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ABSTRACT
The attractive interactions between Boron, B, and Nitrogen, N, codoped atoms in graphene nanosheets are calculated based on Density
Functional Theory, DFT, using Quantum Espresso software, QE. We realized that the electron density distribution is strongly localized
along B-N bonds when there is a strong attractive force between the dopant’s atoms; however, when there is a lesser attractive force,
the electrons are delocalized over the B-N bond of the hexagonal graphene ring. The molecular dynamic simulation is done to determine
the thermal stability of the nanosheets. Additionally, since graphene is made up of a hexagonal structure, the locations of B or N atoms
in para-, meta-, and ortho-positions are more sensitive. Furthermore, the symmetry of spin up and spin down of the band structure show
that these monolayers are nonmagnetic materials. Moreover, we employed Phonopy software to demonstrate the specific heat capacity
of the monolayers from 0 K to 1000 K, which is in the high-temperature limit. Based on our estimations, the BN-codoped graphene
monolayers are beneficial in thermoelectric and optoelectronic devices.

https://creativecommons.org/licenses/by-nc/4.0/
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1. Introduction essential for thermal devices, in semiconducting materials in
. . o . graphene systems. It is possible to accomplish this by expanding
The unlql_Je_propertles, zero—band_ggp and distinguishing physical a bandgap that could result in effective devices!™® 111
characteristics, of graphene consisting of a plane sheet of carbon
atoms with sp? hybridization led to improving the role of 2D In addition, many studies have been done to modify the
device technology in the fields of thermo- and opto- electronics!™. characteristics of pure graphene. A sizable alteration in the
In fact, due to the special character of the band structure of physical characteristics of graphene results from using of B and
graphene, its application in electronic devices is restricted. N dopant atoms. This is because of their close radii to carbon
Several theoretical and experimental researches have been atoms, along with the resultant BN graphene semiconductor.
conducted to alter its electrical and, consequently, thermal Showing that the bonding between the B and N dopants in the BN
properties. Numerous studies on graphene have been constructed graphene's physical properties is an attempt to demonstrate the
to make heterostructures by adding Boron and Nitrogen atoms to impact of the dopant mixture on the materialf*?l. It has also been

it in place of its Carbon atoms[?#l, which can alter its band gap suggested that for weak attractive interactions, although the
and thermal properties. Additionally, researchers!™ ¢ noticed that electrons in BN-codoped graphene are delocalized along the

by substituting B and N for carbon atoms, the physical features inter-hexagonal region, the strong attractive interactions cause
of the system’s structure changed. It can be inferred that graphene the electron charge distribution to become extremely localized
has an extremely high heat conductivityll. A few years ago, along B-N bonds™3l, In addition, the electronic structure of both

several experimentall’~* publications on heat transfer in graphene doped systems around the Fermi energy has an impact on how
revealed extremely high thermal conductivity, which is important well they respond optically, and the low energy range of the

for applications like improving composite material thermal absorption spectrum is affected® % When it comes to
conductance and thermal management in electronic devices. monolayer graphene that has been doped with B and N, from the
Researchers have been looking for bandgap behavior, which is infrared to the ultraviolet wavelength, the optical response
) advances and displays noticeable anisotropy for different

* Corresponding author polarizations® 71, Also, it has been studied in™® which pn-type
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semiconductors are beneficial for some devices such as
thermoelectric, phonics and solar cell.
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In this paper, we report the results of investigations carried out to
further our understanding of how B-N delocalization affects
electric, thermal and magnetic properties, we have focused on
employing quantum espresso and Phonopy based on DFT
formalism, which has a track record of being relied upon when
modelling physical qualities. We have determined the thermal
stability of pure and graphene with B-N doping. Due to the fact
that phonons, which are either quanta or types of quasiparticles
of the lattice vibrational energy, regulate their thermodynamic
properties, it is crucial to thoroughly explore these features. It is
crucial to evaluate these materials' heat capacities and simulate
their molecular dynamics to solve this problem. We make an
effort to determine the specific heat capacity and associated
thermodynamic parameters of doped materials as a first step in
this direction. The next section will give an explanation of the
model and computational methodology. In section three, the
analysis of the data results from the simulations was employed.
In the last two sections, we report on the results of simulations on
magnetic, optical and thermal properties.

2. Model and Computational tools

A 2 x 2 super-cell nanosheet consists of pure and BN-codoped
graphene monolayer. First-principle calculations based on DFT
within the Projector Augmented Wave, PAW, procedure
implemented in the QE referring to the Quantum espresso, were
performed®® 21 |n addition, the generalized gradient
approximation, GGA, is utilized to estimate the exchange and the
correlation term with an assumption of Perdew-Burke-Ernzerhof-
Solve, PBEsol®Y, The interaction between interlayers of
graphene can be neglected by considering a vacuum length of 20
A across the z-direction. The plane wave basis set is chosen to
have a cut-off energy of 1000 eV, and the system is converged
with the total energy in SCF (self-consistent field) cycles set at
106 eV and the forces on single atoms set at 0.001 eV/A. To
determine the band structure and the DOS, respectively, we use
the SCF and non-self-consistent field (NSCF) estimations. We
also employed a Monkhorst-Pack grid with dimensions of 18 x
18 x 1 for the SCF and 100 x 100 x 1 for the NSCF?2,
Moreover, the Phonopy software conducts thermal simulations
using DFT formalism. To avoid interlayer interactions, 32-atom
simulated sheets of graphene are separated by a distance greater
than 9.8 A in the perpendicular direction. It is expected that the
cut-off energy for plane waves is 816.34 eV. For sampling the BZ
indicating the Brillouin zone, the Monkhorst-Pack technique is
employed?3. The structure is fully relaxed with a 4 x 4 x 1 k-
point.

3. Results
3.1 Model and Band structure

Depending on the distance between the B and N atoms, this work
employs three alternative district structures of BN-codoped
graphene. Each type of BN-codoped graphene's atomic
arrangement is shown in Fig. 1. The para-, ortho-, and meta-
positions of a hexagonal ring are illustrated schematically in Fig.
1(a), and they were represented inf?* 21, The N atom is in a meta-
position in the initial configuration of our systems, known as BN-
G-1, while the B atom is doped in an ortho-position. Fig. 1(b)
displays how this configuration's atomic structures are
distributed. The other two configurations, BN-G-2 Fig. 1(c) and
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BN-G-3 Fig.1 (d) have the N atom in a para- or a meta-position,
respectively, with the B atom remaining in its ortho-position. In
this manner, three BN graphene structures are formed, each with
a distinct distance and level of contact linking the B and N atoms.
In BN-G-1, BN-G-2, and BN-G-3, the distances connecting the
B and the N atoms are 1.41, 2.43, and 2.8 A, respectively. Using
SCF calculation to produce the total energy have used to establish
the exchanging energy allying the B and N atoms[?5 271,

(a) 'I (b)BN-G-1
(‘JI’LhO"»\—\

\ \ =
Figure 1: Diagram of hexagonal composition (a), and atomic
configuration of 2x2x1 structure of BN-G-1(b), BN-G-2 (c), and BN-G-
3(d)

According to the findings, the far more energetically stable
structure is the BN-G-1 structure. The amount of energy from
SCF analyses are performed to assess the stability of the
constructions. Our DFT analysis shows that the BN-G-1
structure's formation energy is (-191.721 eV), which is relatively
lower than the values for the BN-G-2 structure (-190.533 eV) and
the BN-G-3 structure (-190.644 eV). This demonstrates that the
BN-G-1 structure is more stable energetically than the BN-G-2
and BN-G-3 structures. By using phonon computations, it is
shown that the dynamics of our models are stable?®l, The
dynamic matrix's eigenvalues are all positive, which suggests that
the phonon band structure is dynamically stable. In addition, the
band structure of BN-codoped graphene show that the band gap
is opened due to interatomic interactions. Detailed information on
the open band gap is presented inl. The zero band gap of pure
graphene is changed to a specific value depending on the position
of B and N dopant atoms in the structure. For instant, the band
gap value of BN-G-1, BN-G-2, and BN-G-3 are 1.209, 0.133, and
1.273 eV, respectively. The values of band gap is very well agree
with the literaturel?® as Shown in Fig. 2.
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Figure 2: Pure-G (a), BN-codoped graphene (b), BN-G-2 (c), and BN-
G-3 (d) configurations all have different electronic band structuresf?el,
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3.2 Partial density of state (PDOS)

In Fig. 3, the partial densities of states (PDOS) for the BN-G-1,
BN-G-2, and BN-G-3 structures are shown. The PDOS of the B
and N atoms demonstrate that both dopant atoms contribute to the
energy band gap opening, with the Fermi energy and the peaks
and lowest of the valence and conduction band gaps in the energy
range of -2 to 2 eV making a significant contribution. It is obvious
that for pure graphene and BN-codoped materials, the four P, r -
bands surrounding the Fermi energy completely constitute the
valence band maximum and the conduction band minimum.
Furthermore, as would be predicted both to pure graphene and
graphene doped with BN, the S and Py belong to the upper part
of the conduction band and the bottom half of the valence band,
respectively?9:%],

The BN-codoped graphene had a greater PDOS in all four cases,
according to the analysis. The lower conduction bands are

produced by the combined Pz of the C, B, and N atoms, whereas
the valence bands are produced by the Pz of the C and B atoms.
We see that the C atoms have a significant impact on the m-bands.
More particular, the B and N atoms contribute somewhat more
near the Fermi energy in the BN-G-1 and BN-G-3, which have a
repelling interaction between them. Additionally, it is anticipated
that the B and N atoms will contribute more to both the S and Py,
at the lower valence band. Additionally, it has been reported that
raising the concentration of BN doping improves the coupling
effect linking the C, B, and N atoms close to the Fermi level.
These findings illustrate the possibility of using BN-codoped
graphene systems in nanoelectronics by demonstrating how the
doping interatomic interaction of BN graphene systems may
substantially affect the electronic characteristics. Additionally,
the altered band structures in the BN graphene formations modify
the transition rates.
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Figure 3: The partial densities of states (PDOS) for pure-G and BN-codoped (I, I, and I11) are shown in (a-c).
3.3 Magnetic properties G-1, BNG-2, and BN G-3's spin-dependent densities of state for

Pure graphene was discovered to be non-magnetic since there was
no magnetism present in the system. We calculated the magnetic
properties of the BN codoped atom. The density of state or spin-
dependent band structure calculations can be used to confirm the
magnetic properties of the monolayers. Fig. 4, illustrates the BN-
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both spin upand spin down. Because band structures are
symmetric, there is no spin splitting between spin up and spin
down at the Fermi energy. The materials exhibit spin unpolarized
semiconductor behavior, meaning that there is no spin separation
seen between the spin up and spin down channels. As a result,
these substances are referred to be nonmagnetic semiconductors.
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Figure 4: PDOS structure for the optimized BN-G-1, BN-G-2, and BN-
G-3 structures, as well as for spin-up and spin-down (solid lines) (dashed
lines). The Fermi energy is set to 0 and the energies are in terms of the
Fermi level.

3.4 Thermal properties

In this section, the temperature-time curve as well as other
thermal properties, specifically the heat capacity, are displayed
including both pure and BN-codoped graphene monolayers.
According to Fig. 5, the thermal stability is estimated with a time
step of 1 fs up to 10 ps. At 300 K, neither the temperature curve
for pure graphene monolayers nor that for BN graphene
monolayers shows any significant temperature swings, structural
disturbances, or bond breakage. This proves that the graphene
monolayers are thermodynamically stable nanosheets, both in
their natural state and when doped with BN. In addition, the total
energy (orange line) of all four considered structures indicates
energy conservation as the total energy fluctuation is less than 1.0
eV. We should mention that the second Y-axis (right-hand side
axis) is the axis of the total energy, and it can be clearly seen that
the fluctuation is less than 1.0 eV for all four structures.

The amount of heat absorbed by changes in temperature is
referred to as a material's heat capacity. Fig. 6 displays the heat
capacity of flat, pure, and BN-codoped graphene. At high
temperatures, T > 700 K, the heat capacity remains nearly
constant while temperature increases. Stronger bonds are
anticipated to result in systems with higher heat capacities, in
accordance with a tendency for the heat capacity predicted by
classical theory!. This implies that a stronger binding structure
can result in a higher heat capacity. An increase in the
electronegativity differential across a bond actually makes it
stronger.

The thermodynamic properties of doped and pristine graphene
were then determined and compared. The specific heat capacity
of pure graphene as computed by our calculations has been in
comparison to actual data® and earlier calculationsl® 34 as
shown in Fig. 6. It can be observed that the experimental data and
the model match up well. According to the graph in Fig. 6, the
specific heat for both pure and doped graphene approaches a
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constant value of 21 J/K/moll at temperatures as high as 1000
K334 which is equivalent to its Dulong-Petit value, but is only
around 8 J/K/moll for pure graphene at normal temperatures of
300 K. When B and N are added to graphene at a 12.5%
concentration, the specific heat values are similar to those of pure
graphene, but there is only a minor difference in other parameters.
It indicates that the dopant atoms slightly increase the heat

capacity.
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Figure 5: Temperature for optimal monolayers of pure and doped
graphene against the AIMD simulation time steps at 300 K.
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Conclusion

To conclude, Quantum Espresso and Phonopy software are used
to study the molecular dynamics simulations to investigate the
structural, thermal and magnetic characteristics of single layer
graphene doped with boron and nitrogen atoms by monitoring the
thermal stability of pure and dopant atoms at higher temperatures
from 0 to 1000 K. Also, the impact of the attractive force between
dopant atoms were highlighted. Depending on the attraction
between dopant elements, several atomic combinations arise
from different graphene structures have presumed. Additionally,
these structures exhibit nonmagnetic semiconductor behavior due
to their spin unpolarization and the absence of spin splitting
between both spin up and spin down levels in their band
configuration. By determining the specific heat based on thermal
stability, we have been able to quantify BN graphene's unique
performance with a broad bandgap. Therefore, this has been long
recognized as important in thermoelectric devices. Finally, we
have observed that the interaction between both B and N atoms
may be controlled to manage the thermal characteristics of BN
graphene, which may be advantageous for thermoelectric
devices.
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