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First-principles study of the structural and electronic properties of BN-ring doped graphene
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Since advanced silicon-based device components are moderately chemically tunable, doped graphene has
emerged as a promising candidate to replace this semiconducting material in flexible miniaturized electronic
devices. Indeed, heteroatom codoping (i.e., with boron and/or nitrogen) is an appealing strategy to tune both its
structural and electronic properties, possibly inducing a band gap in graphene. However, presently synthesized
BN-doped carbon-based materials are randomly doped, leading their electronic properties not to be reproducible.
Using first-principles techniques, the present study investigates the periodic doping of graphene with borazine-
like rings in order to search for an entirely new class of BNC hybrid 2D materials exhibiting high stabilities and
optimized band gaps for optoelectronic applications. Ab initio calculations show that BN-ring doped graphene
displays cohesive energies comparable with benchmark ideal periodic BNC systems (such as BC; and BC,N)
with a decreasing linear trend toward high concentrations of BN rings. Band gaps of BN-ring doped graphene
systems are calculated using many-body perturbation techniques and are found to be sensitive to the doping
pattern and to be considerably larger for high concentration of BN rings exhibiting the same orientation. These
predictions suggest that BN-ring doped graphene materials could be interesting candidates for the next generation
of optoelectronic devices and open new opportunities for their synthesis using chemical bottom-up approaches.
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I. INTRODUCTION

Nowadays, the design of new materials is a fundamental
issue driven by the need to improve existing technology de-
vices for better performance and enhanced safety. Currently,
the majority of optoelectronic devices are based on doped
inorganic semiconductors (i.e., Si) [1]. Their doping allows
the systematic tuning of the band alignment at the interface
of semiconductors, increasing its conductivity since substitu-
tional dopant atoms donate mobile charge carriers. However,
Si-based devices have numerous drawbacks, such as high
production cost, stiffness, and size limitations that hinder the
prospect of current technology transitioning into flexible and
miniaturized devices. Moreover, they exhibit indirect band
gap, low carrier mobility, and are at best only moderately
tunable, which limits the possibility of band alignment. For
all of the aforementioned reasons, efforts have been spent in
order to search for new replacing materials [2,3]. Graphene
has emerged as an excellent candidate for this role thanks
to its remarkable properties, such as atomic-layer thickness,
large surface area, high carrier mobility, and flexibility, as
well as high thermal and chemical stability [4]. Indeed, its
electronic properties are characterized by a band degeneracy
that occurs at the two points (K, K’) at the corners of the
hexagonal Brillouin zone of graphene with a correspond-
ing linear energy dispersion, resulting in the formation of
Dirac cones [5]. This specific electronic behavior leads to
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a very small on-off current ratio that makes graphene un-
suitable for conventional electronic applications. Essentially,
exfoliated graphene exhibits no band gap [6], thus requiring
postprocessing to be implemented in optoelectronic devices
and light-triggered applications. Different approaches have
been investigated to efficiently open a band gap in graphene,
such as quantum confinement within the fabrication of
nanoribbons [7] or based on its specific deposition on different
substrates [8,9]. However, these methodologies do not allow
the systematic and controllable tuning of the electronic prop-
erties of graphene. Consequently, fusing sp?-C scaffolds with
isoelectronic and isostructural BN domains has emerged as an
appealing strategy to modify both its electronic and structural
properties. Indeed, BN-based materials are chemically inert
and are thus used as dielectric spacer layers in van der Waals
heterostructures or optoelectronic devices [10]. In contrast to
graphene, the presence of two different atoms in the two sub-
lattices of h-BN precludes the inversion symmetry, resulting
in degeneracy lifting at the Dirac points in the Brillouin zone.
Consequently, BN-based materials are characterized by large
band gaps (around ~6 eV in its pristine form [11]), which
strongly restrain their implementation as semiconductors in
electronics. However, doping graphene with BN domains per-
mits the opening of a band gap. In particular, the honeycomb
lattice of graphene is formed by two carbon atoms (labeled
as A and B, respectively) in its primitive cell. Each A(B)-type
carbon atom is surrounded by three other B(A)-type ones, thus
forming two symmetrical-triangular sublattices. The symme-
try between these two sublattices leads to the gapless character
of pristine graphene [12]. Consequently, the incorporation
of boron and nitrogen atoms can induce an on-site energy
asymmetry in these two sublattices (i.e., chiral symmetry
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breaking) that eventually opens a band gap at the Dirac points.
Within this conceptual approach, specific doping patterns can
be used to tune the electronic properties, thus inducing a
wide range of band gaps in BN-doped graphene. Despite the
integrity of each individual phase being maintained, allow-
ing easier fabrication, the current state of the art is still far
from a targeted synthesis of BN-doped 2D materials exhibit-
ing specific and controlled properties. In fact, the existing
BN-doped carbon-based materials are not periodically doped,
leading to nonreproducible properties [13]. More specifically,
exploitable materials featuring precise doping patterns of B
and N atoms are particularly difficult to achieve since atom
segregation prevails [14,15] resulting from the large binding
energy between boron-nitrogen and carbon-carbon atoms. In
fact, to our knowledge, only one example of BN-doped co-
valent network featuring a regular doping pattern has been
obtained so far through surface-assisted reaction [16]. Con-
sequently, an open challenge in the fabrication of functional
single-layer semiconducting materials is to gain control of
their structural and electronic properties in a controllable and
reproducible manner. In order to achieve this goal, preliminary
screening of BN doping patterns is necessary to support the
development of new synthetic strategies for BNC nanomate-
rials. Using theoretical modeling, different parameters such
as the position, the distance of the doping unit, and even
the orientation can be easily tuned in order to investigate
the corresponding effect on the properties of the material. In
this work, state-of-the-art DFT calculations are performed on
several BN-doped graphene monolayers using borazine (BN);
doping units in order to predict the corresponding structural
and electronic properties of novel BNC monolayers. After
evaluating the stability of these BN-ring doped graphene when
considering different doping parameters, accurate band gap
values are predicted using beyond DFT techniques in order to
propose potential candidates to be implemented in optoelec-
tronic nanodevices. Lastly, the disorder related to ring location
and rotation is also investigated to estimate its effects on the
electronic properties of BNC materials.

II. METHODOLOGY

Theoretical modeling was based on density functional the-
ory (DFT) calculations with the projector-augmented wave
method [17] and plane waves basis as implemented in the
Vienna Ab initio Simulation Package (VASP) [18,19]. The
generalized-gradient approximation of Perdew, Burke, and
Ernzherof [20] has been used for the exchange-correlation
density functional. Convergence threshold for total energy
and forces were set to 1075 eV and below 0.03 eV/A on
each atom, respectively. All calculations have been performed
using 500 eV as the kinetic energy cutoff. A k-point sampling
of 18 x 18 x 1 has been used for pristine graphene. To sample
multiple BN concentrations and patterns, graphene supercells
of different sizes have been constructed, with accordingly
scaled and converged k-point samplings for every system. In
every model, atomic positions of all atoms have been allowed
to relax in the supercell. Graphene unit cell has been relaxed
starting from experimental parameters [21] using 10 A of
vacuum in order to avoid spurious interactions along the z di-

rection and the obtained theoretical lattice parameters deviate
~0.5% from the experimental ones.

Regarding graphene doped with BN segregated islands,
a 10 x 10 supercell has been considered in order to ensure
sufficient separation and to avoid spurious coupling between
BN islands. The cohesive energy of each atomistic model has
been calculated as follows:

—Egnc + ncEc + ngEp + nyEy

Ntot

Econ = (D
where E.on is the cohesive energy, Ec, Ep, and Ey are the
total energies of isolated carbon, boron, and nitrogen atoms,
respectively, while n¢, ng, and ny represent the corresponding
number of atoms in the atomistic model, with n¢, being the
total number of the atoms that form the BNC system.

In order to predict accurate band gaps and to avoid their
usual DFT underestimation, many-body perturbation theory
calculations [22] employing screened Couloumb interaction
were performed without self-consistency in the Green’s func-
tion (GoW, approximation) using QUANTUM ESPRESSO [23]
with norm conserving pseudopotentials [24] and YAMBO code
[25]. Plasmon-pole approximation for the dielectric function
was used and a truncated Coulomb potential approach was
employed in the z direction to avoid spurious interactions
between periodically repeated images [26]. Moreover, the
random integration method was also used in order to avoid
numerical divergences that could be present in many-body
calculations on low-dimensional systems [25]. Cutoff energies
for both exchange and correlation parts of the self-energy
were converged for each model ranging from 50 to 70 Ry
and between 10 and 13 Ry, respectively. The number of bands
used for each calculation was converged using the Bruneval-
Gonze terminator [27], which permits faster convergence with
respect to the number of empty bands.

III. RESULTS AND DISCUSSION

In order to compare the stability of novel BNC materials,
the cohesive energy of graphene (7.85 eV), h-BN (6.99 eV),
BC; (7.25 eV /atom), C3Ny (6.04 eV /atom), and BC,N (7.19
eV /atom) have been first estimated. All the atomistic models
are reported in the Supplemental Material [28]. As expected,
graphene presents the highest stability. Starting from the
graphene lattice, several supercells have been built and sub-
sequently doped with various BN-ring doping patterns, taking
into account different distances, orientations, and concentra-
tions (see Fig. 1). First, a doping pattern formed by a single
borazine (BN); ring [Fig. 1(a)] is considered (referred to
as model 1 in the following). Afterwards, two families of
doping patterns formed by two borazine rings are studied
along both armchair [Fig. 1(b)] and zigzag [Fig. 1(c)] di-
rections. In these models, both increasing distances between
rings and two possible ring orientations (up and down) are
considered. In particular, concerning the pattern along the
armchair direction, (BN)3 rings bonded together (model 2)
as depicted in Fig. 1(b), then separated by one benzene ring
(model 3), and lastly by two benzene rings (model 4) are
considered. Similarly, along the zigzag direction, two differ-
ent distances between (BN); rings are considered: borazine
rings separated by a single C chain (model 5) as reported
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FIG. 1. Atomistic models of graphene doped with various bo-
razine (BN); patterns. (a) Single borazine doping. (b) Doping pattern
formed by two (BN); rings along the armchair direction with parallel
orientation (up 1-up 1). (c) Doping pattern formed by two (BN);
rings along the zigzag direction with parallel orientation (up 1-up 1).
Carbon, nitrogen, and boron atoms are represented by brown, gray,
and green spheres, respectively.

in Fig. 1(c) and by three C chains (model 6). Moreover, in
models containing two borazine rings, both the parallel [up 1-
up 1; see Figs. 1(b) and 1(c)] and antiparallel (up 1-down |;
not shown here) orientations are investigated. All these atom-
istic models are illustrated in the Supplemental Material. After
structural optimizations, planarity is found to be preserved in
each BN-ring doped model. In order to evaluate the relative
stability of borazine-doped graphene, the cohesive energy of
the six models is calculated using Eq. (1) and presented in
Fig. 2 with a direct comparison with benchmark ideal BNC
structures. As expected, all the calculated cohesive energies of
borazine-doped graphene are lower than the reference energy
of pristine graphene, but almost every time higher than BCs
when considering large BN-ring concentration and always
higher than C3N4 and BC,N ideal systems. In particular, for
each model regardless of its doping parameters, the cohesive
energy value always lies in between the values of graphene
and A-BN. Consequently, each of the considered atomistic
models represents a metastable structure that could potentially
be synthesized and optimized to be implemented in devices.
In particular, the cohesive energy trend line approaches the
one of pristine graphene with a linear behavior with respect
to the BN concentration with the system becoming less and
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FIG. 2. Cohesive energies of borazine-doped graphene in func-
tion of BN-ring concentration for (a) single borazine doping (model
1), (b) doping pattern formed by two (BN); along the amrchair
direction (models 2—-4), and (c) doping pattern formed by two (BN);
along the zigzag direction (models 5 and 6). The reference energies
are the cohesive energies of 4-BN as minimum and pristine graphene
as maximum. BC; and BC,N cohesive energies are indicated with
horizontal dashed lines.

less stable when the concentration of BN ring increases [see
Fig. 2(a)]. In model 2, where the two rings are bonded to-
gether, a larger difference is observed. Indeed, in the up-up
orientation, the two borazine rings are bonded through a N-B
bond while in the up-down orientation with a N-N bond. The
difference in energy can be easily addressed to the lower bind-
ing energy of the N-N bond compared to the B-N one. This
difference in cohesive energy is found to be larger at high BN
concentrations but converges towards the same values at lower
concentrations. Nevertheless, the largest energy difference in
model 2 with different orientations is 0.08 eV /atom [see

114001-3



CAPUTO, NGUYEN, AND CHARLIER

PHYSICAL REVIEW MATERIALS 6, 114001 (2022)

(a

FIG. 3. Atomistic models of graphene doped with borazine
(BN); island patterns formed by four (BN); rings (a) in a linear
arrangement and (b) in a square configuration.

Fig. 2(b)], suggesting that the cohesive energy is qualitatively
insensitive to patterns and orientations considered herewith,
as also confirmed in Fig. 2(c). Moreover, the trend of the
cohesive energy for different families of BNC monolayers has
been evaluated in terms of the average distance between BN
doping patterns, where an asymptotic behavior is observed

towards the cohesive energy of pristine graphene (as shown
in the Supplemental Material).

Lastly, the stability of the previous models has been com-
pared to the one of isolated BN islands. In particular, BN
islands with different shapes and concentrations have been
studied. Considering the BN pattern formed by four fused bo-
razine rings first arranged in a linear shape [model 7, Fig. 3(a)]
and then condensed in a squared shape [model 8, Fig. 3(b)],
lowering the BN-C interface, the cohesive energy is decreased
by just 0.01 eV. Confronting the cohesive energy of models 7
and 8 with the former ones, one should naively expect fused
ring patterns to be more stable due to the segregation trend
as previously mentioned. However, the cohesive energy of
BN island patterns is found to be comparable to those of
isolated rings; i.e., for similar concentrations, the difference
is ~0.02 eV /atom.

After considering their respective stabilities, the electronic
properties of various BNC atomic structures have been cal-
culated using both DFT approaches and beyond. Ab initio
density of electronic states (DOS) of various graphene doped
BN rings (models 1, 2, and 5) with concentrations ranging
from 12% to 40% have been evaluated (Fig. 4) and band
gap values have been preliminarily estimated at the DFT-PBE
level of theory.

For each BN-doping structural arrangement and concen-
tration, a band gap opening is observed when compared to
pristine graphene. All these band gaps are found to be direct,
similar to other BN-doped graphene models considered in pre-
vious studies [29]. Direct band gaps present an advantage with
respect to the indirect ones (as in several inorganic materials)
since they could open up the possibility of exhibiting high
absorption coefficient, as well as other useful optoelectronic
properties. Regarding the composition of the valence and con-
duction bands related to these models, for every concentration
considered, the contribution of 2p, carbon orbitals is prevalent
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FIG. 4. Density of electronic states of (a) model 1, (b) model 2, and (c) model 3 with various concentrations as indicated in each frame.
The parallel and antiparallel orientations are also mentioned in (b) and (c). Zero energy is always located at the middle of the gap.
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in the DOS leading to the dominant graphene contribution to
the electronic conduction. Due to the presence of the same
number of boron and nitrogen atoms, there are no defect
states in the electronic structures, suggesting strong coupling
between the carbon and doping atoms and the absence of any
spin-polarized phenomena. Moreover, confronting the same
models with the same concentration but with two different
mutual ring orientations as illustrated in Figs. 4(b) and 4(c),
parallel orientation models (1-1 case) are found to have a
considerably higher band gap compared to the antiparallel
orientation (1-|, case) in the similar pattern. This can be linked
to the chiral symmetry breaking previously discussed. In par-
ticular, two BN rings are considered in each unit cell in the
models reported in Figs. 4(b) and 4(c). The parallel orientation
case will thus result in one of the sublattices containing only
carbon and nitrogen atoms and the other sublattice containing
only carbon and boron atoms, leading to an asymmetric state
and hence a large band gap opening. On the other hand, in
the antiparallel case, both sublattices are composed by the
same number of carbon, nitrogen, and boron atoms resulting
in a symmetric state and hence a small band gap, as observed
in Fig. 4. This implies that, during the design process of
BNC nanomaterials, particular attention needs to be put on
the orientation parameter because of its strong influence on
the electronic properties and the possibility of a band gap
closing.

However, DFT is well known to be a ground state the-
ory and that electronic band structures, in particular the size
of band gaps, are not well reproduced by most exchange-
correlation functionals [30,31]. Consequently, the band gap
values calculated herewith employing this technique are
strongly underestimated. Even if a qualitative comparison of
DFT band gap values is still possible between BNC models
featuring more or less the same number and type of atoms,
the ab initio values are essentially wrong and cannot be di-
rectly compared to experimental band gaps. In order to correct
these values, beyond-DFT techniques are employed using
many-body perturbation theory (MBPT). More specifically,
some parallel oriented models have been selected to calculate
the quasiparticle (GoWp) corrections to their band gap values
(Fig. 5) [25].

As expected, for each BNC model, the GW band gap values
are found to be significantly larger than DFT predictions,
with corrections in the range of 0.5-1.3 eV. In contrast to the
cohesive energy study, the band gap values strongly depend
not only on the orientation, as already discussed, but also on
the BN-doping pattern. In fact, since the band gap evolution
trend is different for each model considered herewith, high BN
concentration does not necessarily mean large band gap (see
Fig. 5). Different from other methodologies used to modify
graphene electronic properties [32], a quite wide range of
band gap values is obtained highlighting the possibility of
fine-tuning graphene by proper control of doping pattern and
parameters. In particular, when considering parallel orienta-
tion between rings, band gaps close to the one of bulk silicon
(i.e., 1.15 eV calculated with the GW approximation) can be
achieved. Indeed, a band gap close to silicon bulk is obtained
when considering the model featuring a single borazing ring
(i.e., model 1) with BN concentration of 19% or featuring
bonded borazines with a B-N bond (i.e., model 2 with parallel
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FIG. 5. Band gap values calculated within DFT-PBE (dashed
lines) and within the GW approximation (solid lines) for models 1, 2,
and 5 represented in blue, red, and green, respectively. Curves fitting
band gap values are represented as a guide for the eyes, highlighting
the band gap enhancement when BN concentration is increased. The
GW band gap of silicon is indicated as a reference using a horizontal
dashed line.

ring orientation) with BN concentration of 25%. When con-
sidering nonbonded rings in similar concentration (model 5),
even if the band gap is slightly raised, it still presents only
a 0.32 eV band gap difference with bulk silicon. Moreover,
band gaps in the visible range can be achieved when consid-
ering high concentration models, opening up the possibility to
use hybrid BNC materials as wide-band-gap semiconductors
in optoelectronic devices. On the other hand, smaller band
gaps could be required for applications in infrared regimes.
These smaller gaps are found in antiparallel-ring doping pat-
terns or in small concentrations models. Unfortunately, even
if MBPT techniques produce accurate band gap values that
are comparable to photoemission and photoabsorption ex-
periments, the high computational cost required to calculate
the microscopic dielectric function to apply the quasiparticle
correction to the DFT band gap values limits the application
of GW methods to BNC models featuring small band gaps
hence containing a large number of atoms. Consequently,
one could search for a compromise between high accuracy
band gap values, as provided by the GW technique, and low
computational cost, as provided by DFT techniques. This
could be achieved by using hybrid functionals, i.e., including
part of the exact exchange from the Hartree-Fock method
in the exchange-correlation functionals used in DFT meth-
ods. In particular, global hybrids add a reasonable fraction
of the full nonlocality to the calculation within the exchange
[33]. In these functionals, the most computationally challeng-
ing part is the calculation of the slowly decaying exchange
with the distance. Therefore, short-range screened hybrids
are nowadays among the most used hybrid functional used
[34,35] due to the inclusion of Hartree-Fock exchange only
in the short-range part of the electron-electron interaction,
instead of evaluating the nonlocal Hartree-Fock part of the
exchange. However, numerous hybrid functionals are avail-
able depending on the parametrization of the functional and
their accuracy could strongly vary depending on the sys-
tem under study. Among the short-range hybrid functionals,
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TABLE 1. Band gap values (in eV) calculated with DFT-PBE,
HSEO06, PBEO, and GW approaches for models 1, 2, and 5 in the
parallel orientation and with different concentrations.

DFT-PBE  HSE06 PBE0  GW
BN (%) V) (V) V) (V)

Model 1 12 0.31 0.45 0.50 0.77
19 0.44 0.64 0.84 1.04

33 1.54 2.15 269  2.88

Model 2 25 0.57 0.86 1.18 1.30
40 0.92 1.35 1.80  2.07

Model 5 24 0.69 0.99 1.33 1.47
30 0.90 1.30 1.74 1.90

Heyd-Scuseria-Ernzerhof (HSE) hybrids [36] have been
extensively applied for the calculation of band gap of semi-
conductors demonstrating a higher accuracy [37] compared to
other types of hybrid functional as well as moderate compu-
tational cost. Here, different techniques have been employed
to evaluate the band gap values of BNC hybrid monolayers to
assess the accuracy of hybrid functionals in order to search for
a reasonable alternative to the GW approximation in models
featuring a large number of atoms. More specifically, both
short-range screened hybrid HSE06 and global hybrid PBEO
[38] band gap values have been calculated and directly com-
pared with the high-accuracy GW values (see Table I). As
explained above, DFT values are largely underestimating the
GW band gaps, while both hybrid functional values always
lie in between the two predictions. Despite there being no
consistent discrepancy between accurate GW band gaps and
the two hybrid functionals considered herewith, PBEO band
gap values are found to be generally closer to the GW ones
(see Table I), with differences in the range of 0.1-0.3 eV.
On the other hand, HSEO06 differences with GW values are
found to be larger when the BN ring concentration is raised; in
fact, the maximum difference (0.7 eV) is found at the highest
concentrations (40% and 33%), while the lowest difference
(0.3 eV) is found at the lowest concentration (12%). Thanks to
the strong band gap enhancement at large concentrations and
the relative close values obtained using PBEO, hybrid func-
tionals represent a viable alternative to GW approximation
for the calculation of band gap values. By lowering the BN
concentration, hybrid functionals still provide enhanced band
gaps compared to DFT allowing less expensive calculations
on very large supercells. However, GW approximation still
provides strongly enhanced band gap values compared to DFT
and, at the lowest concentrations, to hybrid functionals, thus
remaining the leading methodology for band gap calculations.

Until now, periodically doped BNC monolayers have been
considered since they are the targeted materials in bottom-
up synthetic approaches. However, perfect control of the
system periodicity is still practically questionable. There-
fore, even though they could be weak, disorder effects
on the electronic properties are computed by tight-binding
calculations (Fig. 6) for the disordered systems built start-
ing from the model containing a single borazine ring [see
Fig. 1(a)]. Here, two types of disorder (i.e., location and ro-
tation) are considered. In particular, in the first case, a number

of BN rings are displaced from their original position in the
periodic system to some neighboring positions while, for the
second case, a number of BN rings are randomly rotated to be
antiparallel to their original orientation. In addition, different
disorder probabilities (i.e., percentages of BN rings displaced
or rotated) were considered. The detailed descriptions of the
tight-binding calculations and disorder models are presented
in the Supplemental Material.

Interestingly, the tight-binding simulations show that the
location disorder (see also results with different displacement
distances additionally presented in Fig. S9 in the Supplemen-
tal Material) likely does not present any significant effect on
the formation of band gap. This could be essentially explained
by the feature that the graphene sublattice asymmetry (i.e.,
symmetry breaking) is the key ingredient for band gap open-
ing. In particular, as explained by DFT studies above, in the
periodic case B atoms (N atoms) replace C atoms in one
graphene sublattice (other sublattice, respectively), leading
to a certain level of sublattice asymmetry and hence a finite
band gap. When the location disorder is applied, the sublat-
tice asymmetry level is unchanged, excepting that distance
between BN rings spatially varies. In these cases (i.e., both pe-
riodic and aperiodic systems), the sublattice asymmetry level
is tuned when changing the BN-ring concentration, as pre-
sented above, i.e., the dependence of band gap on the BN-ring
concentration is obtained. The situation however drastically
changes when the rotation disorder occurs, i.e., the band gap is
significantly reduced when increasing this disorder. Note that
increasing the rotation disorder while the BN-ring concentra-
tion is fixed, the system transits from the strongest sublattice
asymmetry state (0% rotation) to the sublattice symmetry
one (50% rotation). Thus the sublattice asymmetry level is
reduced when increasing this disorder, which is obviously
the essential reason of the band gap reduction observed. The
50% rotation disorder here is actually similar to the situations
when a pair of up-down rings in the unit cell is investigated
above by the DFT calculations, i.e., a negligible (or small)
band gap is indeed obtained. Thus tight-binding calculations
confirm all main features predicted by DFT and clearly il-
lustrate that graphene sublattice symmetry breaking is the
essential ingredient for band gap opening. The obtained re-
sults suggest that controlling BN-ring concentration as well
as ring rotation is the key to tuning the band gap, whereas
perfect periodicity of the location of the dopant is not strictly
required.

IV. CONCLUSION

The present work reports on the BN-doping effect in both
structural and electronic properties of 2D graphene. In all
cases, BNC materials exhibit similar stability when com-
pared to hypothetical 2D benchmark systems, highlighting
the possibility to synthesize a specifically tuned hybrid BNC
monolayer using for example bottom-up chemical approaches
as for the on-surface synthesis of atomically precise graphene
nanoribbons [39—41]. However, the band gap value is shown
not only to vary significantly with the BN ring concentra-
tion but also to be dependent on ring orientations. Indeed,
due to the strong chiral symmetry breaking, the obtained
band gap is larger in the parallel oriented ring cases than
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FIG. 6. Electronic density of states of (a) periodic, (b) location, and (c) rotation disordered models computed by tight-binding calculations.
Each model has been built using the original 8 x 8 cell containing a single borazine ring [see Fig. 1(a)]. Moreover, different disorder
concentrations have been considered as indicated in each frame. Location disorder models have been built using the model M, described
in the Supplemental Material. In (c), the rotation disorder is added in the location disordered system in (b) with 25% of displaced BN rings.

that in the antiparallel ones with the same doping concen-
tration. Moreover, GW approximation has been employed to
calculate corrections to the DFT band gap of selected BNC
monolayers exhibiting band gaps close to the one of silicon.
The optimal BN-ring concentration in graphene is found to
be close to 20%—-25%. In addition, BNC models have the
advantage of presenting direct band gaps, which is quite inter-
esting for optoelectronics. Finally, when comparing two of the
most frequently used hybrid functionals with the GW results,
PBEQO is found to predict more accurate results in comparison
with HSEOQ6 for every investigated BNC model. Furthermore,
thanks to the band gap enhancement particularly high at larger
concentrations, hybrid functionals open up the possibility to
use less demanding calculations for the evaluation of band gap
values for large supercell BNC models. Lastly, in the disor-
dered systems, the band gap is shown to negligibly depend
on the position of BN rings but it is significantly affected
by the rotation disorder. In summary, relatively stable 2D
materials could possibly be achieved by fusing graphene with
BN domains featuring direct effective band gap opening that

can assume a wide range of values opening up the possibility
of multiple optoelectronic applications.
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