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Band-gap control of graphenelike borocarbonitride g-BC6N bilayers by electrical gating
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Motivated by the recent successful formation of boron and nitrogen-doped graphene, using density-
functional-theory calculations, we investigate the atomic and electronic structure of bilayers of a graphene-like
borocarbonitride (g-BC6N@2L). Although pristine graphene is a semimetal, the single layer of g-BC6N is a
semiconductor with a direct band gap of 1.3 eV, as is the bilayer g-BC6N@2L, which has a slightly smaller
band gap of 1.2 eV. Systematic calculations for the bilayer structure, to investigate the effect of an electric
field (E field), reveal that with increase of E-field, from 0.1 to 0.6 (V/Å), the band gap decreases linearly for
both parallel and antiparallel E-field directions. For larger E fields (>0.6 V/Å), we find the formation of dual
narrow band gaps of 50 meV (for parallel) and 0.4 eV (for antiparallel). The shape of energy bands is preserved
and the value of band gaps are constant in both E-field directions. Our results indicate that monolayer and
bilayer graphene-like borocarbonitride (g-BC6N) is an interesting system which may find applications in future
low-dissipation, high-speed nanoelectronic devices.

DOI: 10.1103/PhysRevB.102.195411

I. INTRODUCTION

The existence of high-mobility charge carriers in graphene
has placed it at the forefront of recent intensive research
efforts. In particular, research aimed to develop high-speed
graphene-based electronic devices has been growing exponen-
tially [1]. A field-effect transistor constructed using graphene
(GFET) [2] is a promising candidate for applications in flex-
ible electronic circuits [3]. However, the absence of a band
gap in graphene limits the performance of GFETs in optoelec-
tronic device applications. For the realization of a high on/off
current ratio in FETs, it is essential that the ultrathin material
used should possess a finite, suitable band gap. Recently, a
number of approaches have been explored for introducing
and controlling the band gap in graphene structures, in ad-
dition to searching for novel ultrathin semiconductors [4].
Approaches include the adsorption of molecules and atoms
[5,6], dimensional reduction and structural engineering [7],
and application of external effects such as a strong electric
field [8]. Also, twisted graphene bilayers with intercalated
alkali metals have been shown to afford the opening and
engineering of a band gap [9]. Importantly, the method must
provide sufficiently stable systems with a reproducible in-
trinsic band gap. A solution for such a problem, proposed
theoretically, is sublattice asymmetry doping or unbalanced
sublattice doping in the crystal structure. The important point
is the introduction of impurities into one of the available
sublattices of graphene [10,11], instead of both.

According to the proposed reports, when the impurities
randomly substitute on the carbon sites in two sublattices,
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the resultant graphene-based structure is still gapless. In con-
trast, as the impurity atoms are randomly incorporated into
single atomic sites in the graphene sublattice, a consider-
able band gap is opened in the doped structure [12], which
indeed improves the transport properties of conventional
GFETs [11]. Significant effort has been given to introduc-
ing a tunable band gap in graphene using various methods;
these include chemisorption [13–17], substitutional doping
with heteroatoms [18,19], applying electric fields [20,21] and
growing graphene on substrates such as SiO2 and SiC [22,23].
Interestingly, foreign atoms, in particular B and N, have been
widely investigated in order to change its electronic properties
[24–28]. B and N are neighboring elements of carbon in
the periodic table and have similar mass and size to that of
carbon. Incorporation of B or N has been shown to be an
effective approach to open the band gap in the vicinity of the
Dirac point, however, it may introduce the band gap above
or below the Fermi level [25]. As compared to the N-N or
B-B bond lengths, the N-B bond length is similar to the C-C
bond length, which makes B-N a good choice to replace
a C-C bond without causing significant distortions in the
two-dimensional (2D) lattice. The introduction of N-B into
graphene breaks the symmetry of the unit cell [29], and can
result in the introduction of a band gap at the Fermi energy
[30]. The effect of concentration has been investigated by
Fan et al. [31] by varying the number of host atoms, and
Manna and Pati [32] have shown that the patterning of h-BN
and graphene sheets with insulating and/or semiconducting
BxNy(Cz) nanodomains of different sizes and geometrical
shapes (h-BN sheet) can notably change the magnetic and
electronic properties. Nitrogen and boron-doped single-layer
graphene and bilayer graphene (BLG) have been experi-
mentally synthesized by arc discharge using boron-packed
graphite electrodes in the presence of ammonia [24]. Also,
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FIG. 1. (a) Optimized structures of g-BC6N) (left) and the bilayer (right). Here green, gray, and brown circles represent boron, nitrogen,
and carbon atoms, respectively. (b) Ab initio STM images of bilayer g-BC6N for two bias voltages: +1 V (left), −1 V (right). Electronic band
structure and corresponding density of states (DOS) and partial DOS (PDOS) of g-BC6N for the (c) monolayer and (d) bilayer. The zero of
energy is at the Fermi level. The electronic states of the valence band maximum (VBM) and conduction band minimum (CBM) orbitals are
shown in the inset in the DOS.

in an earlier study, the synthesis of a layered borocarbonitride
with stoichiometry BC6N was reported [33], but the crystal
structure has not been identified. More recently, BN-codoped
nanographene has been synthesized via multiple borylation
reactions of triarylamines representing a BCN system without
inversion symmetry [34]. Ab initio calculations for the doped
BLG systems consistently explained the p-and n-type behav-
ior in graphene and the scanning tunneling microscopy (STM)
images were successfully supported [35,36]. A tight-binding
approach has also been employed to study doped BLG sys-
tems [37,38]. In the absence of an electric field, it was shown
that the band gap of BLG can be chemically tuned by doping
[18,38,39] and functionalization [40,41]. Another approach
by which the band gap can be tuned is by applying strain
to the doped BLG [42]. Although two-dimensional materials
hold significant potential for many applications, it will be
necessary to tune their intrinsic properties. Several approaches
have been considered to change the electronic structure of
two-dimensional materials such as substitutional doping, de-
fect engineering, application of an electric field or strain or
surface functionalization by adatoms, e.g., Refs. [43–46].

The physical properties of various B/N-doped graphene
structures has been reported recently on the basis of ab initio
calculations in Refs. [47,48] where a range of concentrations
(4–24%) and geometries was considered. An opening of the
band gap was found, with varying values depending on the
doping site and concentration. Also, recent first-principles
calculations have been reported for the electronic properties of
monolayer g-BC6N, in which the B and N atoms occupy op-
posite vertices of the graphene hexagon [cf. Fig. 1(a)] [49–53],
where the former reported a band gap of 1.273 eV, and the
latter of 1.276 eV, and 1.833 eV when using the HSE06 hybrid
functional. To date, however, the effect of an electric field on
the band gap has not been investigated.

In this work, we investigate the electronic properties of
monolayer g-BC6N and bilayer g-BC6N@2L by ab initio
calculations and in particular consider the effect of application
of an electric field oriented perpendicular to the plane of
the surface for both the parallel and antiparallel directions.

We show that the band gap of g-BC6N@2L can be strongly
modified by applying an electric field and there is a difference
between the orientations of the field.

II. METHOD

We use density functional theory (DFT) with the gener-
alized gradient approximation for the exchange-correlation
functional as proposed by Perdew-Burke-Ernzerhof (GGA-
PBE) [54], together with norm-conserving pseudopotentials
[55] as implemented in OpenMX package. The eigenfunc-
tions and eigenvalues of the Kohn-Sham equations are
obtained self-consistently using norm-conserving pseudopo-
tentials, and pseudoatomic orbitals (PAOs) [56,57]. The wave
functions are expanded as a linear combination of multiple
pseudoatomic orbitals (LCPAOs). The integration over the
Brillouin zone is performed using a k-point mesh of 12 ×
12 × 1 in the Monkhorst-Pack scheme for the (4 × 4) unit
cell used in the present work [58]. The monolayer and bilayer
structures are modelled as a periodic slab with a vacuum layer
of 20 and 25 Å, respectively, between them in order to avoid
interactions between repeating layers. A quasi-Newton algo-
rithm is used to determine the ground state structure which
was relaxed until the residual forces on the atoms were smaller
than 1 meV/Å. In order to describe the van der Waals (vdW)
interaction, we adopted the method of Grimme (DFT-D3)
[59], which has been shown to be reliable for describing the
long-range vdW interactions.

III. MONOLAYER g-BC6N

Here we study the electronic structure of g-BC6N and
g-BC6N@2L. The optimized structures are shown in the left
and right of Fig. 1(a), respectively. In Refs. [49,50] dispersion
calculations showed no imaginary frequencies for the mono-
layer system, indicating the structure is dynamically stable.

Calculated STM images of g-BC6N@2L for two bias
voltages +1 V, −1 V are shown in the left and right of
Fig. 1(b), respectively. The lattice parameter of the optimized

195411-2



BAND-GAP CONTROL OF GRAPHENELIKE … PHYSICAL REVIEW B 102, 195411 (2020)

(4 × 4) supercell used for the calculations of g-BC6N and
g-BC6N@2L is determined to be 10.024 Å, while the C-C,
C-B, and C-N bond lengths are 1.42, 1.48, and 1.46 Å, respec-
tively. The bond angle between atoms is ∼120◦, displaying the
characteristics of sp2 hybridization. Our results show that the
introduction of B/N into graphene, causes only a weak struc-
tural distortion. The density of states (DOS), projected density
of states (PDOS) and electronic band structure of g-BC6N is
shown in Fig. 1(c). It can be seen that the introduction of B
and N into the graphene lattice transforms thet semimetal-
lic character of pristine graphene into a semiconductor. The
Dirac-point disappears completely and opens a direct band
gap of 1.3 eV at the K point. Furthermore, from the PDOS
in Fig. 1(c), we can see that the VBM originates from B-px,y

and N-pz orbitals, while the CBM originates from the C-pz

orbitals. Insets in Figs. 1(c) and 1(d) show the electronic states
at the VBM and CBM orbitals.

By stacking two g-BC6N layers vertically, we form a
g-BC6N@2L heterobilayer. Before studying the electronic
properties, we consider the most stable geometry. This is
obtained by placing different stacking (AA and AB) of the
layers on the each other [see Figs. S1(a) and S1(b) in the
Supplemental Material [60]. With full structural optimization,
we find the most stable stacking arrangement (as the min-
imum energy configuration among the different geometries
considered) is the AB-stacking arrangement (Fig. S1(b) [60])
where a B atom from the upper layer is vertically above a C
atom in the lower layer. We calculate the binding energy as a
function of interlayer distances and find that the equilibrium
distance occurs at 3.44 Å (see Fig. S1(c) [60]). We investigate
the thermal stability of g-BC6N@2L by performing ab-inito
molecular dynamic (AIMD) simulations (see Fig. S2 [60]).
We start with the optimized structure at 0 K, and the temper-
ature is increased to 300 K for a 2 ps total simulation time.
As can be noticed from the snapshots, apart from minor dis-
tortions, the crystal structure is preserved, predicting thermal
stability at 300 K. The electronic band structure, DOS and
PDOS of g-BC6N@2L is shown in Fig. 1(d). It can be seen
that the system is a direct semiconductor with a band gap of
1.2 eV. The VBM mainly is largely composed of B-px,y and
N-pz orbitals, while the CBM originates from the C-pz orbital,
similar to monolayer g-BC6N.

IV. EFFECT OF AN ELECTRIC FIELD ON THE
ELECTRONIC PROPERTIES OF g-BC6N@2L

With regard to potential device applications, the ability to
tune the electronic structure by, e.g., controlling the Fermi
level via electric field (E field) is highly desirable. The pres-
ence of the interlayer distance in g-BC6N@2L leads to a
potential difference between the two atomic layers, which is
intrinsically useful in tuning the electronic properties. In the
following, the effect of an E field on the electronic properties
is investigated. The band structure of g-BC6N@2L in the pres-
ence of a perpendicular E field is shown in Fig. 2. The strength
of the E field >0 (<0) denotes parallel (antiparallel) to the z
axis. Notice that the electronic structure is strongly modified
by application of an E field. When applying a parallel E field
its direct band gap decreases from 1.2 eV (0 V/Å) to 0.1 eV
(0.5 V/Å). Surprisingly, for increase of the electric field to

FIG. 2. Electronic band structure of g-BC6N@2L for various
values of an applied electric field in the parallel [(a) and (c)] and
antiparallel [(b) and (d)] directions. The positive (negative) electric
field denotes parallel (antiparallel) to the z axis in the normal direc-
tion, where the strength varies from 0 to 1 V/Å. The zero of energy
is set at the Fermi level.

0.6 V/Å, we see a dual narrow band gap of ∼50 meV [see
Fig. 2(c)]. With further increase of E field from 0.6 to 1 V/Å,
the VBM and CBM at the K point do not vary significantly so
the dual band gap is maintained at about 50 meV.

The electronic response of g-BC6N@2L in the antiparallel
direction is similar to that in the parallel direction, except that
the band gap is not so significantly reduced. Specifically, the
negative E field is able to decrease the band gap to 0.95 eV
(at 0.2 V/Å), 0.6 eV (at 0.4 V/Å), 0.45 eV (at 0.5 V/Å).
Interestingly, the band gap reaches 0.4 eV at 0.6 V/Å and
for further increase of the E field to 1 V/Å, the shape of the
dual narrow band gap is preserved and from 0.6 to 1 V/Å,
the band gap stays constant at ∼0.4 eV. The intensity map
of the band structure in the absence (left) as well as in the
presence of a parallel (middle) and antiparallel (right) field
with a strength of 0.6 V/Å is shown in Fig. 3(a). The band gap
plotted as a function of the E field is shown in Fig. 3(b). This
behavior can be understood in terms of the charge transfer
taking place between the dopant atoms and the C atoms of the
host. Examining the charge transfer reveals that the B atoms
receive electron density, while C atoms donate it. Therefore,
the negatively charged B atoms reside on top of positively
charged C atoms, generating a small built-in electric field.
When the direction of the electric field is changed (parallel
to antiparallel), the internal (built-in) electric field strengthens
or weakens. The electronic band gap is therefore, affected
differently for the two E field orientations. In Fig. S3 [60],
the total charge transfer between the layers (per unit cell) is
plotted as a function of the electric field. For zero field, there
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FIG. 3. (a) Intensity map of the band structure of g-BC6N@2L in
the absence (left) as well as in the presence of a parallel (middle) and
antiparallel (right) electric field with strength of 0.6 V/Å. (b) Band
gap of g-BC6N@2L as a function of E field. The atomic structure
and E field are shown in the inset.

is a net charge transfer of 0.02e. Analogous calculations for
monolayer g-BC6N shows insignificant variation of the band
gap with applied electric field.

The electronic states at the VBM and CBM, and DOS
and PDOS of g-BC6N@2L for parallel and antiparallel E
fields with a strength of 0.6 V/Å are shown in Figs. 4(a) and
4(b). This electronic phase modification is due to the Stark
effect, as a consequence of the energy shift caused by the
difference in electrostatic potential between the two layers
that are separated by a distance of 3.44 Å. The response
of the electronic band structure of a material to an E field
is mostly determined by the atomic orbital contributions to
the band edges of the material. From the DOS and PDOS
of g-BC6N@2L in Fig. 4(b), we can see that the VBM and
CBM originate from B/N and C atomic orbitals, respectively.
Notice that the VBM is dominated by in-plane B-px,y orbitals
and out-of-plane of N-pz orbitals, while the C-pz orbital does
not have any contribution. In contrast, the CBM is dominated
by the out-of-plane of C-pz orbitals. Apparently, an applied
out-of-plane E field on the g-BC6N@2L both the VBM and
CBM are affected by the applied field due to out-of-plane (pz)
orbitals contributing to both band edges. Overall, depending
on the atomic orbital characters of the band edges, the material
responds differently to the external effects.

We also consider other doping patterns of the bilayer sys-
tem including the N atom in the upper layer on top of a C atom

FIG. 4. (a) Electronic states at the VBM and CBM orbitals and
(b) DOS and PDOS of g-BC6N@2L for parallel and antiparallel E
fields with a strength of 0.6 V/Å. The zero of energy is at Fermi
level.

in the lower layer and a C atom in the upper layer on top of a
C atom in the lower layer. The corresponding electronic band
structures for various values of applied an electric field in the
parallel and antiparallel directions are shown in Figs. S4(a)
and S4(b), S4(c) and S4(d), and Figs. S5(a) and S5(b), respec-
tively [60]. Top and side views of the optimized structures are
shown in the insets. We can see that the response of the band
gap to the applied E field is the same for both parallel and
antiparallel fields in accordance with the stacking symmetry.

V. CONCLUSION

In conclusion, we investigated the electronic and atomic
properties of a graphene-like borocarbonitride, g-BC6N and
its bilayer, including the effect of an applied electric field
using first-principle calculations. Monolayer, g-BC6N has
been reported previously to be dynamically stable through
calculation of the phonon dispersion curves. This, together
with the present ab initio molecular dynamics simulations at
300 K, which find the g-BC6N and g-BC6N@2L structures
are maintained, suggests it may be possible to synthesize such
structures experimentally. The single-layer g-BC6N structure
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has a direct band gap of 1.3 eV while that of the bi-layer
system has a band gap of 1.2 eV. Additionally, the electronic
properties of g-BC6N@2L under application of a parallel
(positive) and antiparallel (negative) E field is also studied. We
find that the electronic properties can be strongly modified:
On increasing the E field from 0.1 to 0.6 V/Å, the band
gap decreases practically linearly. Interestingly, for the E field
larger >0.6 V/Å, a dual narrow band gap develops with values
of 50 meV (for parallel) and 0.4 eV (for antiparallel). Thus,
depending on the direction of the applied E field, the band gap
is modified to a slightly different degree. We expect that our
theoretical study will stimulate further experimental research

on this material in the future. Moreover, g-BC6N@2L might
be a candidate material for the realization of new graphene-
based structures that have electrically tunable band gaps. This
phenomena is of great interest for basic physics and is also
a highly desirable characteristic for use in nanoscale device
applications.
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