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Abstract

We study the effects of an attractive interaction between the boron (B) and the nitrogen (N) atoms doped in a bilayer
graphene (BLG), BC14N, on the electronic, the thermal and the optical properties for two different types of a doping
process: First, both the B and the N atoms are doped in the same layer while the other layer is undoped. Second, the
B and N atoms are doped in both layers. An attractive interaction between the B and N atoms does not influence the
interlayer interaction in the first case, while it does in the second case. We find that the strong B-N attractive interaction
in one layer induces metallic behavior due to the crossing of the valence band and the Fermi energy, while the strong
attractive interaction between both layers induces a semiconductor property arising from the emergence a bandgap. We
therefore confirm that the metallic-like BLG is not a good material for thermal devices because it has a low figure of
merit, while we notice that the semiconductor-like BLG has a high Seebeck coefficient and figure of merit as well as a low
thermal conductivity. The strong attractive interaction of the B-N atoms between the layers gives rise to a prominent
peak to appear in dielectric function, the excitation and the absorption spectra in the low energy, visible range, while a
very weak peak is seen in the case of a strong attractive interaction between the B and N doped in one layer. Controlling
the B and N atomic configurations in the BLG may help to improve the material for use in both thermoelectric and
optoelectronic devices.
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1. Introduction

The structure of materials is described by their chemi-
cal compositions and specific arrangements of atoms in a
crystal lattice. The electronic structure can be changed by
controlling: First, intrinsic factors, such as the interatomic
distance or the bonding in the atomic arrangement [1, 2].
Second, extrinsic factors, such as an electric field, the tem-
perature, the pressure, and impurities [3, 4, 5]. The two-
dimensional BLG, constituted by two stacked graphene
layers, is a material in which it’s physical properties can
be controlled by both intrinsic and extrinsic factors. BLG
has attracted much interest because it has given indica-
tions for an exceptionally high charge mobility, like is seen
in single monolayer graphene [6]. The high value of mobil-
ity is a result of a decreased electron–phonon interaction
that leads to a significantly lower carrier scattering. This
indicates that BLG a very attractive material for high-
speed transistors [7]. In addition, an inverse relationship
between the carrier mobility and the bandgap in graphene
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has been confirmed [8, 9], and it has been shown that
bandgap tuning by extrinsic factors changes the carrier
mobility. The changes in carrier mobility affect the entire
physical properties [10, 11, 12].
Recently, the band structure of BLG has been inves-

tigated with respect to the extrinsic factors, such as the
presence of substitutional B and/or N doping, using den-
sity functional theory (DFT) with van der Waals correc-
tion [13]. It has been shown that the introduction of B-N
pairs into bilayer graphene can be used to create a consid-
erable band gap if the B atom is doped in one layer and the
N atom is doped into the other layer, but B-N pairs doped
into one of the layers of BLG hardly modifies the band dis-
persion. Furthermore, the attractive interaction between
the B and the N atoms doped in BLG has been investigated
and it has been shown that the attractive interaction can
induce more flexible mechanical properties of the system
and lead to a decreased optical response [14]. A conver-
sion of the stacking orientation of bilayer graphene due
to the interaction of the BN-dopants has been reported
[15]. There was demonstrated that in the presence of a
repulsive interaction between the B and N atoms, the AA-
stacking is converted to a AB-stacking with a more sta-

Preprint submitted to Elsevier April 6, 2021

http://arxiv.org/abs/2104.01307v1


ble structure. It enhances mechanical properties, such as
leading to a higher Young modulus, the ultimate strength
and stress, fracture strength comparing to the AA-stacked
BN-codoped BLG [16]. In the current work, we consider
a BN-codoped BLG forming BC14N, where the BN pair is
doped either in one layer or in both layers. We confirm the
results of previous studies that reported a small bandgap
if the BN pair doped in one layer, but a larger bandgap
when the B atom is doped in one layer and the N atom is
doped into the other layer. This is caused by the attrac-
tive interaction between the layers. In addition we report
the thermal and optical properties for both cases here.
In Sec. 2 the BLG structure is briefly over-viewed. In

Sec. 3 the main results achieved are analyzed. In Sec. 4
the conclusion of the modeling is presented.

2. Computational Tools

The Quantum espresso (QE) package for solving the
Kohn–Sham DFT equations is used to study the elec-
tronic and optical properties of the system where the
plane-wave pseudopotential method has been implemented
[17, 18, 19]. Thermal properties of the systems are calcu-
lated by the Boltztrap package based on Boltzman trans-
port equations [20]. The vdW interaction in our model is
taken into account and we assume the DFT-D technique
with vdw-DF exchange–correlation functionals [21]. We
can thus take into account the long-range electron correla-
tions. The accuracy of these pseudoptentials for studying
structural and electronic characteristics have been verified
in our previous works [22, 23, 24]. The cutoffs of plane-
wave energy is chosen to be 816 eV with the 20 × 20 × 2
of the k-grid sampling in the first Brillouin zone for the
fully relaxed structures. The structures are considered to
have reached stability with 10−6 eV/Å as the tolerance of
maximal force on each atoms. In the SCF calculations,
the same number of k-points in the grid have been used,
while in the DOS calculations the number of k-points in
the grid is increased to 70× 70× 2.

3. Results and discussion

The systems under investigation consists of a 2 × 2 su-
percell BLG with B and N dopant atoms, BC14N, where
the B and N atoms are either doped in one or both lay-
ers. We consider four atomic configurations based on the
distance between the B and N atoms, and all four con-
figurations are presented in Fig. 1 where the C, B and N
atoms are colored in gray, yellow, and blue. To visualize
the structures, we use the XCrySDen software [25]. In the
first two atomic configurations (a and b), both the B and
N atoms are doped in only one layer (top layer), while in
the last two atomic configurations (c and d), the B and N
atoms are doped in both layers [26]. In the first configura-
tion, the distance between the B and the N atoms is equal
to the length of a BN-bond, which is d = 1.43 Å (see Fig.

1(a)), while in the second structure the distance between
the B and the N atom is increased to 2.45 Å (b). The B
and N atoms in these two structures are doped in the top
layer, while the bottom layer is undoped. In order to in-
crease the distance between the B and N atoms, we now
consider the B atom is doped in the top layer while the N
atom is doped in the bottom layer with the distance 3.25 Å
(c) and 4.40 Å (d). We should mention that the B and N
atoms in both layers (the 3rd and the 4th type of config-
urations) are doped in the same atomic site of hexagonal
structure of graphene (A- or B-site) which leads to preser-
vation of the AA-stacking structure of BLG in our systems
here. If we would assume that the boron atom is doped at
an A-site of the top layer and the nitrogen atom in a B-site
of the bottom layer, the AA-stacking of BLG is changed
to a AB-stacking due to the repulsive interaction between
the B and N atoms as was recently reported [15].

Figure 1: Bilayer graphene with B and N atoms, BC14N, doped in
the top layer with the B-N distance of d = 1.43 (a), and d = 2.45
Å (b), and the B atom is doped in the top layer while the N atom
is doped in the bottom layer with the B-N distance of 3.25 (c) and
4.40 Å (d), respectively. The C, B and N atoms are colored in gray,
yellow, and blue.

The inter layer distance, h, the distance between the
B and N atoms, d, the interaction energy, ∆E, and the
bandgap, ∆g, are presented in Tab. 1. The interaction

Table 1: Interlayer distance, h, distance between B and N atoms, d,
interaction energy, ∆E, and bandgap, ∆g, for the four BN-codoped
BLG structures.

Structure h (Å) d (Å) ∆E (eV) ∆g (eV)
a 3.57 1.43 -5.32 0.15
b 3.57 2.45 -4.93 0.14
c 3.21 3.25 -4.04 0.21
d 3.35 4.4 -3.18 –

between the B and N dopant atoms in BLG structure can
be calculated via

∆E = E2 − E0 + 2× E1, (1)
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where E0, E1 and E2 are the total energies of the systems
with zero, one, and two dopant atoms, respectively. The
negative sign of interaction energy shown in Tab. 1 indi-
cates that there is an attractive interaction between the B
and N atoms in all four considered structures here [27]. It
seems that the attractive interaction is inversely propor-
tional with the distance between the B and N atoms. The
attractive interaction is the strongest and weakest for the
structure with d = 1.43 (a), and 4.4 Å (d), respectively.
It has been shown that the interaction strength is almost
zero when the separation distance between the the B and
N atoms is greater than or equal to 4.0 Å in the absence
of the vdw-DF when the GGA or the LDA are assumed
[28, 29]. But in the presence of the vdw-DF of our sys-
tem, the attractive interaction is not zero for the largest
distance between the B and N atoms, d = 4.4 Å (d) which
is due to presence of the van der Waals interaction taken
into account via the vdw-DF.
In addition, the calculated value for the interlayer spac-

ing, h, of the first (a) and the second (b) structure, where
both the B and N atoms are doped into the top layer, con-
firms that the attractive interactions between the B and N
atom do not influence the interlayer spacing of these two
structures, h = 3.57 Å, as their interlayer spacing is almost
equal to the interlayer spacing of pure BLG, h = 3.58 Å
[30, 31]. On the other hand, the interlayer spacing of the
last two structure (c), and (d), is smaller than that of pure
BLG indicating, that the attractive interaction between
the B and N atoms leads to a reduction of the interlayer
spacing compared to pure BLG.

(b)(a)

(c) (d)

d=1.43 d=2.43

d=3.25 d=4.4

Figure 2: Electronic energy dispersion of the BN-codoped BLG
where the distance between the B and N dopant atoms is d = 1.43
(a), 2.45 (b), 3.25 (c), and 4.4 Å (d) with their total DOS at right
side of the dispersion energy. The Fermi energy is set to zero.

The energy dispersion of all structures with their DOS
are shown in Fig. 2. It has been shown that pure AA-
stacked BLG has multiple linear dispersion bands. The
linear dispersion bands are mainly due to the electronic

interlayer coupling that is suppressed by the Pauli repul-
sion between the graphene layers [32]. The first obser-
vation of our results is that linear dispersion around the
K-point is not seen anymore in the vicinity of the Fermi
energy. In the first (a) and second (b) structures multi-
ple dispersion bands are still seen due to the presence of
both B and N dopant atoms in the top layer, where the
interaction between dopant atoms does not affect the in-
terlayer interaction, but the interaction between the B and
N atoms in the third (c) and fourth (d) structures removes
several dispersion bands and forms instead two “mexican
hats” around the K-point. This is similar to the energy
dispersion of BLG subject to a perpendicular electric field
[33, 34]. Furthermore, the largest bandgap is found for the
structure that contains the strongest interlayer interaction
arsing from the attractive interaction between the B and
N atoms in different layers (see Fig. 2(c)).
The bandgap values of all structures are presented in

Tab. 1. The structures with B-N distance, d = 1.43 and
4.4 Å have a metallic property as the top of the valence
band slightly crosses the Fermi energy, while the structures
with d = 2.45 and 3.25 Å have a semiconductor behavior
with a direct and an indirect bandgap, respectively.
The thermoelectric properties of the systems are demon-

strated in Fig. 3 at the temperature T = 100 K where
the phonon contribution to the transport properties is al-
most inactivated [35]. To investigate the electronic ther-
mal properties, we use the BoltzTraP software for semi-
classical transport coefficients. The code uses a mesh of
band energies and is interfaced to the QE package.

Figure 3: Electronic thermal conductivity, k, (a), electrical conduc-
tivity, σ, (b), Seebeck coefficient, S, (c), and figure of merit (d) versus
energy are plotted for all four structures.

A device with high figure of merit should have high See-
beck coefficient and electrical conductivity with low ther-
mal conductivity [36, 37]. The lack of thermal electrons
in the bandgap range leads to a decrease in the electronic
thermal conductivity [38, 39]. As s result, the electronic
thermal conductivity is lower around the Fermi energy in
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the case of a larger bandgap. We can thus see that the
electronic thermal conductivity is well suppressed, but the
Seebeck coefficient is enhanced around the Fermi energy
for the structure with the largest bandgap, 0.21 eV (see
Fig. 3a and c, red color), where a strong interlayer inter-
action is present in the system. Consequently, the highest
value of figure of merit, ZT , is found for the structure
with the 0.21 eV bandgap, where the interlayer distance is
3.25 Å.
BLG is characterized by good transparency and optical

response. The optical properties of BLG are different for
both the directions of the applied electric field, parallel,
E‖ or perpendicular, E⊥ to the surface of the structures,
due to the hexagonal symmetry in the system. The optical
properties of the BLG can be computed by the QE pack-
age, where the QE code generates data for the frequency
dependent real part, ε1(ω), and the imaginary part, ε2(ω),
of the dielectric function, ε(ω) = ε1(ω) + i ε2(ω). One can
thus use these data sets to compute the related optical
characteristics. For instance, the refractive index and the
excitation spectra can be computed via [40, 41]

n(ω) =
(

√

ε21 + ε22 + ε1

2

)1/2

(2)

and

k(ω) =
(

√

ε21 + ε22 − ε1

2

)1/2

. (3)

The reflectivity at normal incidence of a EM wave on the
systems can be computed from n and k by

R(ω) =
(n− 1)2 + k2

(n+ 2)2 + k2
. (4)

In addition, the absorption spectra can be calculated using

α(ω) =
2kω

c~
, (5)

where c is the speed of light in vacuum, and ω is in energy
units.
Were, we show how the separation between the B and N

dopant atoms influences the optical properties, such as the
dielectric function, the absorption spectra, the reflectivity,
and the electron energy loss function.
In Fig. 4, the imaginary part of dielectric function, Im(ε)

or ε2, excitation spectra, k, and absorption coefficient, α,
are shown for both the parallel (a,c,e) and the perpendicu-
lar (b,d,f) electric field (E-field), respectively. It has been
shown that two main peaks for pure BLG in the imagi-
nary part of the dielectric function at 3.95 and 13.87 eV
are formed in the case of E‖ by the π to π∗ and the σ to σ∗

transitions, respectively. In addition, two main peaks are
generated by the transitions from the σ to π∗ at 11.22 eV
and the π to σ∗ at 14.26 eV in the case of E⊥ [42, 14].
The expected anisotropy between the two different polar-
izations is clearly seen.
In the presence of the BN dopant atoms with different

distance between the B and N atoms both peaks are also

Parallel Perpendicular

Figure 4: The imaginary part of the dielectric function, Im(ǫ), the
excitation spectra, k, and the absorption coefficient, α, are shown
for both parallel (a,c,e) and perpendicular (b,d,f) electric fields, re-
spectively.

formed with a slight shift to lower energy for both direc-
tion of the E-field. The inset of Fig. 4(a) is nothing but the
Im(ε) for E‖ for a smaller scale of the y-axis. The Im(ε)
spectrum for both polarizations of the E-field is dominated
by a very intense peak structure at low frequencies in the
visible energy range, energy < 1.0 eV, indicating a transi-
tion due to the opening up of a bandgap. An extra peak
at 3.12 eV (gray arrow) appears due to the formation of
“mexican hats” in the dispersion energy around the K-
point for the E⊥. The same scenario is true for the ex-
citation spectra directly related to the absorption spectra
via Eq. (5). In addition, a pronounced peak in the ab-
sorption spectra at low energy for the structure with the
largest bandgap is formed for both polarizations of the E-
field (gray arrow). The peak is again due to the opening
of the bandgap caused by the strong interlayer interaction
between the B and N atoms (see Fig. 4(e and f)).
After showing the absorption spectra, we now present

the reflectivity in Fig. 5 for both E‖ (a) and E⊥ (b). The
reflectivity is computed from the frequency dependent real
and imaginary parts of the refractive index. It has been
shown that two main peaks in the reflectivity spectra ap-
pear for pure graphene at 4.5 and 15.0 eV for E‖, and
one prominent peak at 15.3 eV for E⊥ [43]. In N-doped
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Figure 5: Reflectivity function for E‖ (a), and E⊥ (b).

BLG, the N atom increases the free electron density in the
systems, that’s why a significant increase of the reflectiv-
ity is expected while the B-doping decreases free electron
density in the system leading to a notable decrease in the
reflectivity of the system [44]. In presence of both the B
and the N dopant atoms of our systems, the generated free
electron density depends on the interaction between the B
and the N atoms. It seems that a dipole-dipole interaction
between the B and the N atoms is generated leading to
a balance of the free electron density in the system [16].
The charge is transferred between the B and the N atoms
instead of supplying/receiving charge to/from the BLG.
Consequently, a big change in intensity of the two main
peaks of reflectivity is not see for E‖ irrespective of the
distance between the B and the N atoms or the interac-
tion between the B and the N atoms. The dipole-dipole
interaction between the B and the N atoms can be influ-
enced by the E⊥ leading to a variation of the density of
free electrons in the system and changes in the peak inten-
sity at 15.0 eV. In both polarization cases, for E‖ and E⊥,
a strong peak is formed at low energy for the structure
with strong interlayer distance, d = 3.25 Å (red color).
The electron energy-loss spectra (EELS) is determined

by inelastic scattering of fast electrons in the systems. The
energy distribution of all the inelastically scattered elec-
trons gives information about the local environment of the
atomic electrons, which in turn relates to the physical and
chemical properties of the systems. It seems that the two
main peaks in EELS are not very sensitive on the distance
between the B and N atoms in the case of E‖, while the
most intense peak at 15−20 eV is shifted to the higher en-
ergy for E⊥. Most importantly, an extra peak below 3.0 eV
for E‖ and two peaks below 9.0 eV for E⊥ are caused by
a plasma resonance of the valence electrons, which seems
to be strong for the system with interlayer interaction due
to the B and N atoms.

4. Conclusions

Overall, electronic, thermal and optical properties of
a bilayer graphene (BLG) with attractive interaction be-
tween dopant B and N atoms within a layer, or between

Figure 6: Electron energy lose spectra, EELS, for all four considered
structures shown in Fig. 1 for the case of E‖ (a), and E⊥ (b).

both layers have been investigated. In this work, a density
functional modeling implemented through the Quantum
Espresso package has been used. We demonstrate that a
weak attractive interaction between the B and N dopant
atoms induces a semiconductor-like BLG structure when
B and N atoms are doped in the same layer and the other
layer is undoped. In contrast, a strong attractive interac-
tion between the layers due to the B and N atoms causes a
semiconductor-like BLG. In both cases, a relatively larger
band gap was found leading to a good thermoelectric ma-
terials. A strong peak in the excitation and the absorption
spectra was observed indicating a good optical material in
the visible region of the electromagnetic spectrum.
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