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In this work, the piezoelectric, flexoelectric and elastic coefficients of boron nitride sheet/s (BNS) with graphene
stripes were determined via molecular dynamics simulations (MDS) with a Tersoff potential force field. The
external electric-field (E-field) was applied in the two most relevant orientations of BNS: armchair and zigzag.
Our results reveal that the coherent interface engineering of zigzag stripe and hexagonal ring of graphene with
BNS can be utilized to enhance the total electronic response of resulting hybrid BNS. For instance, the increase in
total polarizations when the E-field applied in the armchair and zigzag directions of hybrid BNS are found to be
17% and 21%, respectively, compared to pristine BNS due to the interface engineering of BNS/zigzag graphene
stripe. Moreover, we determined the elastic properties of hybrid BNS and found that its Young’s and shear
moduli enhanced by 17.5% and 12%, respectively. The other cases, interface engineering of BNS/hexagonal ring
of graphene and defect engineering of Stone-Wales (SW) defected BNS also improved the total polarization of
BNS compared to the pristine BNS but lower than the first case. Comparisons of the (i) axial piezoelectric and
flexoelectric coefficients of pristine BNS, and (ii) elastic coefficients of pristine and hybrid BNS with the existing
results are found to be in good agreement. This study opens up an avenue for enhancing the net polarization as
well as the elastic properties of existing BN sheets via integration of graphene stripes in them and defect engi
neering in general.

1. Introduction
Two dimensional (2D) nanomaterials such as boron nitride sheet/s
(BNS) and graphene superlattices (SLs) attracted intense attention in
academia and industry due to their unique multifunctional properties
and wide potential applications [1,2]. BN-based nanomaterials show
isoelectronic and isostructural characteristics that possess wide
band-gaps (~5–6 eV) making them like insulators with excellent ther
mal as well as chemical stabilities [3]. Furthermore, BNS is a
non-centrosymmetric structure and partly shows the ionic characteristic
of B–N bonds due to the difference in electronegativities of B and N
atoms, which makes it a piezoelectric material. The electromechanical
coupling in BNS is better than the polymer-based piezoelectric materials
[4]. Therefore, the piezoelectric properties of BN-based nanostructures
were studied by several researchers using different techniques.
Researchers used different methods such as density functional theory
(DFT) [5–7], ab-initio calculations [8–10], molecular mechanics (MM)
[11,12], molecular dynamics simulations (MDS) [13,14] and tight
binding model [15] to study the electromechanical response of

BN-based nanostructures. These studies show interesting and unique
electronic and mechanical response of BN nanostructures which pro
vided numerous opportunities to develop their NEMS devices. Using the
theoretical frameworks, several researchers studied the mechanical
behavior of BNS. For instance, Mortazavi and Rémond [14] studied the
mechanical properties of BNS using MDS and found that Young’s
modulus depends on the chirality of structures. Ansari et al. [16]
investigated the effect of electric field (E-field) and temperature on
Young’s modulus of armchair and zigzag BNS. Ansari et al. [9] per
formed ab-initio calculations to study the influence of E-field on the
mechanical properties of bilayer BNS considering different stacking
orders. They found that the E-field significantly influences Young’s
modulus and Poisson’s ratio of BNS. Thomas et al. [17] performed MDS
to determine the mechanical properties of BNS using a Tersoff inter
atomic potential. Ding et al. [18] performed DFT to determine the
typical vacancy defects, which were located at the interface between
graphene and BNS. They demonstrated that the formation energy of the
defective graphene/BNS interface basically increased with increasing
inflection angles. However, Young’s modulus for all graphene/BNS
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Fig. 1. Schematic representations of pristine BNS subjected to E-field in: (a) armchair and (b) zigzag directions. Colored with light salmon and blue are boron and
nitrogen atoms, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

system studied decreased with the increase in inflection angles. Using
MDS, Eshkalak et al. [19] studied the effect of armchair and zigzag
cracks on the mechanical properties of hybrid graphene/BNS
heterostructures.
Unlike graphene, BNS is comprised of different atoms, which breaks
the latter’s inversion symmetry and it shows the piezoelectric effect.
Several theoretical studies were performed to investigate the intrinsic
piezoelectric effect in BN-based nanostructures. For example, the firstprinciple calculations were performed by Dumitirica et al. [20] to
determine the atomic dipole moments in BNS using direct electronic
charge density integration method. Mele and Karl [21] studied the
electric polarization in BN-based nanostructures using the Berry phase
quantum method. Duerloo et al. [22] performed DFT calculations to
study the piezoelectric properties of different 2D SLs. They reported that
the 2D SLs show excellent piezoelectric properties and provide the new
platforms for electronic devices. Balu et al. [23] performed DFT calcu
lations to study the effect of external E-field on the band gap of heter
ostructures of graphene/BNS and bilayer BNS SLs. This study reported
that the band gap of graphene/BNS is higher than the bilayer BNS SL.
Zhang et al. [24] studied the buckling response and piezoelectric
properties of BN-based nanostructures subjected to the external E-field
using the micro-mechanical approach. They reported that the axial and
shear deformations occurred in the structure and the direction of
induced stresses depends on the direction of applied external E-field. An
analytical study by Dorth et al. [25] also proved the existence of
piezoelectric effect in monolayer BNS using the quantum geometric
phase approach. Zhang et al. [26] studied the electromechanical prop
erties of BNS and BN-based nanostructures. Recently, Zhang et al. [27]
studied the piezoelectric effect in MoS2 and BNS under the influence of
E-field and compared their piezo-potentials using MDS.
For the application of BNS in smart nanodevices and nanoelectronics,
‘doping engineering’ technique can be used to control their electronic
response. The different arrangement of C atoms can be doped easily into
BN-based nanomaterials over a wide range of compositions, which is the
most preferred route to modify their electronic properties. For example,
Terrones et al. [28] performed the experimental study on C-doped
BN-nanotubes, -nanosheets and -nanofillers. They reported significant
improvement in the electronic properties of BN-based nanostructures.
Beheshtian et al. [29] studied the electronic properties of C-doped
BN-nanoribbons using DFT. They found that the position of C-dopants
influences the electronic properties of BN-nanoribbons.
Similar to the piezoelectricity, flexoelectricity is also the electro
mechanical coupling, except strain gradient is involved instead of ho
mogenous strain [30]. For the first time, the flexoelectricity in carbon
nanotube was observed by White et al. [31] in 1993. A theoretical study
by Kvashnin et al. [32] reported the flexoelectricity in carbon

nanostructures and confirmed the dependence of flexoelectric coeffi
cient on the local curvature of structures. To the best of our knowledge,
only a single study performed by Michel et al. [33] to study the flex
oelectricity in BNS using the first-principles calculations. They revealed
that the piezoresponse of BNS could be improved using the flexoelec
tricity concept. Ghasemi et al. [34] presented a computational design
methodology for topology optimization of multi-material-based flexo
electric composites and demonstrated the flexibility of the model as well
as the significant enhancement in electromechanical coupling coeffi
cient. A new approach was proposed by Do et al. [35] to identify all
material parameters of flexoelectric materials based on electrical
impedance curves which combined an isogeometric analysis formula
tion with a gradient-based optimization algorithm using the method of
moving asymptotes.
In the last decade, thin film heteroepitaxy has received attention by
researchers in view of the exponential growth of electronics industry due
to the development of heteroepitaxial devices for communications,
displays, solid state lighting, green energy etc. In heteroepitaxy, two
different SLs are combined with a well-defined atomic registry across a
2D interface that can dramatically influences the overall properties of
resulting heterostructure due to the increased scattering of electrons and
phonons [36]. Graphene/BNS SLs were studied by Jungthawan et al.
[37] using DFT approach to engineer band gap of graphene layers. They
found that the orientation, stripe width and ordering significantly in
fluence the stability and electronic properties SLs. Using MDS and
continuum analysis, Nandwana and Ertekin [36] reported that the
mismatch between BNS and graphene SLs results in competition be
tween two strain-relieving mechanisms: nanoscale misfit dislocations
and rippling via out-of-plane relaxation. Using MDS, Eshkalak et al. [38]
studied the effect of crack defects on the mechanical properties of gra
phene/BNS SLs. Their results indicated that hybrid SLs with longitudinal
cracks show more desirable mechanical properties compared to trans
verse cracks.
The literature review clearly indicates that several studies were
performed to study the (i) mechanical and piezoelectric properties of
pristine BNS and other defective BN nanostructures and (ii) electronic
and mechanical properties of heterostructures of graphene/BNS SLs. The
use of BNS in NEMS applications with desirable electromechanical
properties requires a thorough understating of their piezoelectric,
flexoelectric and elastic response under the external E-field. Moreover,
the polarization of BNS can be tailored and enhanced via interface and
defect engineering which may lead to the development of 2D structures
with novel capabilities. To the best of current authors’ knowledge, there
is no single study exists that reports the piezoelectric/flexoelectric co
efficients of BNS integrated with graphene stripes and SW defected BNS.
This has inspired us to conduct this study. This work aims to study the
2
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Fig. 2. Schematic representations of different arrangements of BNS SLs: (a) pristine BN, (b) NCB and (c) CHR sheets. Colored with light salmon, blue and cyan are
boron, nitrogen and carbon atoms, respectively, with dashed rectangle highlighting graphene stripes. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

electromechanical response of pristine and hybrid BNS using MDS by
imposing the external E-field. Moreover, the elastic properties of hybrid
BNS were also calculated.

averaging the virial stress of each atom in the nanosheet excluding the
atoms in the fixed boundaries. The volume of pristine BNS was obtained
by assuming its thickness as 3.3 Å [46]. Due to the integration of gra
phene stripe in BNS, the thickness of resulting hybrid system was
changed, and its effective thickness was considered as 3.35 Å to calcu
late volume [47]. The axial strain ε for the hybrid system was calculated
)
(
using relation, ε = Lf −L Lo , where Lo and Lf are the original and final

2. MD modeling
All MDS were performed using large-scale atomic/molecular
massively parallel simulator (LAMMPS) [39]. The interatomic in
teractions among B, C and N atoms were modelled using the three-body
Tersoff potential force field [40,41]. The Tersoff potential force field was
used by several researchers to study the electromechanical response of
BN-based nanostructures [13,36,38]. To perform MDS, first the initial
structures of BNS/graphene SLs were created with appropriate bond
lengths (1.437/1.413 Å) [4,37]. Then, using the conjugate gradient al
gorithm, the initial pristine/hybrid structures were optimized by mini
mizing their energy. The minimized structure was treated as optimized
once the difference in its total potential energy between the two
consequent steps was less than 1 × 10− 10 kcal/mol [42,43]. After the
optimization of structure, the loading conditions were imposed to study
its electromechanical response. The NVT ensemble was used to update
the velocities and positions of B, N and C atoms after each time step
using the Nosé-Hoover temperature thermostat. Second, the external
electric field (E) was applied along the armchair or zigzag direction of
BNS, as shown in Fig. 1. In the BNS, each B atom loses the three electrons
and form cations (B3+) and each N atom gains three electrons to form
anions (N3− ). The born effective charges were considered on B and N
atoms as +3e and -3e, respectively [44]. Due to the distribution of
charges, the external E-field produces the external force on atom α, that
is, f α =  qα E, in which qα is the charge on atom α. Finally, the relaxation
time of 30 ps was provided to structure to obtain its equilibrated state.
The velocity Verlet algorithm was used to calculate the new positions of
atoms using the equations of motion in all MDS. The atomistic virial
stress (σ αβ ) induced due to the applied E-field in the system was taken as
the arithmetic mean of the local stresses on all atoms, as follows [45]:
)
(
N
N− 1 ∑
N
1 ∑
1∑
α α
N− 1
(1)
σ αβ =
mα vx vy +
r Fαβ,y
V α=1
2 α=1 β=a+1 αβ,x

lengths of system, respectively. Schematic representation of pristine BNS
under the application of E-field in the armchair and zigzag directions are
shown in Fig. 1 (a) and (b), respectively.
The dipole moment induced due to the applied E-field and the
resulting polarization can be calculated using the following relation
[49]:
P=

atomic

(2)

where qα is the charge of αth atom, rα is the x-coordinate of αth atom, N is
the number of atoms and A is the area of planer sheet. The full piezo
electric tensor for the BNS can be determined on the basis of hexagonal
symmetry 6m2 class using Voigt notation to reduce the number of
piezoelectric coefficients. The only allowed nonzero piezoelectric co
efficients e11, e14, d11 and d14 exist in BNS [50]:
The flexoelectricity also shows the direct and converse effects. An
applied strain gradient induced polarization is the direct effect and an
applied electric field gradient induced stress is the converse effect. The
flexoelectric coefficients from the converse flexoelectric effect can be
obtained as follows [51]:

σ ij = μijkl

∂Ek
∂xl

(3)

where, σ ij , ∂∂Ex1k and μijkl are the induced-elastic stress, E-field gradient and

flexoelectric coefficients, respectively. The subscripts i, j, k ∈ {1,2,3},
and 1, 2 and 3 correspond to the x, y and z directions, respectively.
Note that the total polarization constitutes the contributions from
both flexoelectricity and piezoelectricity. The constitutive relation for
the polarization vector induced due to the flexoelectricity and piezo
electricity effects may be written as [52]:

where mα is the mass of atom α, vαx is the velocity component in the axial
direction of atom α, Fαβ,  y refers to the axial component of interatomic
force between atoms α and β, x and y denote the indices of the Cartesian
1
coordinate system, rN−
αβ,x is the interatomic distance in the axial direction
between atoms α and β, V refers to the volume of simulated BNS, and N is
the number of atoms.
From Eq. (1) first term represent the total atomic virial stress (σαβ ),
second term represent the kinetic part of the virial stress (σkinetic
) and
αβ
third term represent the inter-atomic potential energy part of the virial
stresses (σinter−
αβ

N
∑
qα rα
A
α

Pi = eijk εjk + μijkl

∂εkl
∂xj

(4)

3. Interface engineering
Graphene and BNS SLs are complementary 2D materials, structurally
very similar with a lattice constant difference of only 1.7% [53] but with
vastly different electronic properties. The existing studies showed that

). The stresses in the BNS were calculated by
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as well as in nature, as the favored ground states of alloys [54]. In
particular, the two types of arrangements for interface engineering were
considered: (i) one edge of zigzag graphene stripe is composed of N–C
bonds and another with C–B bonds (NCB sheet; Fig. 2b) and (ii) one edge
of hexagonal ring of graphene stripe is composed of B–C bonds and
another with C–N bonds (CHR sheet; Fig. 2c). Note that we considered
only one or two graphene stripes to enhance the polarization of hybrid
BNS because the energy difference decreases as the stripe width in
creases which results in the decrease in band gap. It is expected because
the wider stripe allows more preferred bonds to form which reduces the
fraction of atoms on the interfacial boundary between graphene and
BNS SLs [37]. Therefore, the net polarization of hybrid BNS cannot be
enhanced by using wider graphene stripes.
4. Results and discussions
In order to validate the current MDS, the stress-strain results of
hybrid BNS were compared with existing DFT calculations [18] as
shown in Fig. 3. The comparison of results indicate that the current MD
predictions reasonably agree with the DFT results. This also confirms
that Tersoff potential can be used to model the different atomic in
teractions (C–C, C-BN, BN).

Fig. 3. Comparisons of stress-strain curves of hybrid BNS obtained by the
current MDS and DTF calculations [18].

the formation energy of BNS integrated with graphene stripe strongly
depends on the nearest-neighboring bonds and the resulting hybrid
system tends to have phase segregation into large BN and C domains. For
armchair graphene SLs, the energy differences between SLs with and
without inversion symmetry are much smaller than that of zigzag gra
phene SLs. This is attributed to the fact that each armchair edge does not
have a net line charge (relative to the other edges) ([37] and Refs.
Therein). In case of armchair graphene stripe, all edges of interface are
composed of an equal number of C–B and C–N bonds in an alternating
order and therefore, no line charges are formed, making it energetically
more favorable [37]. Therefore, the zigzag graphene stripe was
considered for interface engineering of BNS SLs, as shown in Fig. 2.
Hexagonal ring of graphene may alter the net polarization of hybrid
BNS, therefore, it was also considered for interface engineering. Note
that stripe patterns frequently exist during the synthesis of 2D materials,

4.1. Interface engineering of BNS
The external E-field was applied in the armchair and zigzag di
rections as shown in Fig. 1 (a) and (b), respectively. The applied E-field
values were varied from − 0.5 V/Å to 0.5 V/Å. To perform the MDS, a
fixed size of BNS ~60 Å × 70 Å was considered to determine the effect of
interface engineering of graphene stripe on its electromechanical
response. The variation of strain energy of pristine BNS with time is
provided in the supplementary Fig. S1. The schematic of deformations
occurred in BNS are shown in Fig. 4. It may be observed from Fig. 4 that
the deformation of sheets depends on the direction and magnitude of
applied E-field. If the E-field applied in the armchair direction, the axial
deformation always occurs in the direction of applied E-field while the

Fig. 4. The schematic representations of deformation of BNS: armchair BNS subjected to the (a) positive and (b) negative E-fields, and zigzag BNS subjected to the (c)
positive and (d) negative E-fields.
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Fig. 5. The variation of average stabilized strain energy with the E-field applied in the (a) armchair and (b) zigzag directions of pristine and hybrid BNS. Note that
the doping of foreign atoms results in the breaking of symmetry of parent material and its piezoelectric response may be enhanced [4,29,52]. Among all other
properties, the net polarization of BNS was found to be very sensitive to the inherent topological defects/doping owing to the interference and quantum mechanisms
effects [56]. According to the modern theory of polarization, the value and direction of resultant polarization is the vector sum of all elementary dipoles moments
associated with per unit area of BNS [57]. Note that the direction of net polarization depends on the resultant direction of induced dipole moments. A change in the
polarization in BNS under the application of E-field was calculated using Eq. (2). The schematic of directions of induced dipole moments in different BNS SLs are
shown in Fig. 6. The direction of dipole moment points from the negative to positive charge and the red arrow shows the direction of induced dipole moment
generated due to the applied external E-field. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)

Fig. 6. Schematic representations of direction of induced dipole moments in: (a) pristine BN, (b) NCB (c) CHR sheets.

shear deformation occurs when the E-field applied in the zigzag direc
tion in the sheet, as it can be clearly seen from Fig. 4. This is due to the
fact that in case of armchair direction, for every hexagonal ring of BNS,
two B–N bonds exist along the applied direction of E-field then the
resultant dipole moments induced in the axial direction lead to axial
strain. While in case of zigzag direction, for every hexagonal ring of BNS,
no-single bond exists along the applied E-field and four inclined bonds
exist and thus, the resultant dipole moments induced in the inclined
direction lead to shear strain. The average of stabilized strain energy

over a few time-steps was considered as stored strain energy in structure
at particular value of E-field. The variation of stabilized average strain
energy with the applied E-field in the armchair and zigzag directions is
plotted in Fig. 5 (a) and (b), respectively. It may be observed from Fig. 5
that the NCB sheet shows higher stored strain energy compared to other
types of SLs. This is due to the occurrence of higher deformation in the
NCB sheet and it depends on the number of higher polarized bonds in the
structure. Note that the NCB sheet does not demonstrate the inversion
symmetry, that is, the B–N bonds (oriented perpendicular to the

Fig. 7. Distribution of induced stresses in (a) pristine BN, (b) NCB and (c) CHR sheets subjected to the E-field in armchair direction. The color-coding indicates the
induced atomic stresses in SLs. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 8. The variation of polarization with the E-field applied in the (a) armchair and (b) zigzag directions of different BNS SLs.

graphene stripe-length) are aligned in the same direction in both halves
of BNS. Therefore, both the edges of graphene stripe are different (see
Fig. 2b) which lead to the alternate positive and negative line charges
and this creates an electric field across graphene stripe. Therefore, the
NCB sheet possesses higher polarized bonds compared to other types of
SLs. It may also be observed from Fig. 5 that the marginal differences
occur in the stabilized average strain energy at the same magnitude but
opposite direction of the applied E-field, and the plots are asymmetric.
This can be explained by the fact that the equilibrium distance between
atomic centers decreases with the application of negative E-field than
without E-field and converse is true in case of application of positive Efield. Therefore, the stored strain energy in the system is higher when
the positive E-field is applied compared to negative E-field at a partic
ular value of E-field magnitude [55]. For instance, the average strain
energies of pristine BNS are around 9 and 5 eV under the application of
E-fields of 0.5 V/Å and − 0.5 V/Å, respectively.
The distribution of charges is uniform in the overall pristine BNS
except at the edges, while charge distribution in hybrid BNS is mostly
around the C atoms and the neighboring B and N atoms as shown in
Fig. 6. This difference is clearly shown in Fig. 7 using the distribution of
atomic stresses induced in sheets subjected to the E-field. Note that the
integration of graphene stripe into BNS breaks the uniformity of charges
and most of the charges are distributed around N and C atoms due to
their higher electronegativities compared to B atoms. According to the
Mulliken Population Analysis, N atom attracts more electrons from B
atom due to former’s large electronegativity and thus, the N sites of BNS
are electron rich and are easily polarized in the particular direction of
applied E-field in a way similar to the C atoms [58]. Therefore, the NCB
and CHR sheets show varying stresses on the entire left and right parts,
respectively, but note that the stress distributions are not opposite to
each. It can be observed from Fig. 7 that the stress generated in NCB and
CHR cases is higher than pristine BNS and such higher stress concen
tration leads to the higher net polarization. Note that the hybrid BNS
(NCB and CHR) becomes more non-centrosymmetric solid due to the
integration of graphene stripe and its piezoelectric response is enhanced
compared to pristine BNS. The obtained net polarizations of different
BNS SLs are plotted in Fig. 8. Note that the total polarization of BNS
constitutes the contributions from both flexoelectricity and piezoelec
tricity (see Eq. (4)) and the effect of interface engineering of BNS/gra
phene stripes on the separate contributions will be discussed in
subsequent sections. The permanent polarization can be observed in
pristine BNS and this is due to the sharing of valence electrons of B and N
atoms with all neighboring atoms that form strong sigma bonds. In B–N
bond, the involvement of electrons is higher from N atoms site due to
their higher electronegativity compared to B atoms. Hence, the in-plane
dipole moment gets induced [29] and the polarization increases with the
applied E-field as it can be observed from Fig. 8. This is due to the

Table 1
The bond lengths (Å) and dipole moments (Cm) of pristine and hybrid BNS.
S.
No.

Sheets

Size (Å
× Å)

B–N

N–C

C–C

C–B

1
2
3

BNS
NCB
CHR

60 × 70
60 × 70
60 × 70

1.45
1.45
–

–
1.41
1.41

–
1.40
1.40

–
1.55
1.55

Dipole moment ( ×
10− 19 Cm)
Armchair

Zigzag

2.486
3.112
2.881

0.384
0.450
0.421

deformation of sheet which is directly proportional to the applied E-field
and during the deformation of sheet, the length of polarized bond in
creases that leads to the change in net atomic polarization (see Fig. 7). It
may be observed from Fig. 8 that the polarization is higher in case of
application of E-field in armchair direction than the zigzag direction.
This is attributed to the fact that the dipole moments induced are in only
x-direction when the external E-field applied in the armchair direction,
while dipole moments induced are in the inclined direction from the
y-axis in case of application of E-field in zigzag direction; therefore, the
net component of polarization in the zigzag direction is less compared to
armchair case.
It can also be observed from Fig. 8 that the change in polarization is
higher in case of NCB sheet compared to other cases. Note that in case of
NCB, N–C and C–B bonds are around the carbon-rich molecular chain
(zigzag graphene stripe), therefore, the induced dipoles, due to both N–C
and C–B bonds, are in the same direction that leads to higher atomic
polarizations. Moreover, at the interface, zigzag graphene SL has one
edge with all N–C bonds and another with all C–B bonds. Therefore, at
the interface there are net electron formations at the C–N edge because
the C–B edge is less electronegative compared to the C–N edge [59]. It
can be observed from Fig. 6 (c) that the direction of induced dipole
moments in the CHR sheet is opposite to the applied E-field but in the
same direction. At the interface, the hexagonal ring of graphene stripe
shows the inversion symmetry and therefore, the dipole moments in it
do not get induced. In the CHR sheet, the maximum dipole moments get
induced in the atoms located at the interface edges due to the net
electron formations at the C–N edge because the C–B edge is less elec
tronegative compared to the C–N edge. It may be observed from Fig. 8
that the polarization increases due to the interface engineering of
BNS/graphene stripes. The increase in polarization when the E-field
applied in the armchair direction of hybrid BNS is found to be 17% and
7% for NCB and CHR sheets, respectively, compared to pristine BNS. The
corresponding increase in polarization is around 21% and 10% in the
case of application of E-field in the zigzag direction of sheets. The bond
length and dipole moments of pristine and hybrid BNS are summarized
in Table 1. Graphene and BNS are complementary 2D materials and in
one of the DFT study [52], the strain gradient polarizations in armchair
6
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Table 2
Comparison of piezoelectric and elastic coefficients of pristine/hybrid BNS with previous studies.
Methods

Sheets

d11 (pm/V)

d14 (pm/V)

e11 (nC/m)

e14 (nC/m)

E (TPa)

G (TPa)

ϑ

Present

Ref.

Present

Present

Ref.

Present

Present

Ref.

Present

Present

1.50 [8]
1.38 [22]
–
–
–

–

–

0.69 [45]

–

–

0.890
1.045
0.987

0.634
0.745
0.721

0.63 [60]
0.76 [38]

0.262
0.293
0.289

0.21
0.27
0.24

DFT

BNS

–

0.50 [8]

–

–

MD
MD
MD

BNS
NCB
CHR

0.402
0.512
0.486

–
–
–

0.178
0.214
0.196

1.47
1.842
1.705

Fig. 9. Variation of averaged values of (a) axial strain (εxx ), (b) axial stress (σxx ), (c) shear strain (γxy ) and (d) shear stress (τxy ) in the sheets under the applied
external E-field.

graphene nanoribbons with various inherent defects are being studied.
The dipole moments of graphene with different types of defects such as
vacancy, SW, line etc. are summarized in the supplementary in Table S1.
The axial stress in the sheets was evaluated from MDS as a function of
time. The variation of stress in pristine BN, NCB and CHR sheets sub
jected to the E-field in armchair direction is provided in the supple
mentary Fig. S2.
Prior to calculate the piezoelectric coefficients of sheets, we first
validated the results of pristine BNS with the existing predictions and
such comparison is shown in Table 2. It can be observed from Table 2
that the obtained values of piezoelectric coefficients of pristine BNS
herein are in line with the previously reported results [8,22]. The good
agreement of current results using MDS with the existing predictions by
DFT and Ab-initio techniques is attributed to the use of three-body
Tersoff interatomic potential herein which delivers a reliable descrip
tion of the interatomic interactions between the B, C and N atoms of SLs
of BNS/graphene stripes. Next, to calculate the piezoelectric coefficients
of sheets, the average values of stabilized stress and strain at particular
value of E-field were considered. The magnitude of respective maximum
stresses induced in BNS, NCB and CHR sheets are as follows: 22.65 GPa,

15.34 GPa and 7.89 GPa (for armchair), and 12.77 GPa, 8.37 GPa and
5.09 GPa (for zigzag). The average values of different stress and strain in
the sheets against E-field are shown in Fig. 9. The averaged values of
axial stress (σ xx ) and strain (εxx ) were used to determine the piezoelectric
coefficients d11 and e11 in the armchair direction of sheets. To calculate
the piezoelectric coefficients d14 and e14 in the zigzag direction of sheets,
the averaged values of shear stress (τxy ) and shear strain (γxy ) were used.
Fig. 8 shows the variation in stresses and strains with applied E-field for
all the cases. It can be observed from Fig. 9 that the negative slope of
stress/strain with the E-field is higher for NCB sheet compared to other
cases and this leads to its higher piezoelectric coefficients. This is due to
the reasons described above. In other cases, the induced resultant dipole
moments are less compared to NCB sheet. The obtained values of
piezoelectric coefficients of sheets from Fig. 9 are summarized in
Table 2. As expected, the value and direction of piezoelectric coefficients
of sheets depend on the direction and magnitude of applied E-field. The
influence of interface engineering of BNS/graphene stripes on their
piezoelectric coefficients can be seen from the summarized data in
Table 2 and this is due to the generation of more dipole moments. For
instance, the increase in the values of e11 in case of NCB and CHR sheets
7
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Fig. 10. The stress-strain response by applied E-field under (a) armchair and (b) zigzag directions.

Fig. 12. The variation of stress with E-field gradient for different BN sheets.

the strength of N–C bonds is higher than other bonds in the sheet as it
possesses shorter bond length and higher interaction energy than C–B
bond. The respective bonding energies of B–N, C–C, C–N and C–B bonds
are 389, 607, 770 and 448 kcal/mol [63]. Therefore, the interaction
energy between B and N atoms is much lower than that of all other bonds
and hence, the pristine BNS shows marginally lower elastic properties
than NCB and CHR cases. Some of the researchers also reported the same
for BNS/graphene heterostructures which exhibited higher mechanical
properties [19,29,38]. The enhancement in the values of Young’s
moduli of NCB and CHR sheets are found to be 17.50% and 13.72%
respectively, and the respective enhancement in shear moduli are
11.83% and 10.30%.
Furthermore, a converse flexoelectric effect is generated in pristine
and hybrid BN sheets to determine their flexoelectric coefficients. The
converse flexoelectric effect is an electromechanical coupling in which
an inhomogeneous strain is induced by the application of external Efield. To study the effect of interface engineering of BNS/graphene
stripes on their flexoelectric coefficients, the E-field was applied only in
the armchair direction of sheet because such case showed higher
piezoelectricity in it compared to the application of E-field in zigzag
direction. To study the flexoelectric response, the sheet was partitioned
axially into the rectangular bins to apply the gradual increment of Efield, as shown in Fig. 11. The value of applied E-field gradient into the
sheet was varied from 0.01 to 0.1 V/Å2. The stresses generated in the
pristine and hybrid BN sheets due to the applied E-field gradient in their
armchair directions were calculated during the simulations and the
same are shown in Fig. 12. The flexoelectric coefficient was calculated

Fig. 11. Schematic representation of the partitioned BNS axially into the
rectangular bins.

are 25% and 16% compared to pristine BNS. The corresponding values
of e14 are increased by 18% and 11%. It can be observed from Table 2
that the enhancement of piezoelectric coefficients is higher when the
E-field is applied in armchair direction of sheet compared to zigzag di
rection. Note that the piezoelectric coefficients e11 and e14 measure the
mechanical to electrical energy conversion and they depend on the
elastic and piezoelectric (d11 and d14 ) coefficients and therefore, due to
the variation of elastic properties of sheets, the values of converse and
direct piezoelectric coefficients need not to be the same.
The formation of interfaces in nanostructure can substantially
change its mechanical properties as well. To understand the effect of
interface engineering of BNS/graphene stripes on the mechanical
properties of resulting hybrid BNS, their stress-strain response under the
application of E-field is shown in Fig. 10 (a) and (b). Young’s (Exx) and
shear (Gxy) moduli of sheets were determined from the slopes of stressstrain curve. The elastic properties of pristine and hybrid BNS are in
good agreement with the existing results [38,45,61] and such compar
ison is shown in Table 2. The obtained values of elastic coefficients of
pristine and hybrid BNS are summarized in Table 2. It can be observed
from Table 2 that the interface engineering of BNS/graphene stripes
improves the elastic properties of resulting hybrid sheets than that of
pristine BNS. The reason for enhancing the elastic properties is due to
the formation of N–C and C–B bonds in the axial direction of sheet, and
8
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of fabrication processes of BNS, topological defects exist in them, that is,
atom vacancies [65], SW [66] and substitutional impurities [59]. These
defects make the local changes in the atomic polarization and chemical
bond orders of BNS which lead to a change in their electromechanical
response [59 and references therein]. As far as the defects of BN struc
tures are concerned, it is widely accepted that the adjacent penta
gon–heptagon pairs (SW defects) in them generate less favorable
homo-elemental bonds such as B–B and N–N bonds, and the high en
ergy of the frustrated B–B and N–N bonds make BN systems structurally
unstable [67]. Therefore, we considered only SW defects herein to un
derstand role of topological defects on the piezoelectric behavior of BNS.
The SW defects in the BNS were formed by rotating one of the B–N bonds
by 90◦ from the pristine BNS as shown in Fig. 13. The density and po
sition of SW defects play a critical role on the mechanical response of BN
materials [66], therefore, we considered two cases: (i) double SW de
fects with 26 Å apart (BNS@2SW) and (iii) four SW defects with 36 Å
apart (BNS@4SW), as shown in Fig. 13 (a) and (b), respectively.
The simulation methodology is same, and it is not repeated in this
section for the sake of brevity. The average values of stress and strain in
the pristine and SW defected BNS against applied E-field are shown in
Fig. 14. It can be observed from Fig. 14 that the slope of stress and strain
curves of SW defected BNS is slightly higher compared to pristine BNS
and this leads to higher values of piezoelectric coefficients of SW
defected BNS (see Table 4). The enhancement in the electromechanical
response of defected BNS is attributed to the formation of SW defect that
leads to the higher charge redistribution around the region of defect and
the defected BNS becomes more non-centrosymmetric solid compared to
pristine BNS.

Table 3
Flexoelectric coefficients of pristine and hybrid BN sheets.
C-doped BNSs

μ1111 (pC/m)

Present
Ref.

BNS

NCB

CHR

0.219
0.26 [64]

0.3

0.259
–

Fig. 13. Schematic representations of BNS with SW defects: (a) BNS@2SW and
(b) BNS@4SW.

from Eq. (3) and the slope of E-field gradient-stress curve. The obtained
values of flexoelectric coefficients of pristine and hybrid BN sheets are
listed in Table 3. Note that the value of flexoelectric coefficient 0.219
pC/m for the pristine BNS was found to be in good agreement with the
value reported by Zhuang et al. [64]. The flexoelectric coefficient of
hybrid BNS is higher than pristine one and this due to the fact that the
former becomes more non-centrosymmetric solid due to the integration
of graphene stripes. This results in the higher strain gradient induced
polarization in the hybrid BNS due to the applied E-felid. It is observed
that the NCB sheet shows the higher flexoelectric coefficient and this is
again attributed to the larger energy difference for zigzag graphene
stripe due to coulomb interactions between the edges as well as reasons
described above. The enhancement in the flexoelectric coefficients due
to the interface engineering of BNS/graphene stripes is 37% and 18% for
NCB and CHR sheets, respectively.

5. Conclusions
As the first of its kind, converse piezo- and flexo-electric effects were
generated in hybrid and SW defected BNS under the application external
electric-field (E-field). Hybrid BNS was formed by integrating two gra
phene SLs, namely zigzag stripe and hexagonal ring of graphene via
coherent interface engineering. We performed systematic and compre
hensive MD simulations using the three-body Tersoff potential force
field. An E-field was applied in the two most relevant orientations of
Table 4
The elastic and piezoelectric coefficients of BNS with SW defects.

4.2. Defect engineering of BNS
The BNS are being synthesized using several unique techniques:
mechanical and liquid exfoliations, thermal decomposition, chemical
synthesis, chemical vapor deposition [1]. Due to the inherent limitations

S. No.

Sheets

d11 (nC/m)

e11 (nC/m)

Exx (GPa)

1
2

BNS@2SW
BNS@4SW

0.44
0.51

1.52
1.61

618
604

Fig. 14. Variation of averaged values of axial (a) stress (σ xx ) and (b) strain (εxx ) in the pristine and SW defected BNS under the applied external E-field.
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hybrid BNS, i.e., armchair and zigzag, to determine their axial and shear
piezoelectric coefficients. The piezoelectric, flexoelectric and elastic
coefficients of pristine/hybrid BNS were compared with the existing
results and good agreement was achieved. The following main conclu
sions are drawn from the current study:
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[14] B. Mortazavi, Y. Rémond, Investigation of tensile response and thermal
conductivity of boron-nitride nanosheets using molecular dynamics simulations,
Phys. E Low-Dimensional Syst. Nanostructures. 44 (2012) 1846–1852, https://doi.
org/10.1016/j.physe.2012.05.007.
[15] R. Chegel, Effects of carbon doping on the electronic properties of boron nitride
nanotubes: tight binding calculation, Phys. E Low-Dimensional Syst.
Nanostructures. 84 (2016) 223–234, https://doi.org/10.1016/j.
physe.2016.06.003.
[16] R. Ansari, S. Malakpour, M. Faghihnasiri, Effects of in-plane electric field and
temperature change on Young’s modulus of hexagonal boron nitride nanosheets
with different chiralities, Superlattice. Microst. 68 (2014) 16–26, https://doi.org/
10.1016/j.spmi.2014.01.008.
[17] S. Thomas, K.M. Ajith, M.C. Valsakumar, Directional anisotropy, finite size effect
and elastic properties of hexagonal boron nitride, J. Phys. Condens. Matter 28
(2016) 295302, https://doi.org/10.1088/0953-8984/28/29/295302.
[18] N. Ding, X. Chen, C.M.L. Wu, Mechanical properties and failure behaviors of the
interface of hybrid graphene/hexagonal boron nitride sheets, Sci. Rep. 6 (2016)
31499, https://doi.org/10.1038/srep31499.
[19] K.E. Eshkalak, S. Sadeghzadeh, M. Jalaly, Studying the effects of longitudinal and
transverse defects on the failure of hybrid graphene-boron nitride sheets: a
molecular dynamics simulation, Phys. E Low-Dimensional Syst. Nanostructures.
104 (2018) 71–81, https://doi.org/10.1016/j.physe.2018.07.018.
[20] T. Dumitricǎ, C.M. Landis, B.I. Yakobson, Curvature-induced polarization in
carbon nanoshells, Chem. Phys. Lett. 360 (2002) 182–188, https://doi.org/
10.1016/S0009-2614(02)00820-5.
[21] E.J. Mele, P. Král, Electric polarization of heteropolar nanotubes as a geometric
phase, Phys. Rev. Lett. 88 (2002) 568031–568034, https://doi.org/10.1103/
PhysRevLett.88.056803.
[22] K.A.N. Duerloo, M.T. Ong, E.J. Reed, Intrinsic piezoelectricity in two-dimensional
materials, J. Phys. Chem. Lett. 3 (2012) 2871–2876, https://doi.org/10.1021/
jz3012436.
[23] R. Balu, X. Zhong, R. Pandey, S.P. Karna, Effect of electric field on the band
structure of graphene/boron nitride and boron nitride/boron nitride bilayers, Appl.
Phys. Lett. 100 (2012), 052104, https://doi.org/10.1063/1.3679174.
[24] J. Zhang, C. Wang, S. Adhikari, Fracture and buckling of piezoelectric nanowires
subject to an electric field, J. Appl. Phys. 114 (2013) 174306, https://doi.org/
10.1063/1.4829277.
[25] M. Droth, G. Burkard, V.M. Pereira, Piezoelectricity in planar boron nitride via a
geometric phase, Phys. Rev. B 94 (2016), 075404, https://doi.org/10.1103/
PhysRevB.94.075404.
[26] J. Zhang, Boron nitride honeycombs with superb and tunable piezopotential
properties, Nanomater. Energy 41 (2017) 460–468, https://doi.org/10.1016/j.
nanoen.2017.10.005.
[27] J. Zhang, On the piezopotential properties of two-dimensional materials,
Nanomater. Energy 58 (2019) 568–578, https://doi.org/10.1016/j.
nanoen.2019.01.086.

• The interface engineering of BNS/zigzag graphene stripe improved
the axial piezo- and flexo-electric coefficients of hybrid BNS under
the application of E-field in its armchair direction by 25% and 37%,
respectively, compared to pristine BNS. The corresponding
enhancement in the coefficients was observed as 18% and 16% due
to the interface engineering of BNS/hexagonal ring of graphene
stripe.
• When the E-field applied in the armchair direction of hybrid BNS, the
increase in total polarization is around 17% and 7% for NCB and
CHR sheets, respectively, compared to pristine BNS due to the
interface engineering of BNS/zigzag graphene stripe. The corre
sponding increase in total polarization is 21% and 10% in the case of
E-field applied in the zigzag direction of hybrid BNS.
• The enhancement in the values of Young’s moduli of NCB and CHR
sheets are found to be 17.50% and 13.72% respectively, compared to
pristine BNS. The respective enhancement in shear moduli are
11.83% and 10.30%.
• The density and position of SW defects play a critical role on the
overall electromechanical response of BNS. SW defect engineering
improves the polarization of BNS, and the converse is true for elastic
properties.
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