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Abstract. The heating process of zigzag silicon carbide nanoribbon (SiCNR) is studied via molec-
ular dynamics (MD) simulation. The initial model contained 10000 atoms is heating from 50 K to
5000 K to study the structural evolution of zigzag SiCNR. The melting point is defined at 4010 K,
the phase transition from solid to liquid exhibits the first-order type. The mechanism of structural
evolution upon heating is studied based on the radial distribution functions, coordination number,
ring distributions, and angle distributions.
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I. INTRODUCTION

Two-dimensional (2D) materials have been the host of the topic since graphene was suc-
cessfully synthesized by Andre Geim and Konstantin Novoselov. Although graphene possesses
special physical properties (strong mechanical properties and high chemical and thermal stability),
its disadvantage is the zero band gap [1-7]. Therefore, different types of 2D materials are studied
to overcome the disadvantage of graphene, which can apply in electronic devices. Among these
2D materials, 2D-Xnene (silicene, germanene, stenene and so on) and their ligand-functionalized
”Xane” derivatives play an important role in nanotechnology [8—14].
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2D SiC is a semiconductor material created by the combination of Si and C atoms. 2D
SiC has a large band gap of about 2.58 eV which is suitable for applications in many electronic
devices [15-18]. Experimental synthesis of one-dimentional SiC structural forms was initiated by
Hongjie Dai [19]. SiC nanorod was first synthesized by the interaction between carbon tubes and
SiO. Later, series of techniques were developed for the synthesis of SiC wires such as sol — gel
technique [20], vapor - liquid - solid technique [21], laser cutting technique [22], chemical vapor
deposition [23]. Huan Zhang et al. reported that SICNR had been successfully synthesized [24].
Following that, black Si powder and C powder were mixed horizontally in the furnace with the
temperature from 1250°C to 1500°C for 5 to 12 hours in the atmosphere of Argon gas [24]. The
results obtained SICNR owned a length of 10 to 100 micrometres, a width of about 10 micrometres
with a thickness of several nanometers [24].

In addition, theoretical studies of both zigzag SICNR and armchair SiCNR are also focused
on the electronic and mechanic properties. In terms of electronic properties, Lian Sun’s team
studied the relationship between electronic and magnetic properties of both zigzag and armchair
types of SICNR on the change of the band structure width [25]. The change in electronic properties
was calculated using density functional theory while the magnetic change was calculated based
on spin polarization [25]. The results showed that, for armchair SICNR, the band gap width
(about 2.36 eV) did not depend on the width of the ribbon. Armchair SiCNR was a non-magnetic
semiconductor while zigzag SiICNR exhibited metallic properties.

In 2013, Alejandro et al. continued to study the semi-metallic properties of zigzag SICNR
as a premise for practice. They also used density function theory to study the property transition
of zigzag SiCNR when adding O and S atoms to the zigzag edges [26]. They showed that the
semi-metallic properties of the zigzag SICNR changed to one of these cases: i) a metal when the
O atoms were added to the zigzag edges; ii) a semiconductor if the S atoms were added. This
shows the flexibility to change the properties of zigzag SiICNR in the devices. In addition, the
elastic stress value of zigzag SICNR (181 N/m) and that of armchair SICNR (177 N/m) were
calculated [27]. Especially, the doping SiICNRs with Boron and Nitrogen atoms also studied. C.
D. Costa and J. M. Morbec used ab initio to study this association [28]. This study shows that
impurities B and N did not affect the semiconductor properties of armchair SiCNR. The electronic
properties of SICNRs can be adjusted by doping B and N impurities into the lattice structure.

One can see that SICNRs have attractive mechanical and electronic properties which are
suitable for use in electronic devices. However, SiCNRs are also expected to become materials
with exceptional thermal properties. Recently, in 2020, Sherajul Islam et al. calculated the thermal
conductivity of both zigzag and armchair SICNR by MD simulation method [29]. The conclusion
of the study indicated that at 300 K, with the size 10 nm x 3 nm, the thermal conductivity of
Armchair SiCNR was 23.92 + 4.01 W/mK and Zigzag SiCNR was 26.6 4+ 4.18 W/mK. Besides,
the thermal conductivity of SICNRs decreased with increasing length of the ribbon and vice versa,
thermal conductivity increased with increasing the width of the ribbon.

Motivated by the recent experimental developments and theoretical investigations on SiCNR,
in this paper we carried out a MD simulation in order to observe the evolution of the structure of
SiCNR upon heating as well as the melting temperature and the information about the equilibrium
phases at temperatures closed to and exceeding the melting point. Because of the limitation of the
size and the high structural stability of SICNR, it is difficult to study in experiments. Therefore,
MD simulation is a suitable method that can be implemented. Details about the calculations are
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showed in Sec. II. Results and discussions can be found in Sec. III. Conclusions are given in the
last section of the paper.

II. CALCULATIONS

As for SiC, it is necessary to choose the suitable description of the interactions between
Si and C, such as, covalent, ionic, Van de Waals and so on. Based on these reasons, a number
of potentials have been studied, which can be mentioned as: Tersoff (1988) [30], PEF’s energy
potential of Eric Pearon (1984) [31], potential Modified Embedded-atom (1995) [32], and so on.
Due to the empirical relevance of structure and the kinematic features, Vashishta interactive poten-
tials are used to simulate the interaction between Si and C in this study. The Vashishta Interaction
for SiC is performed based on the SiC binding characteristics by Priya Vashishta’s team. This
potential consists of four interactions: the spatially repulsive interaction due to the size of ions,
the Coulomb interaction due to the charge transfer between ions, the dipole-charge interaction due
to the electronic polarization of the ions, and interaction between the dipole — dipole [33]. The
interaction energy of the system is given by the expression:

V= Zvij(z) (rij) + ). Vj(i?c) (rij,7ik) ¢))
i<j ij<k
The interaction energy expression between two objects shows the relationship between the four
interactions mentioned above through the formula:

2 H, ZZ; _ D;; _ Wi;
V.(.>(r):r7i§+7’e e ’/5—r—6’. 2)
In which, Hj; is the magnitude of the spatial repulsion; Z;, Z; are effective charges of atoms i and j;
Dj; is magnitude of the charge-dipole interaction; Wj; is magnitude of the dipole-dipole interaction;
A, & are parameters in the Coulomb interaction and the charge-dipole interaction.

However, because the interaction energy between two objects is not enough to properly
describe SiC’s properties. Therefore, interaction energy between the three bodies is required to ex-
hibit structural changes in angles and edges during pressure and temperature changes,
in particular,

Vj(,i) (rij,rie) = R (rij, r ) P (0ue), 3)
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in which, B j; is magnitude interaction; 6j; is angle between r;; and rix; Cjix, 0 jik are constants.

To perform the calculations we use the Large-Scale Atomic/Molecular Massively Paral-
lel Simulator (LAMMPS) software package which is designed to solve various problems by the
methods of classical molecular dynamics [34].

The initial crystalline SiCNR model (Fig. 1) with 10000 atoms under periodic boundary
conditions (PBCs) has been relaxed in the isothermal-isobaric ensemble (NPT) for 6 x 10° MD
steps at Ty = 50K. Note that one MD step takes 0.0001 picoseconds. Temperature 7; (7; = 5000 K)
is chosen. It is higher than the melting point of free-standing graphene [35] or SiC to observe the
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Fig. 1. The initial crystalline SiCNR model (536.1A x 61.9A) containing 10000 atoms.

evolution of the model upon heating. Then, the system is heated from the temperature 7y to 7;.
The heating rate is 10''K/s.

We use the visual molecular dynamic (VMD) software (Illinois Univ.) for 2D visualization
of atomic configurations. The temperature of the system is increased linearly via velocity rescaling
as follows: T =Ty + vt (To = 50K, 7 - heating rate, ¢ - time required for heating). Models, obtained
at each chosen temperature, have been relaxed at a given temperature for 6 x 10° MD steps before
analyzing the structural characteristics or 2D visualization.

III. RESULTS AND DISCUSSION

The solid-liquid phase transition of zigzag SiCNR is observed by the graph showing the
relationship between total energy per atom and temperature (the black square line in Fig. 2). The
graph of the total energy per atom exhibits three temperature ranges, namely: from 50 K to 3500 K;
from 3500 K to 4500 K; from 4500 K to 5000 K.
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In the first stage (from 50 K to 3500 K) the total energy per atom increases linearly with
the increase in temperature. This shows that, in this temperature range, the model remains in a
solid state because the oscillation of the atoms in the model is very small around their equilibrium
positions. At temperature of 3500 K, the oscillation amplitude of the atoms is large enough leading
to break the atomic bonds in the lattice, resulting in the total energy per atom no longer obeying
the linear law and increasing sharply from 3500 K to 4500 K. This means that the phase transition
of zigzag SiCNR occurs in the temperature range from 3500 K to 4500 K. Therefore, the melting
point of SiCNR can be found in this temperature range. In the final stage from 4500 K to 5000 K,
the total energy continues to increase linearly, indicating that the model is in a liquid state.
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Fig. 2. The temperature dependence of the total energy per atom in the model (square
line) and the heat capacity (solid line).

To accurately determine the melting temperature point of the model, it is necessary to base
on the heat value of the model through the formula: C, = %. Based on the graph of heat ca-
pacity on the temperature (solid line in Fig. 2), the heat capacity value below 3500 K is almost
unchanged. This corresponds to a linear increase in the total energy per atom. However, from
3500 K to 4000 K, the value of heat capacity increases significantly because during this stage,
the internal energy of the system increases sharply, causing breaking bonds to create atoms or
clusters of atoms. It can be concluded that, from 3500 K to 4000 K, there exist both solid and
liquid phases. Next, the heat capacity value peaks at 4010 K. Here, the energy of the system is
maximized, breaking all the bonds leading to the initial model collapsing. Therefore, the melt-
ing temperature of zigzag SiCNR is determined in the vicinity of 4010 K. A snapshot of atomic
structure at the melting state is presented in Fig. 3. Note that the melting point of monolayer SiC
has not been measured experimentally yet, however, the melting point of free-standing SiC has
defined at 4050 K using MD simulation [36]. After 4010 K, the model is in a liquid state, the heat
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Fig. 3. The snapshots of atomic structures at the melting point of zigzag SiCNR.

capacity value changes slightly. Note that the structural evolution of Zigzag SiCNR upon heating
are presented through radial distribution functions g(r), coordinate number, angular distributions
and ring distributions.

As well-known, the distributions of the atoms can be calculated using the radial distribution
functions (Fig. 4). Note that the radial distribution functions denoted in equations by g(r) defines
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Fig. 4. Radial distribution function of zigzag SICNR: a) Si-C; b) C-Si; c) Si-Si; d) C-C.

the probability of finding an atom at a distance r from another tagged atom [37]. The expression
for g(r) is defined as follows:
dn,

= — 6
8(r) pdmridr’ ©)

where, dn, is a function that computes the number of atoms within a shell of thickness dr, the
average density at any point is p.

In this work, the radial distribution functions are calculated for all atomic pairs: Si-C, C-Si,
Si-Si, and C-C (Fig. 4). At temperature of 50 K, the graphs of all pairs with many peaks shows
that the model is in a solid state (Fig. 4). The positions of the first peaks depend on each type of
atomic pair that will have different cutoff radii. For this study, the positions of peaks of Si-C and
C-Si pairs are around 1.9 A (Figs. 4a, b) while the ones of Si-Si and C-C pairs are around 3.2 A
(Figs. 4c, 4d).

Then, as the temperature increases, the heights of the peaks decrease, indicating that there
is a displacement of the atoms in the model leading to a change in density within the originally
selected shear radius (1000 K-line, 2200 K-line, and 3100 K-line in Fig. 4). As for Si-C and C-Si
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atomic pairs, at a temperature of 1000 K, the sharp peaks from r = 6 A and further decrease sig-
nificantly. These peaks completely disappeared in the temperature range from 2200 K to 3100 K.
Related to Si-Si and C-C atomic pairs, all peak values from r = 5 A decrease gradually. It means
that Si and C atoms begin to have stronger oscillation amplitudes than the binding force between
neighboring atoms, which changes the atomic density in the system. This indicates the beginning
of the phase transition from solid to liquid states.

From the melting point of 4010 K and further, the first peaks of Si-C and C-S decrease
significantly and the peaks between 3A and 5.5A are almost gone (4010 K-line and 5000 K-line
in Figs. 4a, b). Whereas, the first peaks of Si-Si and C-C tend to be shorter and the remaining
peaks fluctuate slightly (4010 K-line and 5000 K-line in Figs. 4c, d). Thus, the characteristic order
structures of the crystal are broken and the model transforms into a liquid state.
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Fig. 5. The mean coordinate number of Si-C and C-Si atomic pairs with respect to temperature.

In crystallography, the coordination number describes the number of neighbor atoms with
respect to a central atom [37]. Depending on the relative sizes of the central atom, the coordination
number can vary from 2 to 16. In this study, if Si atom is taken as the central atom then there are
three C atoms around Si atom in the closest positions, so the coordinate number of Si-C in a solid
state is three (the inset in Fig. 5). In case, C atom is considered to be the central atom, there
are three Si atoms around C atom in the closest positions (the inset in Fig. 5) and the coordinate
number of C-Si in a solid state is also three.
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In the present work, the mean coordination numbers of Si-C and C-Si are calculated to
study the structural evolution of SICNR upon heating (Fig. 5). At temperature 50 K, the model
is in a solid state. However, the mean coordination numbers of Si-C and C-Si are a bit less than
3 (2.94) due to the existence of imperfect structure at the edges of the model. In the temperature
range from 50 K to 3000 K, the mean coordination numbers of Si-C and C-Si are almost stable at
2.94 indicating that the model still exists in a solid state. In the temperature range from 3000 K
to 3500 K, the mean coordination numbers of Si-C and C-Si decrease from 2.92 to 2.85 and from
2.91 to 2.88, respectively (Fig. 5). It means that the bonds of the atoms in the model are starting
to break, causing the atoms to deviate from their original positions. From 3500 K to 4000 K, the
mean coordination numbers of both Si-C and C-Si plummet and reach 2.57 at the melting point
4010 K. This indicates the phase transition of the model, the amplitude of the atoms is strong
enough to break the initial bonds. Finally, from melting point and further temperature, the mean
coordination number continues to decrease steadily, indicating that the pattern is in a liquid state.

In addition to the atomic mechanism of structural evolution of zigzag SiCNR, the ring
distributions are studied. As well-known, the topological intermediate-range order can be char-
acterized using a ring statistics algorithm which has been applied for all compositions from the
rigorous investigation of networks generated using simulation [38].

In this work, the initial model exists in the form of six-fold ring as shown in the inset of
Figure 5a because zigzag SiCNR has a hexagonal honeycomb structure. Upon heating, the ring
distributions are calculated at some given temperatures (Fig. 6). At 50 K, the hexagonal ring form
accounts for 100% because the model is in a solid state (Fig. 6a). Up to 3500 K, there is a slight
decrease of six-fold ring to 95% while other rings appear, such as, three-fold, four-fold, five-fold,
eight-fold, and ten-fold rings (Fig. 6b). Because temperature energizes some of the vibrating
atoms, this oscillation breaks some bonds to form new rings. At the melting point of 4010 K, a
sharp decrease in the six-fold ring to almost 40% and a rapid increase in the three-fold ring (nearly
70%) (Fig. 6¢). This indicates that the increase in the thermal motion of the atoms affects the ring
structural bonds and disrupts the structure of the original lattice. Finally, at 5000 K, the three-fold
ring ratio continues to increase while the six-fold ring ratio continues to decrease showing that the
pattern forms multiple clusters that are scattered in space, creating a liquid body (Fig. 6d).

During heating process, there could be structures with 3-coordinate number and six-fold
ring but not hexagonal structures. Therefore, to investigate these distorted structures, the angular
distribution is one of the optimal choices to contribute to the mechanism of structural evolution of
zigzag SiICNR (Fig. 7).

At 50 K, the angular distribution ratio of Si-C-Si and C-Si-C range from 115" to 125" and
peak at 120° because the atoms are ordered in the lattice (Fig. 7). From 2000 K to the melting
point of 4010 K, there is a sharp decrease in the 120" angle distributions. It can be seen that the
atoms in the model are vibrating vigorously around the initial equilibrium positions, causing the
bond angle between the atoms deflected, ranging from 85 to 150 . One can conclude that in
this temperature range, many distorted structures exists. At 5000 K, the 120° angle distributions
continue to decrease. In addition, the formation of additional small peaks between 70° and 175
indicate that the atom clusters have broken out of the lattice to form smaller angles and the model
is in a liquid state.
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IV. CONCLUSIONS

In this study, zigzag SiCNR is studied via molecular dynamics simulation. The initial
model contained 10000 atoms are studied via Vashishta potentials to have an entire picture about
the structural evolution of zigzag SICNR upon heating. The melting temperature range is defined
from 3500 K to 4500 K based on the total energy per atom. The melting point of zigzag SICNR
is calculated using the heat capacity and defined at 4010 K. This point of temperature (4010 K)
is close to the one of free-standing SiC (4050K). The mechanism of structural evolution upon
heating is presented: the peaks of the radial distribution functions tend to decrease gradually and
to be smooth at the melting point; the mean coordinate number of Si-C and C-Si decreased from
2.94 to 2.45; the six-fold ring of the initial model is converted to different ring sizes; the ratio
angle distribution at 120” decreases leading to the formation of distorted structures.
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