Band Offset Engineering in C-functionalized Boronitrene
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Using density functional theory within the generalized gradient approximation (GGA), we explore
the elastic and electronic properties of monolayer boronitrene containing a double line of substituted
carbon atoms. This C-functionalized boronitrene structure, referred to as BN/C zigzag-short, has
a significantly reduced band gap of about 1.79 eV due to the presence of carbon in the lattice but
shows no significant change in its elastic properties compared to pristine boronitrene. The effect of
strain on the band offset is explored for various applied strains. It is shown that the band offset
changes significantly as a function of biaxial and uniaxial strain, opening an avenue for band offset

engineering.

PACS numbers: 61.48.Gh, 68.35.bg, 73.22.-f

I. INTRODUCTION

Single layer ~-BN (2D hexagonal boron nitride prefer-
ably called boronitrene) is attracting considerable re-
search and technological attention due to the recent in-
terest in novel monolayer materials.!® These 2D mate-
rials are becoming instrumental in the development of
nanoscale electronic applications.'? 2 Graphene has led
the way with its unique electronic and mechanical prop-
erties. Since its mechanical exfoliation from graphite!3
in 2004, other 2D materials, including h-BN, have been
cleaved to produce monolayer flakes.'* These flakes are
stable at room temperature and of very high quality. Re-
cently CVD has been used to grow boronitrene layers'5:16
thereby opening the way for large-scale industrial appli-
cations. Ref. 10 suggest that the possibility of patterning
defective boronitrene structures as the one studied can be
achieved by using controlled heavy-ion bombardment in
a C-rich environment.
Ab initio studies!™1? and experimental results
dicate that boronitrene is a wide band gap material
whereas graphene is a zero band gap semi-metal. This
makes boronitrene an ideal complimentary material to
graphene for nanoscale electronic applications. The band
gap in boronitrene can be easily modified due to the ab-
sence of long-range inter-planar interactions. Recently,
the authors2® investigated the modification of 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, which results in a step
in the potential across the barrier resulting in a band
offset. The zigzag-short orientation is energetically the
most favorable configuration among other configuration
considered in our previous study, with a heat of forma-
tion of 0.502 eV and a band offset of 1.51 eV when com-
pared with the zigzag-long structure, which has a heat
of formation of 1.764 eV and a band offset of 1.99 eV. In
this paper, we shall refer to this structure simply as the
“zigzag short” structure. This structure is constructed
from boronitrene by replacing the B and N atoms along a
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single chain in the zigzag direction by C atoms. The two
lines of C atoms parallel to the interface are a “short”
distance apart compared with the other configurations
that were considered in that work.

Band gap engineering is a subject of much investiga-
tion in 2D and 3D systems due to its potential in device
applications' 2123, Li et al.?* studied the effect of var-
ious strain configurations on the electronic properties of
pristine boronitrene. They demonstrated that the band
gap can be indirect or direct depending on the applied
strain and they showed that strain significantly reduces
the band gap. This provides an avenue for switching
boronitrene from an insulator to a semi-conductor under
lateral structural deformations.

Graphene and boronitrene are isostructural with a
slight lattice mismatch; their elastic properties show no
pronounced difference. Recently, the elastic constants
for both graphene and boronitrene were calculated using
DFT, and the various elastic moduli for these two materi-
als were compared.?® It was found that the measure of the
resilience to stretching (the layer modulus ) for boroni-
trene has a value ~85 % that of graphene with graphene
having a value of 206 N m~!. The 2D Young’s modulus
has a value ~81 % that of graphene at 275.8 N m~!. This
is in accordance with a theoretical survey of monolayer
group-IV elements and III-V binary honeycomb com-
pounds'® that predicted that graphene has the highest
in-plane Young’s modulus with boronitrene being placed
second. These studies show that although boronitrene is
the weaker of the two, its elastic strength is comparable
to that of graphene giving it great structural strength and
resilience. Also, using molecular mechanical simulations,
the effect of vacancies was shown to reduce the in-plane
Young’s modulus for boronitrene significantly for concen-
trations below 10 %.6 It remains to be determined how
the substitutions of atoms in the zigzag-short structure
alter the elastic properties of boronitrene. It is also un-
known how this modified structure compares elastically
to the pristine boronitrene. Along these lines, the elastic
properties of “zigzag-short” boronitrene is investigated



in the current study.

In this paper we investigate the effects of externally ap-
plied strain on the band offset of the BN/C zigzag-short
structure. We consider the effects of various different ori-
entations of the applied strain, namely uniaxial and bi-
axial strain. This consequently affects its electronic and
structural properties which we investigate.

We give a brief description of the computational meth-
ods that is used to analyse the changes to the electronic
and structural properties of BN/C zigzag-short in sec-
tion II. In section III, we discuss the details of the BN/C
zigzag-short structure and the effect of the various strains
on the electronic band structure and band offset of this
system. The elastic properties and phonon dispersion of
BN/C zigzag-short structure is presented in section IV.
Finally, we summarize our conclusions in section V.

II. METHODOLOGY

The calculations for the band structure are performed
using density functional theory?® as implemented in the
VASP code?” using the Projected Augmented Wave for-
malism?® (PAW). We use the PBE exchange-correlation
functional?® for the generalized gradient approximation
(GGA). A kinetic energy cutoff of 550 €V is chosen to en-
sure adequately converged total energies. For the BN/C
zigzag-short structure, 20 atoms per unit cell (9 Boron, 9
Nitrogen and 2 Carbon atoms) are used to ensure isolated
junction images. The BN/C zigzag-short structure used
in this study is a fully converged semi-infinite layer in the
x-direction with the junction parallel to the y-axis. The
material as mentioned above is a monolayer. To prevent
interactions between its periodic images in the out-of-
plane direction, an optimized vacuum distance of 15 is
found to be adequate.

The elastic constants are calculated using the least-
squares fit method33 as implemented in the MedeA-MT
module. Here also, the tetrahedron method is used for
the Brillouin zone integrations. The elastic moduli are
calculated from the planar elastic constants as well as the
longitudinal, shear and mean acoustic velocities and the
2D Debye temperatures. Moduli for these 2D structures
are in units of Nm~! unlike the 3D structures, which are
in Nm~2. The elastic constants need to be positive to
fulfill the criteria of elastic stability.

The expressions presented below are used to evaluate
the 2D shear, longitudinal and mean velocities:

w=¢f‘ &

where Vi, Vi, Vi, {c11, ce6} and p are the shear veloc-
ity, longitudinal velocity, mean velocity, elastic constants
and density respectively.

The Debye temperature is evaluated using:
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where ©p, kg, h, n and A are the Debye temperature,
Boltzmann constant, Planck’s constant, number of ions
and the area respectively.

The sum of the Hartree, local ionic and exchange-
correlation potentials are used to calculate the macro-
scopic potential across the junction. Planar averaging of
the charge density and potential are done over the yz
planes as a function of z, as this is equivalent to line av-
eraging in the plane of the single layered material, where
f(x,y,2=0).

We observe the polarity of the zigzag-short structure
by considering how the potential varies across the junc-
tion. It is useful to consider the potential (represented
by f below) averaged along lines parallel to the interface:

for =1 [ e dy. )

The interface region is unambiguously defined as the
region where both the charge density and potential sig-
nificantly deviate from constancy, whereas the rest are
bulk. In order to eliminate the effects from the bulk sys-
tem, the macroscopic average for the each line-averaged
quantity>* is calculated to emphasize the behavior at the
junction.
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Here, the macroscopic average is computed over the pe-
riodic length a.

The band offset (which is the relative alignment of the
energy bands at a semiconducting heterojunction) can be
easily determined from the macroscopic average of the
potential across the junction as shown in our previous
study?® using this scheme. The band gap as a function
of various strain configurations is not within the scope of
the current investigation. However, as mention above Li
et al investigated the band gap versus strain on pristine
boronitrene. Noteworthy the BN/C systems at infinitely
large distance from the junction, the structures are es-
sentially boronitrene.

The phonon dispersion calculated exploits the linearity
relationship between the induced forces on the atoms in
the crystal and the displacement of the atoms from their
equilibrium position, which holds within the harmonic
regime.



IIT. STRUCTURAL AND ELECTRONIC
PROPERTIES

Fig. ?? shows the zigzag-short structure which has the
Pmma space group symmetry, and obviously has lower
symmetry compared to boronitrene (P-63mmc). It pos-
sesses an underlying honeycomb structure. We have dis-
cussed the zigzag-short structure in detail in our previous
study.2® This structure resides in the zy-plane with the
junctions’ parallel to the y-axis. The lattice constant for
the supercell with length Lx, Ly and Lz are 13.04, 2.51
and 15.00 A respectively.

Fig. 2 shows the calculated band structures for boroni-
trene and zigzag-short. A supercell size of 12 atoms for
both structures is used for consistency. This is because
no significant difference in the band gap or states close to
the Fermi level with the larger cell, just more bands in the
electronic structure diagram due to the larger number of
atoms. Hence for more clarity the smaller unit cell was
used. Boronitrene is a wide-band gap semi-conductor
with a calculated indirect band gap of about 4.58 eV.
This can be attributed to the bonding and antibonding
combinations of N-pz and B-pz orbitals with N-pz pro-
nounced for the filled band at the edge of valence band.!”
While, the zigzag-short structure has a reduced band gap
of about 1.79 eV with the valence band maximum and
conduction band minimum located between Y-T in the
Brillouin zone, where Z = (0.5, 0.5, 0.5) similar to (R,
L); T = (0, 0.5, 0.5); Y = (0, 0.5, 0) and T" = (0, 0,
0). This reduction is attributed to the two additional
bands introduced close to the Fermi energy level due to
the insertion of the double line of carbon atoms at the
interface. The effect of strain on the band structure has
not been investigated in the current study for this struc-
ture. However, strain would effectively modify the high-
est occupied molecular molecular orbital and lowest un-
occupied molecular orbital leading to the change in the
electronic structure. This is evident from the band-offset.

Fig. 1 shows the calculated line and macroscopic aver-
aged potential of the BN/C zigzag-short structure. The
line-averaged and macroscopic averaged potential are the
solid and dotted line respectively. The calculated band
offset, given as AV, is the difference between the two
parallel line drawn across the macroscopic potential. The
band offset arises due to the discontinuity of the potential
across the interfacial region.

The ground state structures for the various strain con-
figurations were determined by carrying out full struc-
tural optimizations in the strained directions. For the re-
laxed ground state, the interface is composed of a zigzag
chain of C atoms with fully relaxed internal angles of
122.59° and C-C bond lengths of do_c=1.43 A indicat-
ing an elongated chain compared to a similar chain in
graphene. The C atoms are bonded to N atoms on one
side of the interface and B atoms on the other side, where
the N-C bond length is dy_c=1.40 A, the C-B bond is
do—_p=1.53 A. The zigzag-short structure has very simi-
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FIG. 1. The BN/C zigzag-short structure showing the band
offset with the line-averaged potential shown by the solid
line and the macroscopic average the dashed line. Figure is
adapted from Ref. 20.

lar internal angles of 119.66° and bond lengths of dg_ y=
1.45 A at alternating sides to the junction. Both these
chains are very similar to those found in pristine boroni-
trene. The zigzag-short structure has the same charac-
teristics to pristine boronitrene in regions away from the
junction.

Using the zigzag-short structure as the reference struc-
ture, three different type of strains were applied, namely,
(i) biaxial strain with the hexagonal symmetry conserved,
(ii) uniaxial strain perpendicular to the interface, and
(iii) uniaxial strain parallel to the interface. The com-
pressive strain is studied and presented for completeness.
However, unlike tensile strain, compressive strain leads to
buckling and instability of the 2D structure. Noteworthy,
as mentioned earlier, there are no remnant stresses on the
structure.

A. Biaxial strain

Fig. 7?7 shows the zigzag-short structure with biaxial
strain. The biaxial strain maintains a constant ratio of L,
and Ly, therefore conserving hexagonal symmetry. We
investigate biaxial strain ranging from —0.1 to 0.25 for
the zigzag-short structure. This results in a significant
change in the bond length for dy_¢, doc—¢ and deo_p
respectively as shown in Fig. 3(a).

There is an increase in the do_p bond length com-
pared to do_¢c and dy_c. At about 20% strain, there
is a marked deviation from linearity for do_pg. This is
attributed to the onset of structural instability leading
to distortion in the hexagonal symmetry.

Fig. 3(b) shows the band offset as a function of biax-
ial strain. The band offset increases under compressive
strain and decreases under tensile strain. This provides
an avenue for band offset engineering. A band offset dis-
continuity is observed in the region of the equilibrium
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(b) Band Structure of Boronitrene

FIG. 2. Band structure of (a) C-functionalized BN/C
(zigzag-short) and (b) boronitrene. BN/C zigzag-short is a
semi-conductor while boronitrene is a wide band gap semi-
conductor.

lattice of the ground state structure under biaxial strain.
These discontinuities are largely numerical in nature. We
conclude that it is difficult to calculate the band offset
consistently for very small applied strains which result in
small atomic relaxations. These relative errors become
less important for larger applied strains. The error bars
on the band offsets are of order £+ 0.02 eV around the
region of the equilibrium structure. There is about a
25% decrease in the band offset in this system for a 15%
application of biaxial strain.

We have demonstrated here that the response to strain
of the band offset specifically in this case of BN /C zigzag-
short is a different measure to the response to strain of
the band gap as reported by Li et al..?*

B. Uniaxial strain

Uniaxial strains perpendicular/parallel to the carbon
interface were obtained for various values of L, /L,. Here
L,/L, is the independent variable and L, /L, the depen-
dent variable. The value of L, /L, is obtained for a fixed
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FIG. 3. Consequence of the effect of biaxial strain: (a) on the
bond lengths between nitrogen and carbon (dny—_¢), carbon
and carbon (dc—c¢), and carbon and boron (dc-g). (b) on
the band offset. This does not obey the same trend as the
band gap and leads to a significant modification of the band
offset.

value of L, /L, by relaxing the structure in the y/x di-
rection. Uniaxial strains perpendicular/parallel to the
carbon interface lead to distortions in the zigzag-short
structure. The positive strains and negative strains are
tensile and compressive respectively. In Fig. 4(a), the
change in L, as a function of L, is plotted.

We considered strains ranging between +4.5% as
shown in Fig .5. There is a significant change in the bond
length for dy_¢ and do_ g compared to de_ ¢ due to the
direction of the applied perpendicular strain as shown in
Fig. 5a and 5(c). The uniaxial strain perpendicular to
the carbon interface results in a slight concave curvature
for dy_c and de_ g as a function of applied strain, while
dc—c¢ is almost linear except for regions with high ten-
sile strains. For large strains >5% the possibilities of
anharmonicity and structural instabilities exists, which
could lead to significant distortion of the lattice or even-
tually may lead to the breaking of bonds. Therefore, the
band offset obtained within that regime is unrealistic and
is hence not reported here. The uniaxial strain parallel
to the carbon interface leads to a significant change in
the bond lengths dy_¢ and do_ g compared to do_¢ as
shown in Fig. 5(c).

In Fig. 5(b) and (d), we observe that the band offset
under uniaxial perpendicular/parallel strain around the
equilibrium structure has a discontinuity. A similar trend
was observed for biaxial strain. We commented earlier
that this is due to numerical difficulties in computing
the band offset for very small applied strains. The calcu-
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FIG. 4. Anisotropic effect of the two dimensional C-

functionalized boronitrene termed zigzag short: (a) L, is var-
ied as a function of L, and (b) L, is varied as function L,.

lated band offset under uniaxial perpendicular strain for
the tensile strain of 0.05 is 0.73 eV, and for compressive
strain of 0.05 is 0.90 eV (at the equilibrium lattice pa-
rameter the band offset is 0.80 eV). The calculated band
offset under uniaxial parallel strain for the tensile strain
of 4.5% is 0.81 eV, and at a compressive strain of —4.5%
is 0.78 eV.

IV. ELASTIC PROPERTIES AND PHONON
DISPERSION

In Table I, we present the elastic constants for pristine
boronitrene and the zigzag-short structure. The elastic
constants for the zigzag-short structure are positive and
comparable in value to those obtained for boronitrene.

TABLE I. Elastic constants c¢;;’s calculated from a least-
square fit (values in Nm™*)

C11 C22 Cllave C12 C66
Boronitrene 289.8 289.7 289.8 63.7 113.2
BN/C zigzag-short 295.5 295.6 295.6 62.01 115.2

The following parameters: 2D bulk modulus, 2D shear
modulus and 2D young’s modulus all have positive val-
ues. Therefore, they fulfill the criteria for elastic sta-
bility. The Poisson ratio, longitudinal velocity, shear
velocity and Debye temperature are presented in Ta-
ble II for boronitrene and BN/C zigzag-short. The Debye
temperature is 2406 K for boronitrene and 2435 K for
zigzag-short, which is obtained from the mean velocity
(resulting from the longitudinal and transverse velocity).
This gives an indication of the stiffness of the material.
The Debye temperature can also be estimated from the
phonon dispersion curve (the maximum frequency mul-
tiplied by the Planck’s constant divided by Boltzmann
constant). This is the temperature were all the phonon
modes are excited. The bulk modulus of the zigzag-short
is 178 Nm~!, which is slightly higher than that of boroni-
trene (176 Nm~!) but well below that of graphene.
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FIG. 5. Uniaxial strain property between +4.5%; (Top panel)
(a) is the effect of bond length as function of unixial strain
along the L, and (b) is the corresponding band offset of the
uniaxial strain of L,. (Bottom panel) (¢) is the effect of bond
length as strain along L, is varied between £4.5% and (d) is
the corresponding band offset of the uniaxial strain of L,.

Boronitrene and graphene are known to be almost lat-
tice matched. The presence of carbon in boronitrene
does not significantly alter the elastic properties when
compared to pristine boronitrene. In Table I and II, we
observe a slight increase in the elastic properties.

The phonon dispersion for BN/C-zigzag structure is
presented in Fig. 6 to affirm the dynamic stability of
the BN/C structure. The phonon dispersion calculated
exploits the linearity relationship between the induced
forces on the atoms in the crystal and the displacement
of the atoms from their equilibrium position, which holds
within the harmonic regime.

In Fig. 6, no negative phonon modes are observed in
the phonon dispersion plot, hence this structure is dy-
namically stable. The phonon modes are evenly dis-
tributed on the dispersion plot due to the relatively sim-
ilar masses of the atoms in the compound. Owing to
the fact that graphene and boronitrene is almost lat-
ticed matched, the lattice is not perturbed significantly.
Hence, the phonon frequency affirms our assertion that
the system is stable.

V. CONCLUSIONS

This study is motivated by the usefulness of al-
lotropes of boron nitride, the possibility of the creation
of 2D nanoscale devices and the similarities of its two-
dimensional structures to graphene. We modified the



TABLE II. Calculated values for various parameters: bulk modulus (B?”), shear modulus (G?”), Young’s modulus (Y?P),
Poisson ratio, transverse velocity, longitudinal velocity, mean velocity, Debye temperature. Moduli in Nm ~!, acoustic velocities

in ms~?!, Debye temperature in Kelvin.

B?P G?P y?P v Vi vy Vm ©p

Boronitrene 176.7 113.2 275.8 0.22 12252 19607 14694 2406

BN/C zigzag-short 178.8 115.2 282.5 0.21 12382 19835 14854 2435
50 system.

We compared the elastic properties of BN/C zigzag-

40E short in relation to pristine boronitrene. The elastic
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FIG. 6. Phonon dispersion of zigzag-short C-functionalized
BN.

band gap of boronitrene by the introduction of a dou-
ble line of carbon atoms in pristine boronitrene in the
so-called ”zigzag-short” structure. In order to study the
effect of strain on the band offset, three different strains
were applied to this structure. The strains result in a sub-
stantial change of the band offset for this system therefore
giving an ideal route to engineer the band offset in this

properties of pristine broronitrene and BN/C zigzag-
short show no marked difference. The calculated elas-
tic constants for the BN/C zigzag-short structure show
that this system is elastically stable at T = 0 K and zero
pressure as indicated by their positive values. The band
structure shows that BN /C zigzag-short structure under-
goes modification in its band gap compared to pristine
boronitrene. Because of the reduced band gap, BN/C
zigzag-short is useful in areas where high elastic and me-
chanical strength is paramount but a reduced band gap
is essential.
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