectively, further justifying the validity of the RDF
calculations for 2D-InN.

The experimental creation of perfect nanostructures is
practically unattainable. Various vacancy-like defects are
formed during the production and can have unpredicted
effects on the mechanical strength of nanoscale matters.
Among the diverse vacancy defects, PVs, or the missing of a
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single atom in the structure at a distinct location, is more
conquerable and has a strong effect on the physical properties
due to its higher symmetry breakdown effect. Moreover, PVs
can be utilized as an excellent means to regulate the physical
performance of monolayer XN. In this section, the impact of
PVs on the mechanical strength of single-layer XN under
uniaxial tensile loading at 300 K is investigated. Figures Sa,b
and 6ab demonstrate the stress—strain behavior of PV-
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Figure 6. Stress—strain performances of PV-induced InN sheet at 300
K along the (a) armchair and (b) zigzag orientations. PV-induced (c)
fracture stress, (d) fracture strain, and (e) elastic modulus of an InN
sheet along the two different chiral orientations.

disordered GaN and InN monolayers with concentrations
varying from 0.1 to 1.0%. For both chiral orientations, the
stress—strain relationship depicts a linear pattern up to the
fracture stress point, then a rapid deterioration, resulting in
brittle fracture performance. As figures (Figures Sa,b and 6a,b)
suggest, for both orientations, the critical fracture stress reveals
a declining trend once the vacancy concentration is enhanced.
For 0.1% PV-induced GaN, the evaluated fracture stress, elastic
modulus, and fracture strain along the armchair orientation are
found as ~38.59 GPa, ~682.03 GPa, and~0.0629, respectively,
while these values are ~42.62 GPa, ~679.31 GPa, and
~0.0736, respectively, for the zigzag orientation. For 0.1%
PV-induced InN, the evaluated fracture stress, elastic modulus,
and fracture strain along the armchair orientation are found as
~19.74 GPa, ~564.87 GPa, and ~0.0378, respectively, while
these values are ~21.38 GPa, ~554.73 GPa, and ~0.0423,
respectively, for the zigzag orientation. The changes of
mechanical properties with diverse concentrations of vacancy
are revealed in Figures Sc,d and 6¢,d. Due to the upsurge in the
vacancy amount, both the fracture stress and strain decline
monotonically. For a 1.0% PV concentration, the fracture stress
of GaN is obtained as ~33.28 GPa in the armchair direction,
whereas it is ~36.41 GPa in the zigzag direction. For the same

vacancy concentration, the fracture stress of the InN is
determined to be 10.85 and 16.37 GPa in the armchair and
zigzag directions, respectively.

For both alignments, the change in the elastic modulus of
XN with diverse vacancy densities is exposed in Figures Se and
Ge. It is perceived that for both alignments, the falling trend of
elastic modulus is more considerable for the InN monolayer.
At room temperature, owing to the integration of 1% PV into
the InN configuration, the elastic modulus is reduced to ~7.80
and ~9.12% in the armchair and zigzag alignments,
respectively, which is nearly 1.1—1.45 times superior to the
declining trend of PV-provoked GaN. Islam et al.”" and Jing et
al.>" also reported a similar type of elastic modulus decline for
2D-SiC and graphene with PV defects. The influence of PV
concentration on the percentage decrease of different
mechanical properties estimated for monolayer GaN and
InN along the armchair and zigzag alignments are listed in
Tables S5 and S6 (Supporting Information), respectively.

The change in the estimated mechanical behaviors of the
single-layer XN comprising PV defect can be simply and
qualitatively recognized from their potential energy per
atom(PE/atom) calculation.”>>>™>* The PE/atom demon-
strates a difference for diverse types of structures at zero strain.
The difference should usually be the smallest for a perfect
arrangement. Nevertheless, when the configuration comprises
vacancy-ike defects, the PE/atom increases compared to the
perfect case. For certain PV concentrations, as the structure is
affected by a robust regularity failure effect than the perfect
sheet, the PE/atom at zero strain should exhibit a greater value
for the PV defected configuration. The evaluated PE/atom
values for pristine, 0.1% PV, and 1.0% PV defects along the
armchair and zigzag alignments of single-layer GaN and InN
are shown in Figure 7a,b and 7c,d, respectively. From the
figures, it can be perceived that for both chiral orientations, the
unspoiled XN structure exposes a lesser initial PE/atom value
compared to the PV-defected XN. Furthermore, the 1% PV-
defected XN configuration reveals a greater initial PE/atom
compared to the 0.1% PV-defected XN as a consequence of its
greater regularity failure effect.

For a better understanding, the effects of increasing
temperature and PV concentration, the stress distribution,
and the deformation profile of XN at different strain levels are
also explored here. For simplicity, here, we have only
considered the armchair orientation of both GaN and InN
monolayers. The temperature-dependent deformation profiles
of GaN and InN are shown in Figures 8 and 9, respectively.
The monolayer XN exhibits a superior stress value as the
tensile strain increases. The void formation is first observed
near the free ends of the sheet. The initial void formation and
successive breakdown occur at nearly a comparable strain level,
which proposes a brittle failure mechanism.

When the temperature is low, the number of damaged bonds
is small for an identical strain value, as shown in Figures 8 and
9. However, for higher temperatures, the destruction of the
bonding is so high that the sheet turned into fracture for a
smaller strain value. The configuration undergoes essentially a
minor thermal vibration at low temperatures and therefore the
distortion and stress cannot be progressed quickly from the
initial bond rupturing in the sheet to the whole configuration.
However, at higher temperatures, as the thermal trembling
effect is very high, the smaller strain level is enough to break
the bond and create the void as well as damage the pristine
sheet. The influence of temperature can be explicitly observed
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from the strain value at which the structure displays a failure.
Besides, it is also observed that the fracture transmission occurs
approximately 90° to the loading path for armchair-oriented
pristine XN. Analogous crack promulgation is also revealed for
other sgfstems such as graphene, MoS,, and h-BN nano-
sheets.>>

The PV-induced XN shows a similar pattern of the growth
of initial voids, the expansion of these empty spaces, and the
final cracking of the sheet to that of pristine XN. As shown in
Figures 10 and 11, the crack initiates from the vacancy site, and
the pathway of crack propagation is along the vertical direction

14684

of the PV defects. In PV-induced XN, the initial debonding
approves additional debonding of Ga and N as well as In and
N atoms, which further origins an enormous amount of single
atomic chains of Ga and N as well as In and N atoms and
therefore leads to a configuration breaking. Similar to pristine
XN, for PV-induced sheets, the initiation of void and
development of the void is limited to a certain region, and
the rest of the XN sheet remains nearly unaffected. Besides, for
increasing PV concentration, the deformation starts at a
significantly lower strain value compared to the lower
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concentration. This occurs due to the fact of the superior
symmetry breakdown effect at higher concentrations of PV.
The fracture behavior of structural materials can be
significantly altered for practical applications by varying the
operational loading. Specifically, there is a significant difference
in the tensile strength behavior as the strain rate is changed. At
different strain rates, we examined the stress—strain correlation
of XN. Figure 12a—d shows the stress—strain behaviors of both
armchair and zigzag directed XN at various strain rates,

including 1.5 X 1073, 1 X 1073 3.5 X 107 2.1 X 107%, 5.5 X
107°, and 4.1 X 107° ps™'. The fracture stress and
corresponding fracture strain exhibit minor growing trends
with increasing strain rates. Similar fracture behavior has been
seen in a variety of materials, including 2D-SiGe, 2D-SiC, 2D-
ZnS, and graphene.”*>**** Besides, the relationship between
the fracture stress and the strain rate can be expressed by the

. . 21
Arrhenius equation as
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where ¢ signifies the strain rate, o signifies the fracture stress, Q
signifies the activation energy, R is the universal gas constant, T
is the deformation temperature, m is the strain-rate sensitivity,
and A is a constant. Equation 2 can be further simplified by
taking natural logarithms on both sides and assuming that
temperature is constant during the deformation. Therefore, we
can get

Iné =1In(A) + iln(a) — 1311

©)

Now, by calculating the slopes of In (¢) and In (&) profiles,
the strain-rate sensitivity m can be obtained easily. The strain-
rate sensitivity m is expressed as

_ 0ln(o)

" oIn(e) 4)

The strain-rate sensitivity m for armchair- and zigzag-
directed GaN is 0.023 and 0.0147, respectively, as shown in
Figure 12e. Moreover, the strain-rate sensitivity is 0.042 and
0.0409 for armchair- and zigzag-directed InN, respectively
(shown in Figure 12f). Therefore, the fracture stress of
armchair-directed XN is more sensitive to the strain rate.

In addition to the strain rate effects, the size effect was
investigated to ensure that the XN (X = Ga, In) structures
employed in this study were large enough to produce size-
independent results. The mechanical behaviors of two large
GaN sheets with areas of 238.95 and 599.47 nm* and two InN
sheets with areas of 222.15 and 617.25 nm?® were examined.
The explored fracture stress, strain, and elastic modulus of both

GaN and InN with considered sheet area are illustrated in
Figure S1 (Supporting Information). As we applied PBCs, the
obtained mechanical properties of XN show size-independent
results.

4.0. CONCLUSIONS

In conclusion, we studied the mechanical behavior of
monolayer XN by using MD simulations. The influences of
temperature (100 to 800 K) and PV defects (0.1 to 1.0%
concentration) on the elastic modulus, fracture stress, and
fracture strain of this XN monolayer were comprehensively
analyzed. At room temperature, the computed fracture stresses
of GaN were 59.52 and 61.41 GPa along the armchair and
zigzag directions, respectively. Conversely, these values were
31.75 and 36.12 GPa, respectively, for InN. The mechanical
strength of monolayer XN decreases as the system temperature
increases and can be tuned by changing the PV concentrations.
Introducing 1% PV can decrease the fracture stress of the
monolayer GaN and InN by ~(40—44) and ~(56—65)%,
respectively. To explain the obtained mechanical behavior
quantitatively, the temperature-dependent RDF and PV-
induced PE/atom were explored. The RDF peak exhibits a
softening as well as broadening nature with increasing
temperature, quantifying the reduction of mechanical strength
at high temperatures. Among the different PV concentrations,
the highest PE/atom at the zero strain level was recorded for a
greater concentration of PVs verifying the vacancy-induced
fracture behavior. The deformation profile for different
temperatures demonstrates the stress distribution behavior at
different strain levels, and increasing temperature shows an
early breakdown of the sheet with a lower strain level. The
atomic-scale simulations employed here will be beneficial for
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understanding and accurately predicting the mechanical
properties of monolayer XN as well as opening up new
avenues toward rational defect engineering for advanced
reliable device applications avoiding structural damaging.
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