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Using density functional methods within the generalized gradient approximation implemented in the Quantum
Espresso codes, we modify the band offset in a single layer of boronitrene by substituting a double line of
carbon atoms. This effectively introduces a line of dipoles at the interface. We considered various junctions of
this system within the zigzag and armchair orientations. Our results show that the ”zigzag-short” structure is
energetically most stable with a formation energy of 0.502 eV, and with a band offset of 1.51 eV. The ”zigzag-
long” structure has a band offset of 1.99 eV. The armchair structures are non-polar while the zigzag-single
structures show a charge accumulation for the C-substituted B and charge depletion for the C-substituted N at
the junction. Consequently there is no shifting of the bands.

PACS numbers: 61.48.Gh, 68.35.bg, 73.22.Pr

I. INTRODUCTION

Boron nitride (BN) is a versatile material and is one of the
most promising semiconductors. This can be attributed to it
having the widest bandgap (∼ 6 eV) amongst the group III-V
nitrides. It is not surprising that BN exists in the hexago-
nal (h-BN) and cubic (c-BN) forms, similar to graphite and
diamond, since it is iso-structural to carbon. BN exists in
four other known crystalline structures which are metastable,
namely, rhombohedral (r-BN), wurtizite (w-BN), simple cu-
bic, and turbostratic (t-BN). This accounts for the wide ar-
ray of properties of BN. BN also exists in amorphous (a-BN)
form.1 The most common phase of BN is h-(BN), which has
good electrical insulation properties, and is stable with high
thermal conductivity. It can be used in electronics, nuclear
technology, vacuum technology, lubrication, x-ray lithogra-
phy masks, ultra-hard ceramics applications etc. In cubic
form, it is a hard material, with a bulk modulus rivaling that
of diamond.2

With the discovery and synthesis of graphene, other two di-
mensional structures have attracted a great deal of scientific
and technological interest.3 There has been a tremendous in-
terest in the recently discovered two dimensional h-BN also
referred to as boronitrene,4,5 due to its distinct properties and
potential for a wide range of applications. The predicted wide
bandgap of 4.64 eV for boronitrene6 will be of particular inter-
est for future applications. BN monolayer can be produced by
the micromechanical peeling method7 or by the CVD tech-
nique,8 similar to the methods used for the production of
graphene. Boronitrene and graphene have huge technological
and engineering importance. Both these materials have an ad-
vantage in the manufacture of ultra thin, single layer devices
since there is an absence of long range interactions between
layers. Boronitrene and graphene are posed to be future mate-
rials in advanced solid state devices.9,10

Semiconductor heterojunctions was a topic of enormous
research activity in the 1980’s both experimentally11 and
theoretically,12–15 for example, the GaAs/AlAs14,16,17 and
Si/Ge18,19 interfaces have been very extensively studied. Ef-
fects of strain are considered to be important for systems that
are lattice mis-matched, as is the case with Si/Ge, that result

in substantial atomic relaxations at the interface. The valence-
band offset ∆Ev and the conduction-band offset ∆Ec at the in-
terface of solid state devices are key design parameters that
determine the electronic and optical properties of heterostruc-
tured materials. The band offsets of semiconductors can be
modified by either doping the interface dipoles or by the depo-
sition of ultra thin interlayers between semiconductors. This
modifies the charge distribution creating an interface dipole11

that results in a relative shifting of the bands.
Muñoz et.al12 proposed that double layer of Ge along the

(111) and (100) geometries of bulk GaAs modifies the band
offsets. These structures have being synthesized using molec-
ular beam epitaxy (MBE) for the least and most energetically
stable geometry.20,21 B/C/N materials with graphitic network
similar to those of interest in this study has being investigated
experimentally22 using CVD or solid-phase pyrolysis of pre-
cursors. And theoretically by Liu et.al,23 they investigated the
electronic structure of various models of BC2N monolayer us-
ing ab initio techniques. Recently, Y. Fan et.al24 reported on
BN/C heterostructured zigzag nanotubes predicting enhanced
field-emission properties of the heterostructures . However, to
date no study has been done on modifying the band offset of
the BN/C heterostructured mono-layer. In the present paper,
we theoretically modify the band offset in boronitrene. This is
motivated by the possibility of creating a nano-sized electrical
diode. In this work a h-BN mono-layer is used as the base
2D system, and we create an interface using lines of C atoms.
This enables us to engineer the band offset in this mono-layer
semiconductor. The control of band discontinuities are mainly
due to two effects: (i) the effect of strain at the interface, and
(ii) the electrostatic interface potential.12 We probe the atom-
istic control of the interface composition and the accompany-
ing changes in the electronic properties, using the electrostatic
interface potential. Boronitrene and graphene have the same
crystal structure with a negligible lattice mismatch. Therefore
we consider effects of composition and geometry, with mini-
mal effects due to strain.

Using density functional methods within the general-
ized gradient approximation implemented in the Quantum
Espresso codes, we investigate the modification of the band
offset in a single layer of boronitrene by substituting a single
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or a double line of carbon atoms. This effectively introduces
a line of dipoles at the interface. We consider the boronitrene
armchair and zigzag structures for our junctions.

In section II, we describe the various interface structures
that we considered, and in section III we give a brief descrip-
tion of our theoretical and computational methods. We present
our results and discussions in section IV. In section V we sum-
marize our conclusions.

II. BN HETEROJUNCTION STRUCTURES

Each structure that we considered consists of a honeycomb
boronitrene mono-layer with C atoms forming the junction in-
terface (henceforth referred to as BN/C). The junction com-
prising C atoms is created either parallel to the armchair or to
the zigzag orientations of the BN honeycomb structure. The
armchair-double structure, shown in Fig. 1, contains a double
line of C atoms forming the interface with the C atoms placed
along an armchair chain with C-C segments parallel to the in-
terface. In the armchair-single structure, shown in Fig. 2, the
interface is made up of only a single line of C atoms. For
these two armchair configurations, no dipole is expected at
the junction by the substitution with the C atoms because of
the nonpolar lines comprising both B and N atoms parallel to
the junction.

The zigzag-short structure, shown in Fig. 3, contains C
atoms along a zigzag chain parallel to the interface which
forms a double line of C atoms. This double line is a ”short”
distance apart. The zigzag-long structure, shown in Fig. 4, has
C-C segments oriented perpendicular to the interface. This
forms a double line of C atoms a ”long” distance apart. For
these two zigzag configurations, a line of dipoles is expected
at the junction by the double line of C atoms because of the
alternating polar lines of B and N atoms parallel to the junc-
tion.

The zigzag-single structure with C-substituted B shown in
Fig. 5 and the zigzag-single structure with C-substituted N
shown in Fig. 6, contains a single line of C atoms parallel to
the interface. From a structural point of view, it is not clear a
priori whether a dipole will form at the interface or not. These
systems are also investigated in our studies.

In all cases, the structures are aligned in the xy-plane with
the junctions parallel to the y-axis.

III. THEORY AND METHOD

To study the polarity of a 2D junction, we must look at
how the charge density and potential vary across the junction.
It is useful to consider the charge density and the potential
(represented by f below) averaged along lines parallel to the
interface:

f̄ (x) =
1
L

∫
f (x, y) dy . (1)

Baldereshi et al.14 suggested that to eliminate bulk ef-
fects, the macroscopic average for each line-averaged quantity

should be calculated to emphasize the behavior at the junction:

¯̄f (x) =
1
a

∫ x+a/2

x−a/2
f̄ (x′) dx′ . (2)

Here, the macroscopic average is computed over the periodic
length a.

Using this method, it can readily be seen whether a dipole
is created at the interface as this manifests as an accumulation
of electronic charge on the one side of the interface, and a
depletion of electronic charge on the opposite side. Also, as
will be seen with our results in section IV, the band offset can
be readily read off from a graph of the macroscopic average
of the potential across the junction.

All calculations were done using density functional the-
ory25 (DFT) as implemented in the Quantum Espresso
PWSCF code.26 We used the PBE exchange-correlation func-
tional27 for the generalized gradient approximation (GGA)
with ultrasoft pseudopotentials.28 A kinetic energy cutoff of
38 Ry was chosen to ensure adequately converged total ener-
gies.

To ensure isolated junction images, 12 and 16 atoms per
supercell were used for the BN/C-zigzag and BN/C-armchair
structures respectively with atomic composition as shown in
Table. I. A vacuum distance of 15 Å was placed between each
mono-layer to ensure negligible interaction between the peri-
odic images. A Monkhorst-Pack29 grid of 4×4×1 was used to
sample the Brillouin zone and Methfessel-Paxton smearing30

with a width of 0.005 Ry was used to integrate the bands at
the Fermi level.

All ions were relaxed until the atomic forces were less
than 0.0001 Ryd Å−1. The sum of the Hartree, local ionic
and exchange-correlation potentials was used to calculate the
macroscopic potential across each junction. Planar averaging
of the charge density and potential was done over the yz planes
as a function of x, as this is equivalent to line averaging in the
plane of the single layer material.

The heat of formation for each structure was calculated by
taking the difference between the total energy of the junction
structure and the energies of its constituents in their corre-
sponding bulk forms:

∆H f (BN/C) = Etot
(BN/C) − NBN Ebulk

(BN) − NC Ebulk
(C) , (3)

where NBN and NC are the number of BN units and C atoms
in the BN/C supercell, Ebulk

(BN) is the bulk energy per pair of BN
atoms in boronitrene, and Ebulk

(C) is the energy per C atom in
the graphite structure. The calculations were performed using
fixed number of k points and kinetic energy cutoff for each
supercell, thereby minimizing errors.

IV. RESULTS AND DISCUSSION

The similarity of the bond lengths for B-N in h-BN and
C-C in graphene means that these two structures are reason-
ably well lattice matched. The nearest neighbor distances are
dB−N=1.446 Å in h-BN and dC−C=1.425 Å in graphene, i.e.
there is a lattice mis-match of ∼ 1.5%. The C-N and C-B
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bonding around the interface creates slight distortions in the
trigonal bonding which determines the polarity of the junc-
tion.

A. Armchair double and single structures

The armchair-double and the armchair-single structures
comprise non-polar lines of atoms. That is, each line parallel
to the interface contains an equal number of B and N atoms.
Therefore, substituting a single or a double line of B and N
atoms with C atoms does not change the polarity of each line.
We expect the junction to be non-polar.

In Fig. 7 and Fig. 8 we plot the line averaged charge den-
sity and the macroscopic averaged charge density for the
armchair-double and armchair-single structures respectively.
We notice that there is an accumulation of charge density at
the interface with a depletion of charge density symmetrically
on either side of the interface. The dipoles are oppositely
directed and therefore cancel each other, resulting in no net
dipole at the interface. This results in no shifting of the elec-
tronic bands across the interface. The armchair orientations
are not candidate systems for modifying the band offset in
boronitrene.

B. Zigzag short and long structures

In the zigzag-short structure, the interface is made up of a
zigzag chain of C atoms with fully relaxed internal angles of
122.59◦ and C-C bond lengths of dC−C=1.431 Å indicating an
elongated chain as compared to a similar chain in graphene.
The C atoms are alternatively bonded to N atoms on one
side of the interface and B atoms on the other side. The N
atoms form part of a B-N zigzag chain with internal angles of
119.73◦ and dB−N=1.451 Å. On the opposite side of the inter-
face, the B atoms also form part of a B-N zigzag chain with
very similar internal angles of 119.66◦ and bond lengths of
dB−N= 1.452 Å. Both these chains are very similar to those
found in the bulk. At the interface, the N-C bond length is
dN−C=1.401 Å while that for the C-B bond is dC−B=1.533 Å.

In Fig. 9 we plot the line averaged charge density and
the macroscopic averaged charge density for the zigzag-short
structure. We note an accumulation of electronic charge on
the C-substituted B side of the interface, and a depletion of
electronic charge on the C-substituted N side of the inter-
face. The macroscopic average of the charge density con-
verges to the bulk value of 48 electrons per supercell within
two atomic lines from the interface. This indicates that our
supercell is sufficiently large to enable us to model the sin-
gle isolated interface. The macroscopic average of the charge
density peaks at a value of about 5 electrons per supercell on
the C-substituted B side of the interface, and dips to minus
this value on the C-substituted N side of the interface. This
separation of charge at the interface results in a net dipole at
the interface.

In Fig. 10 we plot the line averaged potential and the macro-
scopic averaged potential. We note, as expected, a disconti-

nuity of the potential across the interface. We calculate this
band offset to be 1.51 eV as listed in Table II. The long-range
nature of the local potential results in the shifting of the elec-
tronic bands across the junction. Holes in the valence band
and electrons in the conduction band experience exactly the
same magnitudes for their offsets, namely the valence band
offset and the conduction band offset respectively, of 1.51 eV.
This is due to the homo-nature of the junction. This, in gen-
eral, is not true for a heterojunction, for example, in Si/Ge
the valence band offset and the conduction band offset differs
from each other because of the hetero-nature of the junction.

The saw-tooth potential is an artifact of the supercell con-
struction that imposes an artificial periodicity on the system.
We calculate an electric field of 6.081×109Vm−1 across the su-
percell. In principle, the field can be gotten rid of by creating
a large enough supercell with two identical junctions but of
opposite orientations resulting in oppositely directed dipoles.
However, for the zigzag orientation, this is not possible be-
cause the atomic lines are not equidistant from each other.

We turn our attention to the zigzag-long structure. This
structure comprises a ladder of C atoms with C-C bond length
of dC−C=1.368 Å, which is shorter than that in graphene. One
side of the interface consists of C-N bonds with internal angles
of 119.27◦ and dN−C=1.455, while the other side consists of
C-B bonds with internal angles of 115.70◦ and dB−C=1.482 Å.

In Fig. 11 we plot the line averaged charge density and
the macroscopic averaged charge density for the zigzag-long
structure. We note that the macroscopic average of the charge
density peaks at a value of about 7 electrons per supercell on
the C-substituted B side of the interface, and dips to minus
this value on the C-substituted N side of the interface, which
results in a net dipole at the interface. In Fig. 12 we plot the
line averaged potential and the macroscopic averaged poten-
tial. We note a discontinuity of the potential across the inter-
face. We calculate the band offset to be 1.99eV as listed to
Table II.

C. Zigzag-single structures

In Fig. 13 we plot the line averaged charge density and the
macroscopic averaged charge density for the zigzag-single C-
substituted B structure. In Fig. 14 we do the same for the
zigzag-single C-substituted N structure. We note that there
is an accumulation of charge for the B-substituted case, and
a depletion of charge in the N-substituted case. The macro-
scopic average of the charge density peaks at a value of about
8 electrons per supercell for the C-substituted B structure and
dips to about minus this value for the C-substituted N struc-
ture. But there is no separation of charge as is necessary for
the creation of a dipole. No dipole is formed and there is no
shifting of the bands for both these structures.

D. Heats of formation

The zigzag orientations with double lines of C are the best
candidates for engineering the band offset in boronitrene. We
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calculated the heat of formation for the zigzag-short structure
to be 0.502 eV as listed in Table II. The heat of formation for
the zigzag-long structure is 1.764 eV, which is greater than
that for the zigzag-short structure, and also greater than the
heats of formation for the armchair structures which we cal-
culated to be 1.042 eV for the armchair-double structure and
1.174 eV for the armchair-single structure.

As already referred to in the introduction, Muñoz et al con-
sidered a double layer of Ge in GaAs oriented along the (111)
and (100) directions. For their (111)-near orientation, they
computed a heat of formation of 0.12 eV and for the (100)
orientation, a heat of formation of 0.48 eV. Both these results
suggest that it requires a positive energy input to create these
interface structures. Clearly these interfaces do not form spon-
taneously. The fact that these systems have been synthesized20

gives an indication of the stability of these systems.
This gives credence to our results and our proposal that the

zigzag-short structure of BN/C is the most viable structure for
modifying the band offset in boronitrene. The positive heats
of formation of our system implies that a positive energy input
is required to create this structure. We suggest that controlled
heavy ion bombardment in a C-rich environment is one means
of exploring the synthesis of our proposed structure.

V. CONCLUSIONS

Our results show that substituting a double line of C atoms
in boronitrene in the zigzag-long and zigzag-short orientations
gives rise to a net dipole at the interface. This is due to the po-
lar nature of the alternating lines of B and N atoms parallel
to the junction. The dipole at the interface results in a shift-
ing of the electronic bands across the junction. This gives

rise to a band offset, which we calculate to be 1.51 eV for the
zigzag-short orientation, and 1.99 eV for the zigzag-long ori-
entation. The zigzag-short orientation is energetically more
favorable with a heat of formation of 0.502 eV compared with
the zigzag-long structure which has a heat of formation of
1.764 eV. Because of the minimal lattice mismatch between
boronitrene and graphene, we expect that atomic relaxations
and strains at the interface play a minor role in altering the
electronic properties of this junction .

The armchair orientations contain an equal number of B and
N atoms in each line parallel to the interface resulting in non-
polar lines of atoms. Substituting lines of C atoms (single or
double) does not result in a dipole at the interface, and hence
there is no shifting of the bands.

Substituting a single line of C atoms in the zigzag orienta-
tion (B-substituted or N-substituted) does not result in a net
dipole at the interface despite the polar nature of the alternat-
ing lines of B and N atoms parallel to the junction. There is an
accumulation of charge for the B-substituted case, and a de-
pletion of charge in the N-substituted case, but no separation
of charge as is necessary for the creation of a dipole. Once
again, there is no shifting of the bands.

We conclude that the zigzag-short orientation comprising
the double line of C atoms is a viable means of modifying the
band offset in boronitrene. This can be the basis of creating a
nano-sized electrical diode.
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TABLE I. Number of B, N and C atoms per unit cell for the arm-
chair and zigzag structures.CB and CN refers to C-substituted B and
N respectively.

structure B N C Total
armchair-double 6 6 4 16
armchair-single 7 7 2 16

zigzag-long 5 5 2 12
zigzag-short 5 5 2 12

zigzag-single (CB) 5 6 1 12
zigzag-single (CN) 6 5 1 12

TABLE II. The values for the dipole (eV), electric field (109 V m−1)
and heat of formation ∆H (eV).

structure ∆Vgap E f ield ∆H f

armchair-double - - 1.042
armchair-single - - 1.174

zigzag-long 1.99 5.568 1.764
zigzag-short 1.51 6.081 0.502

FIG. 1. The BN/C armchair-double structure showing a double line
of C atoms. B atoms (�), N atoms (�) and C atoms (�). Because
of the nonpolar lines comprising both B and N atoms parallel to the
junction, no dipole is created at the junction by the double line of C
atoms
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FIG. 2. The BN/C armchair-single structure showing a single line
of C atoms. B atoms (�), N atoms (�) and C atoms (�). Because
of the nonpolar lines comprising both B and N atoms parallel to the
junction, no dipole is created at the junction by the single line of C
atoms

FIG. 3. The BN/C zigzag-short structure showing a double line of
C atoms. B atoms (�), N atoms (�) and C atoms (�). Because of
the alternating polar lines of B and N atoms parallel to the junction,
a line of dipoles is created at the junction by the double line of C
atoms

FIG. 4. The BN/C zigzag-long structure showing a double line of
C atoms. B atoms (�), N atoms (�) and C atoms (�). Because of
the alternating polar lines of B and N atoms parallel to the junction,
a line of dipoles is created at the junction by the double line of C
atoms

FIG. 5. The BN/C zigzag structure showing a single line of C-
substituted B atoms. B atoms (�), N atoms (�) and C atoms (�).
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FIG. 6. The BN/C zigzag structure showing a single line of C-
substituted N atoms. B atoms (�), N atoms (�) and C atoms (�).
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FIG. 7. The BN/C armchair-double structure showing no net dipole
across the junction . The line-averaged charge density ñ(x) as a solid
line and the macroscopic average ˜̃n(x) as a dashed line.
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FIG. 8. The BN/C armchair-single structure showing no net dipole
across the junction. The line-averaged charge density ñ(x) as a solid
line and the macroscopic average ˜̃n(x) as a dashed line.
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FIG. 9. The BN/C zigzag-short structure showing the dipole across
the junction. The line-averaged charge density ñ(x) as a solid line
and the macroscopic average ˜̃n(x) as a dashed line.
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FIG. 10. The BN/C zigzag-short structure showing the band-offset.
The line-averaged potential Ṽ(x) as a solid line and the macroscopic
average ˜̃V(x) as a dashed line.
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FIG. 11. The BN/C zigzag-long structure showing the dipole across
the junction. The line-averaged charge density ñ(x) as a solid line
and the macroscopic average ˜̃n(x) as a dashed line.
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FIG. 12. The BN/C zigzag-long structure showing the band-offset.
The line-averaged potential Ṽ(x) as a solid line and the macroscopic
average ˜̃V(x) as a dashed line.
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FIG. 13. The BN/C zigzag structure with a single line of C-
substituted B atoms showing the line-averaged charge density ñ(x)
as a solid line and the macroscopic average ˜̃n(x) as a dashed line.
There is an accumulation of electronic charge at the interface.
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FIG. 14. The BN/C zigzag structure with a single line of C-
substituted N atoms showing the line-averaged charge density ñ(x)
as a solid line and the macroscopic average ˜̃n(x) as a dashed line.
There is a depletion of electronic charge at the interface.


