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Abstract

The structural, stability and vacancy properties of both defect-free and defected 2D h-BNNSs were studied using the classical
molecular dynamics (MD) approach. The calculations were performed in the canonical (NVT Evans) and isothermal-isobaric
(NPT Hoover) ensembles using the Tersoff potentials with the Verlet leapfrog algorithm to obtain reliable structural properties
and energies for defect-free, boron (B) and nitrogen (N) vacancies. B and N defect energies were calculated relative to the bulk
defect-free total energies, and the results suggest that N vacancy is the most stable vacancy as compared to the B vacancy. The
radial distribution functions (RDF) and structure factors were used to predict the most probable structural form. Mean square
displacement (MSD) suggests that the mobility of B and N atoms in the system increases with an increase in the surface area
of the nanosheets. Results obtained were compared with the bulk defect-free h-BNNSs.

Keywords: Molecular Dynamics, Defect-Free Energies, Defects Energies, Radial Distribution Functions, Structure Factors,
Mean Square Displacement, 2D h-BNNSs.

Table 1: Nomenclature description of all abbreviations with their units.

Abbreviations Description Abbreviations Description
MD Molecular dynamics h-BNNS576 Supercell with 576 atoms
DFT Density functional theory AS Change in entropy
2D h-BNNSs Two dimensional hexagonal E . Vacancy energy

boron nitride nanosheets
BNNTs Boron nitride nanotubes E e Defected total energy
NVT Canonical ensemble 1B iz Defect free total energy
NVE Micro canonical ensemble v,/ N-vac Nitrogen vacancy
NPT Isothermal-isobaric ensemble | V,/ B-vac Boron vacancy
FET’s Field effects transistors T temperature
N,0 Nitrous Oxide K Kelvins
RDF’s/(g,, (r)) Radials distribution functions | eV Electron volts
SF/(S(k)) Structure factors A Angstroms
MSD Mean square displacement ps Picoseconds
h-BNNS144 Supercell with 144 atoms °C Degree Celsius
h-BNNS324 Supercell with 324 atoms
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Introduction

Classical molecular dynamics (MD) simulations play an import-
ant role in the modelling of materials properties and processes
for a better understanding of their applications. The approach is
applicable and transferable across the fields of physics, chemis-
try, material science, nanotechnology and engineering [1]. Addi-
tionally, the study of mechanical, optical, elastic and electrical
properties of materials is important for different industrial ap-
plications. Certain studies have suggested that two dimensional
(2D) hexagonal boron nitride (h-BN) and its derivatives have
better mechanical properties over the layered pristine graphene
[2]. Such outstanding properties are essential in the produc-
tion of nano devices applied in sensing and electronics. Natu-
rally, h-BN is thermally stable and chemically inert in air up
to 1500 °C [3]. Different researchers using various approach-
es have successfully investigated the mechanical robustness of
h-BN. Srivastava et al. [4] have effectively used the ab anitio
density functional theory (DFT) to study the structural defects
in h-BNC: sheets. The DFT approach is more appropriate for
calculations at the electronic level as it can only accumulates a
few hundreds of atoms due to non-trivial nature of calculations
involved and memory effects. On the other hand, the classical
MD is efficient on simulating large systems of ~10 million atoms
on time length of 1 ns [5]. Mermin [6] and later Kresse et al. [7]
studies demonstrate the feasibility of classical MD methods in
the conclusive investigations on h-BN nanosheets (h-BNNSs).
Such studies suggest that the 2D materials transition is still of
first order as observed in the ordinary 3D materials. The fact is
that, the quality of the acquired classical MD results relies on the
accuracy of the chosen potential model [8]. The latter depend
strongly on the applications of the material.

In this article, the material of interest is the monolayer h-BN.
The mono-layer h-BN has potential to be the most stable and
attractive crystalline 2D material at room temperature. In re-
cent reports, h-BN nanosheets have been demonstrated to pos-
sess dielectric character in electronics which could also func-
tion as a carrier catalyst [9-12] in the fabrication of graphene
based field effect transistors (FETs) [13, 14]. h-BN nanosheets
can also act as tunnelling barriers between graphene layers
[15]. These h-BNNSs have been used to protect metal surfac-
es at elevated temperatures. However, the compelling synthesis
method has not been properly described. In certain industries,
h-BN nanosheets have been employed as fire resistant coating
for wood, which does not carbonize up to 900 °C [16]. When
compared to boron nitride nanotubes (BNNTs) and graphene;
BNNTs are now readily theoretically predicted and experimen-
tally synthesised. In this form, BNNTs were found to be the po-
tential gas detectors and an efficient catalyst for the nitrous oxide
(N20) reduction reaction [17] due to their great chemical prop-
erties and high thermal stability. It would be of great industrial
benefit to also acquire the BN nanosheets with these outstanding
properties. Graphene also became one of the most popular mate-
rial for various technological applications including sensors [18,
19] surface coating against corrosion etc. Such applications were
inspired by the graphene’s perfect flat structure and ultrahigh
fracture strength [20] and fatigue life [21] owing to being chem-
ically inert and impermeable to gases and some liquids [22]. To
quantify 2D materials scope, probing similar applications on the

h-BNNSs will sustain the layered materials functions.

In this article, the proposed potential model is that by Tersoff
[23, 24] from his original papers which is normally referred to as
the Tersoff potential. There are many different parameterisations
of this Tersoff potential available in the literature, mostly for el-
ements of group IV [23 - 27] and groups III-V [28-33]. In this
case, the set of parameters were extracted from Matsunaga et
al. [8] paper to describe the interactions between boron (B) and
nitrogen (N) atoms within the BN system. Furthermore, these
parameters have been used successfully to study the thermal
transport and mechanical properties of more complex materials
such as hybrid graphene-boron nitride, graphitic carbon nitrides
and boron-carbonitrides [34, 35]. Moreover, the highlight will
be on the stability of vacancy defects on the mono-layer h-BN
or just 2D h-BNNSs. Specifically, the manuscript reports on the
modelling of the structural and thermal properties of h-BNNSs
and how native vacancy defects in mono-layer h-BN get created.

2. Methodology

2.1 DL_POLY computational process

Molecular dynamics (MD) is a computational method used to
study the motion of atoms and molecules in a system. In setting
and running a MD simulation, the first task is to decide which
energy model to use to describe the interactions within the sys-
tem. Then the initial configuration has to be chosen in such a way
that it favors the potential model used. In this report, all classi-
cal MD simulations have been performed using the DL POLY
[28] computer code. Tersoff potentials [24] with parameters of
Matsunaga et al. [8] have been used to accurately reproduce the
interactions between B and N atoms of mono-layered BN sys-
tem. The calculations are based on the canonical (NVT Evans)
and isothermal-isobaric (NPT Hoover) ensembles.

The canonical and isothermal-isobaric ensembles were preferred
over micro-canonical (NVE) ensemble [36]. Simulations per-
formed at constant temperature and constant pressure mimic real
life situations, and both the NVT and NPT ensembles comply
with the objectives. Additionally, simulations in the NVT en-
semble maintains the number of particles, volume and tempera-
ture constant, which are distinguished by mainly two approach-
es: coupling the system to a heat bath and rescaling the velocities
accordingly or make use of the extended phase approach.

Simulations in the NPT ensemble are performed such that the
volume of the system is adjusted in a way that the average inter-
nal pressure is the same as the applied external pressure Slotman
et al. [37]. A model consisting of three supercells of 144 atoms
(72 B and 72 N atoms), 324 atoms (162 B and 162 N atoms)
and 576 atoms (288 B and 288 N atoms) each were set up. All
the supercells were relaxed well with suitable hexagonal con-
figurations and preferred Tersoff potential parameters. The 2D
hexagonal configurations in the supercells was made possible by
creating a vacuum between the adjacent layers of the bulk h-BN.
This was achieved by stretching the ordinary interlayer spacing
from the experimental 6.656 to 7.900 A in all the three systems
[38, 48, 49]. The MD simulations were allowed to run with a
0.001 ps timestep, for a period of 5000 steps and an equilibration
after every 500 steps. For data analysis from the output files,
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the radial distribution functions (RDF) and structure factors (SF)
were plotted to understand the structural configurations whilst
the mean square displacements (MSD) were plotted to deter-
mine the diffusion constants. The same procedure was repeated
on the B and N vacancies on the systems for good comparison.

3. Results and Discussion

3.1. Structural properties of h-BNNSs

3.1.1. Radial Distribution Functions and Structure Factors
The RDF or pair correlation function is a powerful tool to anal-
yse the structural information of a material. It is estimated by
considering the average distance between all pairs of atoms in
a given material. In general, if g, (7) is the radial distribution
function, then g, (7)r is proportional to the probability of find-
ing an atom of type B at a distance between  and » + Ar from an
atom of type A [39] where B and 4 represents B and N atoms. On
a two-dimensional system, the equation would be:

Anyp

gap(r) = (D

2nrArpg

where p , is the average density of species B in the entire material
and An , is the average number of particles of type B present in
the angular region between r and r + Ar with an 4 atom at the
centre (equation 1). The averaging is over all the 4 atoms present
in the simulation volume. The radial distribution functions must
be delta functions at 0 K, as there are unique values for the ra-
dii of the various neighbouring shells. However, due to thermal
vibrations, these distances become blurred as the temperature of
the system increases. The delta functions broaden into smooth
peaks. The peak width increases with temperature. The width is
in fact proportional to the root mean squared displacement of the
atoms from their equilibrium position.

The position of the n” peak in g, () would correspond to the
mean distance of the B atom from the 4 atom in n” neighbour

positions. Thus, the value of g, () at any r decreases as the tem-
perature increases due to thermal broadening [39, 40]. Structural
properties of mono-layer 2D h-BNNS have been precisely anal-
ysed using the radial distribution functions (g, ()) and structure
factors (S(k)). The observed sharp peaks, separations and heights
in Figure 1, are all the characteristics of a lattice structure ex-
hibited by a solid material. In the g, (v) of nanosheet, the peak
positions (abscissa values) correspond to the first, second, and
further nearest neighbor distances between the atoms of the hex-
agonal atomic system on the plane sheet.

Table 2 depicts the peak positions of first and second neighbor
distances of h-BNNS144, h-BNNS324 and h-BNNS576 at equi-
librium temperature of 300 K. The peak positions of h-BNNS144
atomic positions for the B-B, first and second nearest neighbor
distances appear at 2.47 and 2.69 A respectively. In the same
manner, B-N first and second nearest neighbor distances appear
at 1.41 and 2.81 A respectively. Likewise the N-N, first and
second nearest neighbor distances appear at 2.47 and 2.69 A.
In a similar manner, Table 2 provides the same information for
h-BNNS324 and h-BNNS576 supercells respectively. The B-N
bond lengths of pristine mono-layer h-BN nanosheets were re-
spectively found to be 1.41 A, 1.44 A and 1.44 A for 144, 324
and 576 h-BNNSs supercells. Obtained results concur with var-
ious studies on h-BN nanosheets as reported by Thomas et al.
[39] and many bulk h-BN studies [41, 42]. A typical visualisa-
tions of the 2D h-BN mono-layer nanosheet at 300 K for all the
supercells is shown in Figure 2. Here the hexagonal honeycomb
with alternating B and N atoms [43 - 47] is evident in Figure 2(a,
b and ¢). Further on Figure 2(d, e and f) present the same visuals
perpendicular to the nanosheet planes. The results demonstrate
that the possibility of more realistic interpretation of the 2D sys-
tems as the sampling of the planar sheets is enhanced with the
number of atoms or larger planar nanosheets.
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Figure 1: Radial Distribution Functions together with their corresponding structure factors for (a) and (b) h-BNNS144 supercell, (c)
and (d) h-BNNS324 supercell and (e) and (f) h-BNNS576 supercell.

Table 2: First and second nearest neighbouring distances (r, and r,) and corresponding number of atoms (n, and n,) in
h-BNNS144, h-BNNS324 and h-BNNS576 supercells at 300 K.

Supercells Atomic bonds r,(A) n, r2(A) n:
h-BNNS144 B-B 2.47 0.82 2.69 0.24
B-N 1.41 1.64 2.81 0.27
N-N 2.47 0.82 2.69 0.22
h-BNNS324 B-B 2.51 1.73 2.69 0.34
B-N 1.44 1.86 2.90 0.43
N-N 2.51 1.55 2.69 0.45
h-BNNS576 B-B 2.51 245 2.66 0.64
B-N 1.44 1.86 2.90 0.76
N-N 2.51 2.15 2.72 0.50
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Figure 2: The visualisation of the optimised structure (a), (b) and (¢) represented by alternating B (brown spheres) and N (blue
spheres) atoms together with its alignment perpendicular to the plane (d), (¢) and (f) of defect-free nanosheets for h-BNNS144,

h-BNNS324 and h-BNNS576 supercells at 300 K.

Furthermore, the lattice parameters of h-BNNSs were calculated
at equilibrium for all the supercells, which were found to be in
good agreement with what has been reported previously on the
material [38, 48, 49]. The Tersoff potential used in the present
study reliably gives the lattice parameters of all the three super-
cells closer to the experimental values. The experimental lattice
parameters of bulk h-BN at room temperature were reported to
be a=2.504 and ¢ = 6.625 A with an average B-N bond length
of 1.44 A [38]. MD simulations using a modified Albe, Moller
and Heining interatomic potential gives the equilibrium lattice

parameter of a = 2.532 and ¢ = 6.656 A at 0 K with an aver-
age B-N bond length of 1.46 A [48, 49]. In this work, at room
temperature using the Tersoff potentials, the lattice parameters
of the supercells (144, 324 and 576 atoms) were respectively
found to be a=2.477 A, 2.507 A and 2.507 A with an averaging
B-N bond length of 1.41 A, 1.44 A and 1.44 A. The obtained
MD lattice parameters of the materials, found to be closer to the
experimental reported results, which brings us closer to the real
life situation. Such an observation makes MD method a reliable
candidate for modelling of materials.

Table 3: Supercell and unit cell lattice parameters at minimum together with the corresponding minimum energy.

Supercells h-BNNS144 h-BNNS324 | h-BNNS576
Supercell lattice parameter (ao) (A) 14.563 22.568 29.897

Unit cell lattice parameter (ao) (A) a=b=2477 a=b=2507 |a=b=2.507
Literature unit cell lattice parameter (ao) (A) [38] | a=b=2.504

Minimum Energy (E, ) (eV) -2.1886%10° -4.9155x10° | -8.7414x10°

These results compare fairly well with experimental values [38,
48, 49]. The lattice parameters of all the supercells were deter-
mined at minimum temperature, together with their correspond-
ing energies. Table 3 shows a summary of lattice parameters that
were found to be stabilising at a =b = 2.507 A with an increase
in the surface area (number of atoms in a plane), and their corre-
sponding minimum energies are decreasing. In this scenario, the
relationship between energy and the lattice parameter is inter-
esting and complemented well by other calculated results [38].

3.1.2 Diffusion constants on the h-BNNSs

To explain the mobility of B and N atoms in the h-BN system,
the MSD graphs were plotted in Figure 3 for h-BNNS144,
h-BNNS324 and h-BNNS576 supercells and are utilised to
calculate the diffusion coefficients of both B and N atoms. The
diffusion coefficients are calculated as the surface area of the
sheets increases. The mobility of the atoms within the surface of

the material was studied for possible understanding of the pla-
nar sheet bending of the h-BN nanosheets. The results depicted
in Table 4 shows the diffusion coefficients of B and N atoms
respectively for h-BNNS144, h-BNNS324 and h-BNNS576 su-
percells at 300 K.

The value of the diffusion coefficient of the B atoms within the
nanosheets increase with increasing surface area. The behaviour
on the N atoms diffusion coefficients is not conclusive, as such
more studies in this regard needs to be considered. These may
suggest the absence of the inter-layer interactions in mono-layer
h-BN may lead to an increased planar strength on the nanosheets
which might also be enhanced by the ionic nature of B-N bonds.
Such property does not exist in bulk h-BN due to weak inter-lay-
er interactions. The stiffness of the nanosheets is reduced as the
surface area of the nanosheets increases, which agrees with what
was reported by Alem et al. [49].
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Figure 3: Mean square displacement graphs of (a) B atoms in h-BNNS144, (b) N atoms in h-BNNS 144, (c) B atoms in h-BNNS324,
(d) N atoms in h-BNNS324, (e) B atoms in h-BNNS576 and (f) N atoms in h-BNNS576 supercells at 300 K.

Table 4: Diffusion coefficients for both B and N atoms for all the supercells.

Supercells Diffusion coefficient | Diffusion coefficient
of B (A%/ps) of N (A?/ps)
h-BNNS144 2.86x10* 2.05x102
h-BNNS324 6.68x1073 4.31x10°
h-BNNS576 2.02x10"! 2.02x10!

3.2 Thermal properties of h-BNNSs

The effects of temperature on the mechanical properties of 2D
h-BNNS were also examined. It is undisputable that temperature
plays an important role on the mechanical properties of nanoma-
terials [50, 51]. The variation of temperature from 300 to 1000
K for NVT ensemble and from 300 to 1200 K for NPT hoover
ensemble was explored for the three h-BNNSs. In the process,
the entropy and coefficient of linear thermal expansion were cal-
culated. To achieve the objectives, the total energy of each su-
percell was plotted with respect to the changing temperature as
displayed in Figure 4. To quantify the behaviour of 2D h-BNNSs
energy against temperature, Figure 5 presents the suggested vi-
sual effects on these nanosheets at 1000 K for NVT and NPT

ensembles for all the supercells. The structural stability of 2D
h-BNNSs can also be demonstrated from the strain and stress
point of view. It is known that there are only two energy compo-
nents that contribute to the total energy for material to break un-
der tensile loading, which are thermal and strain energy [52]. It
has already been shown that the thermal energy of the materials
for all the supercells increases linearly with temperature which
implies that, the strain energy required for a material to break is
reduced, due to the known inverse proportionality relationship
between strain and thermal energy. As such, the stress will also
reduce because of direct proportionality relationship between
stress and strain. Therefore, the materials experience less strain
and stress as the temperature gets intensified.

Adv Theo Comp Phy, 2022

Volume 5 | Issue 4 | 621



-1,90 HM

-1,95 <
-2,00 o (a)
-2,05
-2,10
-2,15 o

-2,20 T T T T

200 400 600

1
800 1000 1200

4,85
4,86 -}
487
4,33
4,89
-4,90 -}

Energy (x10%(sV)

401
492

1 I
200 400 600

-8,62

Ll
200 1000 1200

854
8,66
8,68
8,70
872
8,74 -]

8,76 , T . T
200 400 600

1 ! 1 4 I
200 1000 1200

Temperature (K)

Figure 4: Graphs of total energy vs temperature for NVT and NPT ensembles of (a) h-BNNS144 (b) h-BNNS324 and (c) h-BNNS576

supercells.

The entropy change (AS) was then calculated using equation 2
for all the three supercells, as it is known in physics that, the
unfound information about the state of a system can be related
to the change in entropy of the system [53, 54]. The change in
entropy in the supercells considered increases with an increase
in the surface area of the materials, which actively demonstrates

that, the number of possible arrangements of the atoms within
the surface increases. This also contribute in the further under-
standing of the actual planar nanosheet geometry.

F=Eo-TAS @)

Figure 5: The visualisation of defect-free supercells structures represented by alternating B (brown spheres) and N (blue spheres)
atoms for (a) h-BNNS144 NVT, (b) h-BNNS324 NVT, (c) h-BNNS576 NVT, (d) h-BNNS144 NPT, (e) h-BNNS324 NPT and (f)

h-BNNS576 NPT ensembles at 1000 K.
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In nanotechnology, materials that have both positive and nega-
tive thermal expansion coefficient are of practical importance as
they can be utilized to make composites with very little thermal
expansion/contraction [39]. In general, if a is the equilibrium
lattice parameter and 7 is the corresponding temperature, then
the linear thermal expansion coefficient (a, (T)) can be calculated
using equation 3:

1

a,(T) = m(

aa(T))
14

aT 3)

Thomas et al. [39] have disclosed that h-BN has a negative ther-
mal expansion at low temperatures due to the low frequency

14,74

bending modes in its phonon spectrum. Sevik et al. [40] also
reported negative thermal expansion of h-BN below 300 K us-
ing a quasi-harmonic approximation (QHA) which gradually in-
creases in the temperature range of 300 — 1500 K. Table 5 shows
the values for the entropy change and linear thermal expansion
coefficients. Figure 6 further presents the calculated coefficients
of linear thermal expansions. It must be emphasized that on
the linear thermal expansion coefficients of h-BNNS324 and
h-BNNS576 the highlight is that the a-axis against temperature
was separated into two sections: 300 — 500 K and 600 — 1000 K
on h-BNNS324 and similarly 300 — 500 K and 600 — 1200 K.
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K, (¢) h-BNNS324 from 600 — 1000 K, (d) h-BNNS576 from 300 — 500 K and (¢) h-BNNS576 from 800 — 1200 K for determining

the coefficient of thermal expansion under NPT hoover ensemble.
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Table 5: Calculated entropy change (AS) and coefficient of linear thermal expansion coefficient (, (7)) for the three studied

supercells.
Superecells Entropy change (eV/K) | Thermal expansion coefficient (K™)
h-BNNS144 3.8x10? 1.50x10
h-BNNS324 8.6x10? -3.50x10? and3.50x10?
h-BNNS576 1.56x10! 1.02x10"and 1.45x1072

The results acquired using the NPT hoover ensemble shows
that 2D h-BNNSs possesses a positive a, of 1.50x10~* K for
h-BNNS144 within the specified temperature range. The
h-BNNS324 supercell possesses a negative a, of -3.50x102 K!
within a temperature range of 300 — 500 K and a positive a, of
3.50x10% K-! within a temperature range of 600 — 1000 K. In the
case of h-BNNS576, two positive thermal expansion coefficients
were observed; @, of 1.02x10" K™ in the temperature range of
300 - 500 K and @, of 1.45x10? K*' in the temperature range
of 800 — 1200 K (see Table 5 for full results). Our study shows
both positive and negative linear thermal expansion coefficients,
which are comparable to the earlier studies, reported by Thomas
et al. [39] for negative and Sevik et al. [40] within a range of
300 — 1500 K for positive thermal expansions. Thus, buckling
of planes with elevated temperature is observed at 1200 K as
shown in Figure 4(c) h-BN576 supercell NPT hoover ensemble.

3.3 Native defects in h-BNNSs

The computational analysis of defects for the calculations of
mechanical properties promotes the understanding of the mate-
rials behaviour at various physical situations [39]. The effect of
the defects in a 2D mono-layer system may be far more evident
when compared with the bulk counterparts. This is because all
atoms in a mono-layer nanosheet are in the surface on both sides
of the plane. Therefore, the defects can change the properties of
the material dramatically, due to the perturbation of the surface
atomic arrangements [55]. Vacancies are the usual intrinsic de-
fects in a 2D h-BN layer that needs special attention. The focus
here is on the mono-vacancy defects, which are created by the
removal of either B or N atom in h-BNNSs. The vacancies are
randomly created in the h-BN nanosheet, were the variation of
total energy with temperature generally demonstrate the struc-
tural changes. In all the three supercells, the B and N atomic
vacancies were introduced with varying temperature from 300
— 1200 K in the NVT Evans ensemble. The energy versus tem-
perature graphs of the entire setting is displayed in Figure 7.
The interatomic potential model used in the present MD simula-
tions are good in interpreting point defects [8].

In this setup, the B atom vacancy is represented by V, and the
N atom vacancy is represented by V The V, and V defects
on h-BNNS are constantly compared with the defect-free h-BN
nanosheet. The energy-temperature graphs of both V, and V

for all the supercells in Figure 7, clearly shows the linearity and
the proportionality relationship between energy and tempera-
ture. From these linear plots, calculation of the energy to cre-
ate the vacancy (vacancy energy — £, ) can be obtained using
equation 4:

E =E -FE 4

vac defect-free defected

where E defectfree and E efectea TEPTESENLS the total energies of the de-
fect-free and defected nanosheets for all the supercells. Further-
more, if £ S is the total energy of a system with N atoms,
then the cohesive energy per particle can be expressed according

to equation 5:

_ Edefectfree
Econ = N )

where the cohesive energy of defect-free supercells was cal-
culated to be E_,= -15.2 eV/atom for all the three defect-free
h-BNNSs supercells, which clearly shows a great mechanical
strengths of the nanosheets with an increase in surface area re-
spectively. Furthermore, the evaluation of vacancy energies of
the defected nanosheets is simply the difference between the
defect-free and that of defected nanosheet. According to the
present study the V and V for h-BNNS143, h-BNNS323 and
h-BNNSS575 per defect are presented in Table 7. The tremendous
difference on the values in relation to those in literature [37]
might be due to various methodological procedures used in the
modelling of the defects.

It could be noticed that the V, and V have different £ _ in all
the supercells, which clearly describes their state of stability as
shown in Table 6. Moreover, the calculations show that the V
has the lowest £ value as compared to V, which describes V
as more stable than V,, suggesting it to occur easily compared
to V.. Figure 8 displays the structural visualisation of V and V
type defects at 300 K, which shows the random appearance of
the position of a vacancy on surface of the material with an in-
crease in surface area. These results were found to compare and
concur well with the defect-free counterpart.
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Figure 7: Graphs of energy as a function of temperature of V, and V for (a) h-BNNS143 (b) h-BNNS323 and (c) h-BNNS575
NVT Evans ensemble.

Table 6: Minimum energy of defected h-BNNSs system, vacancy energy, volume and entropy change of a system of V,, V
and defect-free for h-BNNS143, h-BNNS323 and h-BNNS57S supercells at 300 K.

Supercells V. \ Defect-free
h-BNNS143 Total energy (eV) -2.1716x10° -2.1613x10° -2.1886x10°
Vacancy energy (eV) -17 -27.3 -
Volume (A% 1.4969x10? 1.4969x10? 1.4969%10°
Entropy change (eV. K') 3.8x10? 3.0x10 3.8x10?
h-BNNS323 Total energy (eV) -4.9013x10? -4.8875%10? -4.9155%10°
Vacancy energy (eV) -14.2 -28 -
Volume (A?) 3.4796%10° 3.4796%10° 3.4796%10?
Entropy change (eV. K!) 1.43x1072 1.43x1072 8.6x102
h-BNNS575 Total energy (eV) -8.7249x10° -8.7124x10° -8.7414x10°
Vacancy energy (eV) -16.5 -29.0 -
Volume (A?) 6.1461x10° 6.1461x10° 6.1461x10°
Entropy change (eV. K') 1.55%10! 1.53x10! 1.56x10"
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Table 7: Calculated V and V _ defects energies for h-BNNS143, h-BNNS323 and h-BNNS575 per defect.

Supercells V, (eV) V, (V)
h-BNNS143 -17.0 -27.3
h-BNNS323 -14.0 -28.0
h-BNNS575 -16.5 -29.0
Literature [37] 11.7 11.7

Figure 8: The visualisations of V, and V  represented by alternating B (brown spheres) and N (blue spheres) atoms respectively. (a)
V,, for h-BNNS143, (b) V, for h-BNNS143, (c) V, for h-BNNS323, (d) V for h-BNNS323, (e) V, for h-BNNS575 and (f) V for

h-BNNS575 supercells.

4. Conclusion

The structural behaviour of defect-free, B and N vacancies in
mono-layer 2D h-BNNSs atomic supercells have been studied
with help of Tersoff potentials at different temperatures. The cal-
culated (g, () and S(k) results demonstrated the consistency
of Tersoff potentials in explaining the interaction between B and
N atoms within the BN system, together with how B-B, B-N,
and N-N bonds arrange and distribute themselves around a given
atom. Of important highlight, introduction of V_ and V  native
defects does not necessarily affect the structural properties of
the h-BN nanosheets. The calculated diffusion coefficients of B
atoms were found to be increasing with an increase in the sur-
face area. The entropy change, which was as well found to be
increasing with surface area, provides explanation of the buck-
ling of 2D planar layers at elevated temperatures. Such prop-
erties may as well be considered when exploring the semicon-
ductor behaviour of the nanosheets. The coefficients of thermal
expansions through the h-BNNSs demonstrate complex be-
haviour as the supercell surface area increases. This also further
gives an explanation on the buckling and stiffling suggested for
h-BNNSs. At larger surface areas, more coefficients of thermal
expansion, which include both positive and negative values, are
experienced. This idea is associated with the nanosheets bending
and wrinkling as suggested by the experiments. V point defect
was found to be more stable in all the studied formations and can
easily occur than the V point defect. Introduction of these point
defects may be useful when manipulating the h-BN nanosheets
for semiconductor behaviour.
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