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We theoretically investigate structural stability, electronic and thermal characteristic of boron and nitrogen
codoped monolayer graphene using density functional theory and Boltzmann transport equation. Three types of
BN dimers, ortho, meta, and para dimers, are identified at different concentration ratios of B and N atoms. Our
DFT calculations suggest that the BN ortho dimers are structurally favorable configurations due to the lowest
required formation energy. At low doping ratio, large bandgap for BN para dimer is predicted leading to high

Seebeck coefficient and figure of merit. In addition, a large deviation in the Wiedemann-Franz ratio is also seen,
and a maximum value of the Lorenz number is thus found. In contrast, at high doping ratio, high Seebeck
coefficient and figure of merit are found for BN ortho dimer and a low Seebeck coefficient for BN para dimer is
noticed. Furthermore, a small deviation in Lorenz number is found for high doping ratio where the distance

between BN pair is large.

1. Introduction

The two-dimensional graphene with honeycomb structure has ex-
ceptional properties such as high electrical [1,2], optical [3], thermal
conductivity [4-6], and a high pronounced strength [7]. It also has
exhibit high crystal quality and anomalous properties such as high
electron mobility [8] and it thus attracted the attention of researchers
and scientists to make it a candidate in the next-generation electronic
materials [9]. Although graphene has a high thermoelectric power
factor, its overall figure of merit (ZT) value is very low due to extremely
high thermal conductivity [10,11]. The relatively low Seebeck coeffi-
cients (S) of pure graphene (PG) leads it also not to be a good candidate
for thermoelectric devices [12,13]. Therefore, the scientists seek to
enhance Seebeck coefficient with a low thermal conductivity in order to
obtain high figure of merit.

Several methods have been suggested to enhance S of graphene
based on modification of its structure. One can use geometrical effect or
quantum confinement by reducing the width of a graphene channel to
100 nm which changes the S by orders of magnitude [14]. S can also be
increased by using electron filtering technique in graphene superlattice.
In this technique, the average value of S is proportional to the integral
of the distribution of S versus energy of electrons. The low energy
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electrons in the distribution curve are observed to reduce the average S
as their contribution is negative. They have shown that with the elec-
tron energy filtering technique using multiple graphene superlattice
heterostructures, the low energy electrons can be filtered out and the S
can be increased [15,16]. Applying strain with the doping engineering
process may increase S. It has been found that the local strain arises
misalignment of Dirac cones of different graphene sections in the k-
space, and the doping engineering results their displacement in energy.
The conduction gap is thus found to be a few hundred meV and S is
enhanced to 1.4 mV/K by combining these two effects [17,18]. Doping
of graphene is displayed to be an effective method for significantly
enhancing S. In this process, doping increase phonon scattering by in-
creasing defects and thus reduces the thermal conductivity, while the
electrical conductivity and S are increased by the Fermi level downshift
[19]. The opening bandgap of graphene can be used as a powerful
method to enhance thermoelectric properties. The opening bandgap
can be done either by doping heteroatoms [20], chemical functionali-
zation [21], depositing graphene on states and using electric field [22].
The most workable technique to control the physical characteristics is
doping process. For graphene, the natural candidate by substitutional
doping is either Nitrogen (N) [23], Boron (B) [24], or co-doping by N
and B [25], due to their similar atomic size of these dopants with the
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carbon and altering the electronic properties significantly and small
alteration in the carbon lattice [26,27]. D’Souza and Mukherjee have
shown that upon substituting boron nitride in place of a carbon isomer
of graphene, a twofold increase in the S occurred. A similar increase in
the S for bilayer graphene under the influence of a small electric field
~ 0.3 eV has been observed in their calculations [28].

In this work, we have studied the electronic and the thermal
properties such as Seebeck coefficient and figure of merit of pure, and
BN-codoped graphene in which equal amount of N and B atoms with
difference concentrations varying from 6.25% (BN-structure) to 18.75%
((BN)s-structure) and choosing different doping sites for each con-
centration [29]. Therefore, three types of BN dimers, ortho, meta, and
para dimers, are identified at different concentration ratios of B and N
atoms [30]. The main idea here is to use these three BN dimers to find
the most stable structure. In addition, we can also determine the most
active structure in thermoelectric performance.

In Section 2 the structure of graphene nanosheet is briefly over-
viewed. In Section 3 the main achieved results are analyzed. In Section
4 the conclusion of the results is presented.

2. Model and computational techniques

We consider 4 x 4 x 1 supercell of graphene nanosheet consisting of
32 carbon atoms with a lattice constant 9.867 A. The vertical separation
between two sheets of graphene, z-axis, has been fixed at 20 A to avoid
the inter-planar interactions. The crystalline and molecular structure
visualization programs called XCrySDen and VESTA are used for vi-
sualization of our models [31,32]. Structure relaxation and electronic
calculations have performed by the plane-wave projector-augmented
wave method implemented in the Quantum Espresso (QE) package
[33]. The approach is based on an iterative solution of the Kohn-Sham
equation of the density functional theory (DFT) by calculating self-
consistently (SCF) a set of one-electron equations with the k-mesh grid
12 x 12 X 1 [34,35]. For geometry optimizations, all the internal co-
ordinates are relaxed until the force convergence is less than 10~ eV/A.

The calculations are carried out using the exchange-correlation
functions which are realized in the non-relativistic Perdew-Burke
Emzerhof pseudo-potential (PBE) [36]. The plane-wave cutoff energy
was set to be 816.341 eV [37]. The calculations of lattice constants and
the atomic coordinates at different doping concentrations are made by
the minimization of total energy. For the band structure calculations,
partial occupancy for each wave-function is determined using the
Gaussian smearing method with smearing of 0.01eV. In addition, the
density of state (DOS) calculations are utilized using 45 x 45 X 1 of k-
mesh point. During the calculation process of non-SCF the partial oc-
cupancies are treated using the tetrahedron methodology.

Furthermore, we have used BoltzTrap software for calculating the
thermal characteristics of the system [38]. The Seebeck coefficient
characterizes the thermoelectric sensitivity of the materials and defined
as S = —AV/AT, where AV is the voltage difference generated between
the two ends of the junction of the system when a temperature differ-
ence AT is established between them. Hence a high value of Seebeck is
required in thermoelectrical materials.

In the BoltzTraP, the Seebeck coefficient is given by [39]
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Herein, e refers to the unit charge, kg is the Boltzmann’s constant, N
displays the number of k-points, Q indicates the unit cell volume, o is
the electrical conductivity, ¢ represents the band energy, f; gives
Fermi-Dirac distribution function, u is the chemical potential, T stands
for the temperature measured in Kelvin, 7 refers to the relaxation time,
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v demonstrates the group velocity of the charges, and § is the Dirac
delta function. The subscripts k¥ and n mean the crystal momentum and
the band index [38,40].

In addition, the dimensionless thermoelectric figure of merit in-
troduces the efficiency of thermoelectric conversion is given by

2
_ S‘o T
ki 3)

Herein, kg, = ke + k, is the sum of both electron and phonon
thermal conductivity. We should mention that the thermometric
properties are investigated at intermediate temperature range at 100 K
in our work. In this range, the thermal conductivity of electrons will be
dominated as it will be explained in the next section.

zT

3. Results

In this section, we present the electronic and thermal properties of
our model.

3.1. Pure graphene

First, we demonstrate the results of pure graphene as shown in
Fig. 1, where the honeycomb structure of graphene (brown atoms) and
electron charge distribution (a), band structure (b), Seebeck coefficient
(c), the figure of merit (d), and Lorenz number (e) are plotted. The C-C
bond length is found to be 1.42 A which is in good agreement with the
literature [41]. The electron charge density between the carbon atoms
is high indicating a strong and stiffness of covalent bonds between the C
atoms. Electronic band structure is calculated along the high-symmetry
I'-K-M-T directions. It obviously shows that the conduction and valence
band are meeting at Fermi level or K point of the Brillouin zone, with
DOS value very close to zero. As expected, very low S and ZT are found
for the pure graphene which are 0.65 4V/K and 0.15 near Dirac point,
respectively. In addition, a peak in Lorenz number at Fermi energy is
found indicating a deviation in the Wiedemann-Franz law.

3.2. BN-codoped graphene

We now study the BN-codoped graphene and assuming three types
of doping concentration ratios: First, one B (orange color) and one N
(green color) atoms forming 6.25% of doping ratio are substitutionally
doped in 32 host atoms which identifies as BN structure presented in
Fig. 2(a-d). Second, two B and two N doped atoms consisting of 12.5%
doping ratio shown in Fig. 3(a-d), where they are labeled as (BN)»
structures. Third, three B and three N atoms with 18.75% doping ratio
are considered as demonstrated in Fig. 4(a—d) that are defined as (BN)3
structures.

For the above three doping concentration ratios, four BN dimers are
assumed (a) B and N atoms are doped at ortho position (BN x-1), in the
dimer (b) same type of dopants (B or N) are placed at adjacent positions
called meta position ((BN)x-2), in the dimer (c) B and N are at para
position ((BN)x-3), and in the dimar (d) BN pair is at ortho position but
the distance between two BN pairs is large ((BN)x-4) [42].

The number of C-C, C-B, C-N, and B-N bonds in a monolayer na-
nosheet will affect the structural stability due to their bond energies.
The bond energies can be arranged from the higher to lower energy as
the following: B-N > C-C > N-C > B-C > B-B > N-N [43]. Conse-
quently, a structure with high number of B-N bonds and less number of
B-B and N-N bonds will be the most stable structure. To confirm the
structural stability of our nanosheets we present Table 1 that shows the
formation energy (FE), lattice constant (a), and bandgap of all na-
nosheets calculated via DFT. In the four BN-structures, the BN-1 is the
most stable structure due to presence of B-N bond and less number of
B-C and N-C comparing to other structures. Our DFT calculation also
show that the formation energy of BN-1 structure presented in Table 1
is minimum indicating the most stable structure comparing to other BN
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Fig. 1. (a) Pure graphene structure and electron charge distribution (contour plot), (b) band structure, (c) Seebeck coefficient, S, (d) the figure of merit, ZT, and (e)

Lorenz number of pure graphene. The Fermi energy is set to zero.

structures [44]. Furthermore, the (BN),-1 and (BN);-1 nanosheets are
also the most structural stable nanosheets because of their small for-
mation energies and the B-N bonds are found in these nanosheets.

As a result, the aforementioned information and the formation en-
ergy given in Table 1 indicate that the BN ortho dimer is the most stable
structure for all three of the doping ratios.

The B and N atoms substitutionally doped in graphene arises bond
lengths modification between atoms, and several bonds can be found.
The average bond length from long to short can be arranged as the
following: B-B (1.53 A) > G-B (1.49 A) > B-N (1.45A) > N-N (1.44 A) >
C-C (1.42 A) > C-N (1.40 A). So, these change in bond lengths will cause
distortion and thus break sublattice symmetry in BN codoped na-
nosheets. Consequently, it brings important modification in electronic
characteristics at high concentration ratio [45].

But at low ratio of B and N atoms, 6.25%, such as the structures
shown in Fig. 2(a—d), the bond modifications may not change much as a
whole which makes almost the same size of those structures. This can

be seen from the lattice constant shown in Table 1 where the lattice
constant of all BN-structures is almost the same as of pure graphene. But
we can still see different bandgap for BN-structures (see Fig. 2(e-h)).
This can be explained by the aromaticity which introduces a charge
delocatization. In BN-1, BN-3, and BN-4, an even number of 7-bonds is
found which indicates aromatic system because the B and N atoms are
doped at the 1, 2 or 1, 4 positions of the hexagon indicating BN ortho or
para dimers, respectively [46]. In addition, the BN-2 nanosheet is anti-
aromatic structure with an odd-number of 7-bonds since B and N atoms
are located at positions 1 and 3 of the hexagon. Interestingly, band gap
tuning has been attained for graphene systems with adsorbed higher
aromatic molecules [47]. Therefore, the maximum bandgap is observed
for the BN-4 structure.

Go back to the high concentration ratio of B and N atoms shown in
Figs. 3 and 4. The structure with more number of long bonds (B-B
bonds) will have a larger lattice constant (see Table 1). Typically, long
bond lengths mean the electrons are less tightly bound to the atom, and
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Fig. 2. The 4 X 4 x 1 supercell forming BN-1 (a), BN-2 (b), BN-3 (c), and BN-4 (d) structures with their electron charge distribution (contour plot) are plotted. The
corresponding band structure of four structures are shown from (e) to (h). The Fermi energy is set to be zero.
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Fig. 3. The 4 x 4 x 1 supercell forming (BN),-1 (a), (BN)2-2 (b)(BN)2-3 (c), and (BN),-4 (d) structures with their electron charge distribution (contour plot) are
plotted. The corresponding band structure of four structures are shown from (e) to (h). The Fermi energy is set to be zero.
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Fig. 4. The 4 x 4 x 1 supercell forming (BN)3-1 (a), (BN)3-2 (b), (BN)3-3 (c), and (BN)3-4 (d) structures with their electron charge distribution (contour plot) are
plotted. The corresponding band structure of four structures are shown from (e) to (h). The Fermi energy is set to be zero.

hence require less energy to remove, leading to a decrease bandgap.
Therefore, larger lattice constants correspond to lower bandgaps.
Consequently, the minimum bandgap for (BN),-2 and (BN)3-2 struc-
tures are found. So, we can say that in general, the longer the bond
(nearest neighbor spacing), the longer the lattice constant and the
smaller the band gap are obtained.

In addition, we found that a local depletion of the electron

distribution around the B atom, and a local excess around the N atom,
as presented in the contour plots of Figs. 2,3,4. These results are con-
sistent with other calculations [26].

The thermal properties of the aforementioned structures are con-
sidered in this work. Thermal transport dependence on the electronic
band structure has been verified experimentally [48]. We are interested
in intermediate temperature, T = 100 K, where the electron and the
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Table 1
Formation energy (FE), lattice constant (a), and bandgap of all BN-codoped
structures.

Structure FE (eV) a (A) Bandgap (eV)
BN-1 —289.063 9.885 0.312
BN-2 —287.811 9.889 0.019
BN-3 —287.785 9.889 0.334
BN-4 —287.565 9.892 0.418
(BN),-1 —287.056 9.905 0.431
(BN)2-2 —282.573 9.922 0.213
(BN)»-3 —283.600 9.911 0.588
(BN)2-4 —286.169 9.903 0.593
(BN)3-1 —286.017 9.915 0.434
(BN)3-2 —276.993 9.954 0.348
(BN)3-3 —279.662 9.931 0.879
(BN)3-4 —283.237 9.926 0.750
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Fig. 5. Seebeck coefficient (a), figure of merit (b), and Lorenz number as a
function of energy for BN-1 (purple), BN-2 (blue), BN-3 (green), and BN-4 (red)
structures. The Fermi energy is set to be zero. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 6. Seebeck coefficient (a), figure of merit (b), and Lorenz number as a
function of energy for (BN),-1 (purple), (BN)2-2 (blue), (BN),-3 (green), and
(BN)»-4 (red) structures. The Fermi energy is set to be zero. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

lattice temperatures are decoupled for low dimensional graphene
structures [49,50]. At the intermediate temperature range, 10 — 160 K,
the rate of energy transferred between the charge carriers and the
acoustic phonons becomes very weak. We can thus use Boltzmann
equation implemented in the Boltztrap to find transport coefficients of
the electronic part of thermal properties. In Boltzmann theory, trans-
port coefficients such as conductivity, Seebeck coefficient, and figure of
merit depend on the band structure. Therefore, the bandgap plays an
important role on electronic thermal characteristics.

In addition, the Wiedemann-Franz (WF) law for our model is as-
sumed in which the ratio of electronic thermal conductivity, k., to
electronic conductance, o, can be defined as

ke
L=

To ()]
which is constant for ordinary metals, where
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Fig. 7. Seebeck coefficient (a), figure of merit (b), and Lorenz number as a
function of energy for (BN)s;-1 (purple), (BN)3-2 (blue), (BN)3-3 (green), and
(BN)3-4 (red) structures. The Fermi energy is set to be zero. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

L =Ly=n%ki/3e? = 2.44 x 10 WQK™2, called the Lorenz number
[51,52]. For graphene, the low chemical potential makes the Lorenz
number sensitive to resonance scattering and the energy dependence of
the relaxation time [53].

Fig. 5 indicates the Seebeck coefficient (a), figure of merit (b), and
Lorenz number (c¢) of the BN-structures shown in Fig. 2 for BN-1
(purple), BN-2 (blue), BN-3 (green), and BN-4 (red) structures at 100 K.

In fact, semiconductors with low bandgaps effectively maximize
free charge carrier contributions. The Seebeck coefficient is thus
minimized since S is inversely proportional to charge carrier con-
centration [54]. Comparing to the thermal properties of pure graphene
shown in Fig. 1, the Seebeck coefficient and figure of merit are max-
imized for BN-codoped structures due to opening the bandgaps. So, the
maximum Seebeck coefficient for BN-4 structure, BN pair ortho dimer,
(red color) is found due to the largest bandgap among the BN-struc-
tures. Consequently, the highest figure of merit is also observed for BN-
4 and the maximum deviation in Lorenz number arises around the
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resonance state for BN-4.

The same scenario of thermal properties of BN-structure can be
applied to (BN),-structure in which the maximum Seebeck coefficient
and figure of merit are seen for (BN);-4 which has the maximum
bandgap as they are presented in Fig. 6. A plateau in S and ZT around
the Fermi energy may refer to the large bandgap. The maximum de-
viation in L also occurs for the (BN),-4.

In the high BN-codoping ratio, 18.75%, more B-B, N-N, and B-N
bonds exist in BN-codoped structures leading to more distortion in the
band structure as it was presented in Fig. 4. It arises the highest
bandgap of (BN)3-3 and (BN)3-4 where the bandgap of (BN)3-4 is fur-
ther deformed. In this case, bottom of the conduction band is slightly
shifted along the K-point which gives a small indirect bandgap (see
Fig. 4h). This distortion in the band structures influences the thermal
properties which is presented in Fig. 7. The Seebeck coefficient of the
(BN)3-1 with low direct bandgap is thus high comparing to large in-
direct bandgap of (BN);-4. The figure of merit becomes high and
maximum deviation can also be seen for (BN)3-1.

4. Conclusion

To summarize, we calculate the electronic and thermal properties of
different BN dimers doped graphene nanosheets. Our results indicate
that the meta BN dimers arise minimum bandgap due to presence of
anti-aromatic structure and a low thermoelectric efficiency is thus seen.
In contrast, the ortho and para BN dimers give rise to a large bandgap in
which the bandgap of para BN dimer nanosheets is larger than that of
ortho BN dimer structure at high B and N atoms of doping ratios.
Consequently, the Seebeck coefficient and figure of merit are found to
be high for para BN dimer nanosheets. But in the low doping ratio, the
bandgap is found to be maximum for para BN pair nanosheet where the
distance between BN pair is large leading to the enhancement of
thermal efficiency. This can be seen as an optimizing way of bolometric
applications of graphene based material devices.
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