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ABSTRACT

Introduction: In this study, we investigate how boundary conditions influence the structural evo-
lution of hexagonal boron nitride (h-BN) under thermal stress. Specifically, we analyze two configu-
rations: a zigzag h-BN nanoribbon (ZBNNR) and an in-plane graphene/h-BN/graphene (g/h-BN/g)
heterostructure, focusing on the role of graphene layers in modulating h-BN's behavior during heat-
ing. Methods: Molecular dynamics simulations were employed to simulate thermal effects on the
ZBNNR and hybrid g/h-BN/g heterostructure. These simulations tracked structural changes, bond
dynamics, and phase transitions across varying temperatures to assess boundary-driven modifica-
tions in h-BN stability. Results: Both systems exhibited first-order phase transitions. The melting
temperature of ZBNNR was 3800 K, significantly lower than the 6150 K observed for the g/h-BN/g
heterostructure. At melting, B-B and N-N bonds in ZBNNR contracted, whereas these bonds re-
mained stable in the heterostructure. Coordination analysis revealed that 5.9% of atoms in ZBNNR
retained a coordination number of three, compared to only 2.6% in the h-BN layer of the het-
erostructure, highlighting graphene's stabilizing effect. Conclusion: The presence of graphene
layers in the hybrid heterostructure substantially enhances the thermal stability of h-BN, elevating
its melting temperature and suppressing bond distortion. This work underscores the critical role of
boundary conditions in tailoring nanoscale material properties for high-temperature applications.
Key words: hBN, ZBBNR, inplane hybrid graphene/hBN/graphene heterostructure, melting point,

MD simulation 2

INTRODUCTION

Graphene, a single layer of carbon atoms arranged in
a hexagonal lattice, is renowned for its exceptional
mechanical strength, high electrical conductivity, and
remarkable thermal properties!. In contrast, h-BN
consists of alternating boron and nitrogen atoms in
a similar hexagonal lattice structure, offering excel-
lent insulating behavior, thermal stability, and a wide
bandgap?>. Both graphene and h-BN have been syn-
thesized experimentally. In contrast to the hexago-
nal configuration of graphene nucleation islands, h-
BN initiates growth with a triangular shape, poten-
tially influenced by the higher energy preference of
nitrogen-terminated edges*. h-BN can exist in differ-
ent structural forms, including armchair and zigzag
configurations, which refer to the arrangement of the
lattice. Both armchair and zigzag types of h-BN share
the fundamental properties of high thermal stability
and excellent insulating properties>~’.

When graphene and h-BN layers are stacked together
in a van der Waals (vdW) heterostructure, they create
a unique material system with enhanced properties.
The precise stacking arrangement, often achieved in

the Bernal stacking configuration, forms a moiré su-
perlattice with a longer periodicity®°. This moiré pat-
tern leads to spatially modulated electronic and opti-
cal properties, giving rise to various phenomena and

10,11 Moreover, the combination of

functionalities
the high electrical conductivity of graphene with the
insulating behavior of h-BN makes vdW graphene/h-
BN heterostructures promising candidates for var-

ious applications in electronics!>13

, optoelectron-
ics14, and thermal management15 . One of the out-
standing applications of vdW graphene/h-BN is as
a field-effect tunneling transistor, which represents
a promising class of electronic devices with the po-
tential to address key challenges in energy efficiency,
speed, size, and functionality in future electronic sys-
tems '2. In parallel with studies on the electrical prop-
erties of vdW graphene/h-BN, the thermal conductiv-
ity properties were also investigated in detail because
of significant interest in their implications for thermal
management in nanoelectronic devices and related
applications '®!7. In addition to the vdW heterostruc-
ture, there is also an in-plane hybrid graphene/h-
BN/graphene heterostructure. This heterostructure
can have several intriguing properties and potential

Cite this article : Nguyen H T T, Luong T V. Influence of Boundary Conditions on the Structural Evolu-
tion of Hexagonal Boron Nitride upon Heating. Sci. Tech. Dev. J. 2025; 28(1):3734-3741.

3734


https://crossmark.crossref.org/dialog/?doi=10.32508/stdj.v28i1.4407&domain=pdf&date_stamp=2025-3-31

Science & Technology Development Journal 2025, 28(1):3734-3741

Copyright

© VNUHCM Press. This is an open-
access article distributed under the
terms of the Creative Commons

Attribution 4.0 International license.

AN

‘ L]
VNUHCM PRESS

applications because of the combination of the elec-
tronic properties of graphene and the insulating and
structural properties of h-BN 18-20,

To provide more information about the influence of
the boundary conditions on the melting process of the
h-BN sheet, molecular dynamics (MD) simulations
were performed. The results of MD simulations can
shed light on phase transitions and thermal proper-
ties, providing insights into phenomena such as the
melting point and phase transformation. Details on
the calculation are presented in Section 2. The results
can be found in Section 3. The discussion is presented
in Section 4. Conclusions are given in the last section
of the paper.

CALCULATION

The role of the interaction potential is critical in MD
simulations, as it governs how particles behave and
move within the simulated system. In MD simula-
tions, a key aim is to accurately replicate real-world
interactions between atoms or molecules in a compu-
tationally feasible way. The interaction potential en-
compasses the forces and energies of various atomic
interactions, including bonded and nonbonded in-
teractions. In systems with covalent bonds, where
chemical bonds connect atoms, the interaction po-
tential dictates the stretching, bending, and torsional
forces that occur as atoms undergo movement and re-
arrangement. This capability allows the simulation
to accurately depict processes such as bond breaking
and formation, which is essential for studying chem-
ical reactions and structural transitions. Various em-
pirical potentials, including those representing two-
and three-body interactions in different forms, are
available?!=24, The Tersoff potential specifically ad-
dresses the interatomic forces and energies involved
in covalent bonding in materials, making them highly
suitable for studying systems characterized by strong
chemical interactions?>~?7. What distinguishes the
Tersoff potential is its ability to model complex phe-
nomena such as bond breaking and reformation,
anisotropic and directional bonding, and interactions
at both short and long ranges. This broad representa-
tion extends their usefulness from basic elements such
as carbon to a diverse range of covalent materials such
as semiconductors and heterostructures.

In this study, the Tersoff potential®® is used for the
interactions between B, N, and C in the initial config-
urations, which are written as follows:

1
By =3 L) U () 038 )]
7]

where r;; is the distance from atom i to atom j. The
repulsive fg(r;;) and the attractive f,(r;;) terms are
based on the Morse potential, as proposed by Bren-
ner??. The f.(r; j) term represents the cutoff func-
tion used for calculating the number of neighbors
and making the potential zero outside the interaction
shell. To perform the calculations, the software pack-
age Large-Scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS) is used °.

First, the lengths of the zigzag and armchair edges
as well as the number of atoms in the initial h-BN
configuration are determined on the basis of a pre-
vious study on the influence of the armchair/zigzag
edge ratio on the melting process of free-standing h-
BN3!l. Accordingly, the configuration with an arm-
chair/zigzag edge ratio of 10.745098 and 25600 atoms
is selected for investigation in this study. The influ-
ence of boundary conditions on the evolution of the
h-BN layer structure upon heating can then be ob-
served through the investigation of the following two
cases:

i) Influence of the nonperiodic boundaries along the
armchair direction on the melting process of h-BN
First, the h-BN configuration is relaxed in the NVT
ensemble to achieve an equilibrium state under peri-
odic conditions along the zigzag and armchair edges.
Then, the armchair directions are fixed after adding a
space of 10 A, whereas the zigzag directions are still
under periodic conditions. A material with similar
profiles is called a zigzag h-BN nanoribbon (ZBNNR),
as shown in Figure 1. Next, the configuration with
new boundary conditions is relaxed again for the
6x10° MD steps. Finally, the h-BN sheet is heated
from 300 K to 7000 K to ensure that the configuration
is liquid. Note that the ZBNNR configurations con-
taining 256003 and 10000° atoms with other arm-
chair/zigzag edge ratios are examined.
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Figure 1: The initial ZBNNR configuration.The
boron and nitrogen atoms are colored ochre and
blue, respectively.
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ii) Influence of the graphene layers on the melting
process of h-BN in the in-plane hybrid graphene/h-
BN/graphene (g/h-BN/g) heterostructure

In this case, the h-BN configuration will be hybridized
with graphene at the two zigzag edges to make the
armchair directions nonperiodic, as shown in Fig-
ure 2. Note that to choose the number of atoms
for the graphene layer, several cases have been per-
formed, and we found that the melting process of
the hybrid g/h-BN/g heterostructure depends on the
graphene/h-BN atomic ratio, which has also been
confirmed in some previous papers %3133, For this
study, we choose 32600 atoms in each graphene layer.
Then, the hybrid in-plane graphene/h-BN/graphene
configuration is relaxed again for 6x10° the MD steps.
Finally, the hybrid graphene/h-BN/graphene config-
uration is heated from 300 K to 7000 K to ensure
that the graphene/h-BN/graphene configuration is in
a liquid state.

h-BN b
5600 atoms

0 Boron

@ Nitrogen

Figure 2: Initial in-plane g/h-BN/g heterostruc-
ture. Boron, nitrogen, and carbon atoms are colored
in order of ochre, blue, and cyan, respectively.

The change in the temperature upon heating in the
two cases obeys To + vt, where To = 50K, v is the
heating rate (5x10'2 K/s), and t is the time required
for heating. All configurations at the chosen temper-
atures are relaxed for 6x10° MD to ensure configu-
ration stability before the structural evolution or 2D
visualization is studied. The interval of time for ev-
ery single step is 0.0001 picoseconds. We use VMD

software to visualize the atomic configurations3* .

RESULTS

In this section, we present some computational results
to show the influence of boundary conditions on the
melting process of ZBNNR. We begin by examining

the energy change upon heating. The phase transi-
tion temperature region can be defined on the basis
of the total energy per atom of the configuration upon
heating. In this situation, the total energy is the sum
of various energy contributions, including kinetic en-
ergy (associated with atomic motion) and potential
energy (associated with interatomic interactions). In
a crystalline state, atoms are arranged in a highly or-
dered lattice structure, with relatively low kinetic en-
ergy and stable interatomic interactions. Upon heat-
ing, the particles rearrange, and the lattice structure
breaks down, increasing the degree of atomic motion
and interatomic distance changes. As more energy
is required to overcome interatomic forces and facili-
tate particle motion, the phase transitions from a crys-
talline state to a liquid state. The total energy per atom
of the ZBNNR and in-plane g/h-BN/g configurations
are plotted in Figure 3 (square symbol - ZBNNR and
circle symbol - g/h-BN/g).

4.5

= ZBNNR

/h-BN/
50 * 9 9

554
.}

6.0

65

-7.04

Total energy per atom (eV/atom)

75

T T T T T T
0 1000 2000 3000 4000 5000 6000 7000
Temperature (K)

Figure 3: The total energy per atom upon heat-
ing: square symbol, ZBNNR configuration; circle
symbol, g/h-BN/g heterostructure.

To define the melting point, the heat capacity is ap-
plied via the following formula:

AE

C=ar

)
where E is the total energy and T is the temperature.
The heat capacities of the ZBNNR and g/h-BN/g con-
figurations are calculated and presented in Figure 4
(square symbol - ZBNNR configuration; circle sym-
bol - g/h-BN/g heterostructure). The heat capacity
represents the amount of energy needed to increase
the temperature of a substance by a certain amount.
Following that, the heat capacity peaks at the melting
point at which the total energy increases sharply.

To visualize the ZBNNR and g/h-BN/g configurations
at the melting point, a three-dimensional view of the
configurations is presented in Figure 5.
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Figure 4: The heat capacity upon heating: square symbol - ZBNNR configuration, circle symbol - g/h-BN/g

heterostructure.

Figure 5: Three-dimensional view of the configurations at the melting point:
3800 K and b) g/h-BN/g at the melting point of 6150 K.

a) ZBNNR at the melting point of
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To study the influence of the boundary conditions on
the atomic evolution upon heating, several quantities,
such as the radial distribution function, the coordina-
tion number, the angular distribution, and the bond
length, are calculated for the case of ZBNNR and the
h-BN layer in the hybrid g/h-BN/g heterostructure.
The radial distribution functions g(r) of the ZBNNR
configuration (square symbol in Figure 6) and the h-
BN layer in the hybrid g/h-BN/g heterostructure (cir-
cle symbol in Figure 6) at the melting point are calcu-
lated as shown in Figure 6.

The atomic mechanism of the melting process from a
crystal to a liquid state involves several criteria, such
as the radial distribution function, which is a concept
used to predict the change in position of atoms in the
configuration on the basis of the distribution of atoms
in the configuration. The radial distribution function
g(r) is defined as follows:

g(r) oy

=— 3
pan2dr 3)

in which dn; is a function that computes the number

of atoms within a shell of thickness dr, and the average

density at any point is p.

— ZBNNR
1 ;g/h-awg

40+

Fraction (%)
8

Coordination number

Figure 7: The formation of different coordination
numbers surrounding B in the case of ZBNNR
and h-BN in the hybrid g/h-BN/g heterostructure
upon heating: empty column - ZBNNR, solid col-
umn - h-BN in the hybrid g/h-BN/g heterostruc-
ture.

In this study, the environments (number of N atoms)
for B atoms are considered. In the crystal state of the
ZBNNR and h-BN layers, the number of N atoms sur-
rounding the B atom is three (coordination number of
three), except for the case at the boundaries. There-
fore, in the crystalline state, the coordination num-
ber of three is nearly 100%. Upon heating, the bonds
between N and B atoms are broken, leading to the ap-
pearance of other coordination numbers, such as two,
one, and zero, as shown in Figure 7.

N-B-N 1+ 39% = ZBNNR
J‘ —e—g/h-BN/g
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Figure 8: Angular distributions in the liquid
state: circle symbol - the free-standing h-BN con-
figuration (5050 K), square symbol - h-BN layer
in the in-plane hybrid g/h-BN/g heterostructure
(4050 K).

The angular distribution captures the distribution of
angles formed by neighboring particles around a cen-
tral particle. Tracking the evolution of angular dis-
tributions allows us to quantify the loss of structural
order and the distorted structures.

DISCUSSIONS

The behavior of the total energy per atom of both the
ZBNNR configuration (square symbol in Figure 3)
and g/h-BN/g (circle symbol in Figure 3) upon heat-
ing can be divided into three parts. First, the total
energy per atom increases linearly. This means that
atoms are held in fixed positions or oscillate slightly
around their equilibrium positions due to interatomic
forces. In this situation, the configuration is in a crys-
talline state. Then, there is a sharp increase in total
energy per atom: approximately 3800 K for ZBNNR
(square symbol in Figure 3) and from 5950 K to 6150
K for g/h-BN/g (circle symbol in Figure 3). As the
thermal energy increases due to increasing tempera-
ture, atoms start to oscillate more vigorously around
their equilibrium positions and overcome the forces
holding atoms in the crystal lattice. The bonds be-
tween neighboring atoms begin to break, leading to
a phase transition from a crystalline state to a liquid
state. Finally, in the last part of the graph, the total
energy per atom again exhibits linear behavior, indi-
cating that the configuration is liquid. One can see
that the phase transition from the crystal to a liquid
state is of the first-order type.

The heat capacity is used to define the melting point
For the ZBNNR configura-
tion, the heat capacity peaks at 3800 K, which repre-

of the configurations.

sents the melting point (square symbol in Figure 4).
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Figure 6: Radial distribution functions g(r) of the ZBNNR configuration (square symbol) and the h-BN layer
in the hybrid g/h-BN/g heterostructure (circle symbol) at the melting point: a) N-N, b) B-B, and c) B—-N.

Note that to date, the experimental melting process
of the ZBNNR configuration has encountered many
challenges, so there are no experimental results on
the melting temperature. However, researchers have
previously conducted experiments on h-BN powder
and determined that the melting temperature of h-BN
powder is approximately 3000 K3, This will be the
benchmark for simulation studies. With respect to the
g/h-BN/g heterostructure, the heat capacity peak is at
6150 K. Note that the melting point of free-standing
graphene is approximately 7750 K¢,

When graphene layers are added to the h-BN nanorib-
bon to form the in-plane g/h-BN/g heterostructure,
the interactions between the B and N atoms of h-BN
and the C atoms of the graphene layers can help sta-
bilize the h-BN structure. These interactions can ef-
fectively reduce the reactivity of h-BN, increasing the
energy required to break bonds in h-BN, thus increas-
ing the melting point of the h-BN layer in the in-plane
g/h-BN/g heterostructure in comparison to ZBNNR.

This also leads to differences in the structural evolu-
tion of the ZBNNR and the h-BN in the in-plane g/h-
BN/g heterostructure, which is considered on the ba-
sis of the radial distribution functions, the coordina-
tion number, and the angular distribution functions.

In this study, the g(r) values of the ZBNNR config-
uration and the h-BN layer in the hybrid g/h-BN/g
heterostructure at the melting point are presented in
Figure 6. For the case of N-N and B-B bonds (Fig-
ures 6, a, b), at the melting temperature, these bonds
in the ZBNNR configuration tend to shrink (square
symbols in Figures 6 a, b). Especially in the case of B-
B bonds, the bond length decreases and is most con-
centrated at the 1.62 A position, as shown in Figure 6b
(square symbol). Moreover, the bond lengths of N-N
and B-B of the h-BN layer in the hybrid g/h-BN/g het-
erostructure at the phase transition temperature do
not tend to shrink (circle symbols in Figure 6a, b). For
the B-N bond shown in Figure 6c¢, the bond lengths of
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both ZBNNR and h-BN in the hybrid g/h-BN/g het-
erostructure do not shrink; however, the second and
third peaks of the ZBNNR case are lower than those of
h-BN in the hybrid g/h-BN/g heterostructure. Com-
pared with the scenario in which the graphene layer is
absent, the impact of the graphene layer on the melt-
ing process of the h-BN layer can thus be demon-
strated. This influence can be observed through the
coordination number, as shown in Figure 7.

For ZBNNR (empty column in Figure 7), at the melt-
ing point, the coordination number of three decreases
significantly to ~5.9% (empty column in Figure 7).
This leads to the appearance/growth of the coordi-
nation numbers of two (~9.8%), one (~22.3%), and
zero (~62%) (empty column in Figure 7). In par-
ticular, the significant increase in the coordination
number of zero indicates the existence of B gas at
the melting point. With respect to the h-BN layer
in the hybrid g/h-BN/g heterostructure, at the melt-
ing point, the coordination number decreases signifi-
cantly to ~2.6% (solid column in Figure 7). This leads
to the appearance/growth of the coordination num-
bers of two (~33.6%), one (~54%), and zero (~9.9%)
(solid column in Figure 7). In particular, the signifi-
cant increase in the coordination number of one indi-
cates the influence of the graphene layers on the struc-
tural evolution of h-BN upon heating in comparison
to the ZBNNR case (Figure 7). Note that at the melt-
ing point, there is still a coordination number of three
(~5.9% for the ZBNNR and ~2.6% for the h-BN in
the hybrid g/h-BN/g heterostructure), indicating that
there is still some crystalline structure at the melting
temperature. This can be verified by examining the
angular distribution in Figure 8.

In the case of the ZBNNR, at the melting point, ap-
proximately 39% is at 120° (square symbol in Fig-
ure 8). With respect to the h-BN layer in the hybrid
g/h-BN/g heterostructure, at the melting point, the
angular distribution at 120 is nearly 6.5%, indicat-
ing the collapse of most of the crystal structures (circle
symbols in Figure 8).

CONCLUSIONS

The influence of boundary conditions on the struc-
tural evolution of h-BN upon heating is studied via
MD simulations in two cases: the ZBNNR config-
uration and the h-BN layer in the in-plane hybrid
g/h-BN/g heterostructure. One can conclude that the
graphene layers strongly affect the structural evolu-
tion of the h-BN layer upon heating. Some key points
of the study are as follows:

i) The phase transition of both the ZBNNR configura-
tion and the hybrid g/h-BN/g heterostructure is of the

first-order kind. The melting temperature point in the
case of the ZBNNR configuration is 3800 K, and that
of the hybrid g/h-BN/g heterostructure is 6150 K.

ii) At the melting point, some results are as follows:
the N-N and B-B bonds in the case of ZBNNR tend
to shrink, whereas those in the case of the h-BN layer
in the hybrid g/h-BN/g heterostructure do not; there
is still a coordination number of three, but the case of
the ZBNNR is ~5.9%, whereas the case of the h-BN
layer in the hybrid g/h-BN/g is only ~2.6%.
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