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In this work, the piezoelectric coefficients of boron nitride nanotubes (BNNTs) containing vacancies were pre
dicted using molecular dynamics simulations (MDS) with a Tersoff potential force field. The piezoelectric co
efficients were determined by applying the electric field in the axial direction of BNNTs. The effect of diameter as
well as different types of atom vacancies and their positions were taken into consideration. The smaller diameter
BNNTs showed higher electromechanical response than larger diameter tubes. Our results reveal that the va
cancy defects significantly influence the piezoelectric coefficients of BNNTs, and in some cases, in fact increase
the electromechanical response of defective tubes over that of pristine ones. For instance, the piezoelectric co
efficient of (8, 0) BNNT with boron (B) mono-vacancy enhances by 17% compared to pristine tube. The converse
is true in case of nitrogen (N) mono-vacancies. The removal of B–N bond I, aligned along the tube axis, results in
the reduction of piezoelectric coefficient of (8, 0) BNNT by 41%. The removal of bond II, inclined to the tube axis,
increases the piezoelectric coefficient of (8, 0) BNNT by 13%. The same phenomenon was observed for other
zigzag BNNTs containing mono-vacancies and di-vacancies (absence of B–N bonds). The results showed that the
piezoelectric coefficients of BNNTs strongly depend on the position of vacancies and the maximum enhancement
was observed as 17% and 13% for B mono-vacancy and di-vacancy of B–N bond II, respectively, over that of
pristine (8, 0) BNNT. Apart from mono- and di-vacancies, we also considered multi-vacancies in BNNTs and
observed maximum enhancement by as much as 36% in the piezoelectric coefficient of defective (8, 0) BNNT
containing 2B and 2 N vacancies at particular locations. Moreover, the concerned results reveal that the
enhancement of electromechanical response largely depends on the symmetry of vacancy defect pore and not the
vacancy concentration. The present work shows that we can enhance/alter the piezoelectric properties of BNNTs
via a novel pathways of defect engineering by introducing different types of vacancies and changing their po
sitions to suit a particular NEMS applications.

1. Introduction
Boron nitride nanotube (BNNT) is made of boron (B) and nitrogen
(N) atoms, alternatively arranged in a honeycomb pattern like carbon
atoms in carbon nanotube (CNT). BNNTs have been a material of intense
interest over the past few years as they possess highly stable structures
[1], superior mechanical properties [2,3], superhydropbobicity [4] and
functionalization capabilities that assist in engineering their properties
for NEMS applications [5,6]. Experimental and theoretical in
vestigations showed that BNNT possesses a large band-gap around
~5.9 eV [1,7] and 5.4 [8] eV, respectively, regardless of its chirality and
morphology, making it an insulator with higher thermal and chemical
stabilities as well as resistance to oxidation at high temperature [10].

Moreover, BNNT is a non-centrosymmetric structure and partly shows
ionic characteristic of B–N bonds due to the difference in the electro
negativities of B and N atoms, which makes it piezoelectric [11]. Hence,
it attracted a lot of attention in the field of nanotechnology applications
like transistor, biological probs optoelectronic [12], actuator and sen
sors [6], and piezoelectric nanocomposite materials [13–15]. The elec
tromechanical coupling in BNNTs is better than the polymer-based
piezoelectric materials [16]. However, BNNTs are not defect-free due to
the inherent limitations of their fabrication processes. The defects
include substitutional atoms [17], 5–7 defects as well as
pentagon-octagon-adatoms [18,19], mono- and multi-vacancies
[20–23], impurities and Thrower-Stone-Wales (SW) defects [24], and
big pores [25]. These defects make the local changes in atomic-level
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polarizations of BNNTs that lead to change in their electronic behavior.
Sometimes for the specific purpose of designing of nanoelectronics and
nanodevices, ‘defects engineering’ technique is often used to control the
performance of nanostructures [21,25,26]. Therefore, the electronic and
piezoelectric properties of defective BNNTs have been studied by several
researchers using theoretical and experimental techniques.
In order to exploit the piezoelectricity from BNNTs for increasing
NEMS applications, a great number of theoretical studies have been
carried out for investigating the electronic and piezoelectric behavior of
pristine and defective BNNTs. For instance, Nakhmanson et al. [11]
showed spontaneous ionic polarization in BNNTs which improves when
tube’s symmetry is broken by inter-tube interactions which leads to
higher piezoelectric response from BNNTs. Sai and Mele [16] used
combined ab initio, tight-binding and analytical method to study the
piezoelectric response of BNNTs. They found that the piezoelectric co
efficients of BNNTs depend on their chirality and diameter. They also
demonstrated a linear coupling between the uniaxial and shear de
formations for chiral nanotubes. Using the Berry phase approach, Mele
and Král [27] studied the piezoelectric properties of BNNTs by breaking
their symmetries. Their study revealed that the coupled electric dipole
generates in BNNT and it depends on tube configuration and type of
mechanical loading. Li et al. [28] investigated the formation energies of
SW defects and their effect on the electronic properties of BNNTs. They
observed that electronic properties of defective BNNTs are improve
compared to pristine one. The investigations by Azevedo et al. [29]
provided the significance for studying the stability of defective BN-based
materials, which confirmed their feasibility with vacancies. Jafari et al.
[30] proposed a continuum mechanics approach to study the piezo
electric and mechanical properties of nanostructures. Mashapa et al.
[31] investigated the effect of vacancy defects on the structural and
electronic properties of BNNTs using first-principles calculations. They
revealed that the defect decreases the band gap of BNNTs. The molecular
dynamics simulations (MDS) study by Paura et al. [32] showed that the
vacancy defects influence the electronic structures of BNNTs. Zhao et al.
[33] investigated the electronic properties of carbon-doped BNNTs
using the density functional theory (DFT) method and found that their
band gaps depend on the doping concentration. Yamakov et al. [34]
investigated the piezoelectric response of pristine BNNTs subjected to
tensile and twist loadings using MDS by incorporating the
strain-dependent dipole potential energy (PE) terms. They reported that
the polarization of BNNTs depends on their geometrical configurations.
Roohi et al. [35] studied the effect of SW defects on the electronic and
structural properties of BNNTs. They reported that the band gap energy
of zigzag BNNT increases when it is under axial compression and de
creases in case of axial tension. Zhang et al. [36] investigated the elec
tronic properties of BN nanoribbons with di-vacancy by removing B–N
bond pair via first-principles calculations. Their results reveal that the
band structure of BN nanoribbons depends on the position of defects.
Zhang et al. [37] investigated the piezoelectric properties of single- and
multi-walled BNNTs using MDS and found that the piezoelectric coef
ficient decreases with increase in the diameter. Chegel [38] studied the
electronic properties of pristine and carbon-doped BNNTs using tight
binding approach. They found that the band gap of tube reduces due to
the substitution of B and N atoms by carbon atoms and the effect of
carbon doping on the electronic properties of tube is different for
substituted B and N atoms. Bahari et al. [39] investigated the electronic
and structural properties of carbon-doped zigzag BNNTs using DFT
method and found that the doping of carbon atom at B site improves the
electronic properties of doped tubes significantly. Yamakov et al. [40]
studied the piezoelectric and elastic properties of multi-walled BNNTs
using classical MDS. They reported that the electromechanical proper
ties of BNNTs depend on their diameter. Wang et al. [41] studied the
effect of topological defects on the electronic properties of BNNTs using
DFT method and found that band gap of tubes decreases due to the
defects. Yu et al. [42] performed DFT calculations to study the effect of
doping on the piezoelectric response of BNNTs. They reported that

doping of single atom of C, Si and Ge significantly alters the piezoelectric
coefficient of tube and the doping of forging atoms in zigzag BNNT can
improve its coefficient by 57%–97%.
In addition to theoretical studies, the experimental investigations of
electronic properties of pristine and defective BNNTs have also been
carried out in some of the studies. For instance, Lee et al. [7] synthesized
BNNTs using catalytic chemical vapor deposition and reported that
BNNT shows a band gap of ~5.9 eV. Zobelli et al. [20] provided the
insight structure of point defect in BNNT using a combination of electron
microscopy and theoretical calculations. Two types of defects such as
mono- and di-vacancies in BNNTs were observed in their TEM study
under electron irradiation. Cheng et al. [23] used energetic electron
beam irradiation method to control the shape and size of vacancy defects
in BNNTs. Ghassemi et al. [43] experimentally proposed a
strain-engineering pathway to tune the electronic properties of BNNTs.
They found that the conductivity of BNNT can be tuned by means of
mechanical strain and the electrical resistance of tube can be reduced by
straining it. Xu et al. [44] performed nanomechanical characterization
and infrared scattering type near-field microscopy on the individual
BNNTs to investigate the defects and deformation. In their study, a
characteristic structural defect in BNNT was observed by a blue-shift of
infrared absorption and discontinuity in adhesion. Polygonal facets were
also observed in BNNTs, supported by their mechanical responses and
spectroscopic signatures. It can be observed from the above studies that
the electronic and piezoelectric properties of BNNTs depend on config
uration and size of tubes, especially polarization decreases as the
diameter of BNNT increases. The position of vacancies plays a critical
role to manipulate the electronic properties of BNNTs. It is also reported
that the zigzag BNNTs show higher axial piezoelectric coefficients than
the armchair tubes [11,45]. The considerable research work was also
devoted for studying the mechanical properties of defected BNNTs [41,
46–49].
The literature review clearly indicated that several theoretical and
experimental studies have been performed to study the band gap of
defective BNNTs and piezoelectric properties of pristine BNNTs. To the
best of current authors’ knowledge, there is no single study exists that
reports the effect of different types of vacancies and their positions on
the piezoelectric properties of BNNTs and a detailed study is required.
Furthermore, no attempt was made to enhance the electromechanical
response of BNNTs through defect engineering. This has inspired us to
conduct this comprehensive study. This work aims to determine the
piezoelectric coefficients of BNNTs considering different types of va
cancies using MDS. A particular emphasis was placed on enhancing the
piezoelectric coefficients of BNNTs using different types of vacancies by
varying their locations along the length of tube.
2. Atomistic modeling of BNNTs
The MD simulation is the most widely used atomistic modeling
technique for investigating nanostructures as it allows a comprehensive
study of interatomic interactions between critical phases using New
tonian’s mechanics with a time integration approach. This provides an
edge over the ab initio models and conventional experiments with costefficient simulations. The fundamental advantage of MD simulation is
that one can study the different properties of system such as electro
mechanical and thermal properties, etc. [49–51]. Therefore, MDS were
performed in the present study to investigate the piezoelectric response
of BNNTs using LAMMPS [52]. In the MDS, the interactions between B
and N atoms of tube were described using the Tersoff potential force
field [53]. Analytical form of energy expression used in the Tersoff po
tential is as follows:
∑
1 ∑
Ei =  
Vij
2 i∕=j
i

(1)

( )[ ( )
( )]
Vij =  f C rij f R rij + bij f A rij

(2)

E= 
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The piezoelectric effect was characterized by the piezoelectric co
efficients tensor, eiα, where i = 1, 2, 3, and α = 1, 2, 3, …, 6. The
piezoelectric coefficients tensor can be determined by the Maxwell
equations, as follows [62,63]:
( )E,T
( )ε,T
∂Pi
∂σα
eia = 
=− 
(4)
∂εα
∂ Ei

where E  is the total energy of the system, Ei is the site energy and Vij is
the bond energy. The indices i and j run over the atoms of the system.
Term rij is the distance between atom i and atom j, while bij is the bond
angle term which depends on the local coordination of atoms around
atom i and θijk is the angle between bonds ij and ik. Terms f R and f A are
the repulsive and attractive pair potentials, respectively. Term f C is the
cut-off function provided to limit the range of potential and thus, saves
the computational time. Note that the Tersoff potential has been suc
cessfully employed in numerous studies to study the mechanical and
piezoelectric behavior of BN tubes and sheets [34,37,40,54–56].
First, the initial BNNT structures were created. Then, the simulations
were performed in three steps. First, the energy of BNNT structures was
minimized for 100 ps [37,48]. The conjugate gradient minimization
method was used to obtain the optimized structures of pristine and
defected BNNTs. The minimized structure was treated as optimized
when the difference in the total potential energy of structure between
the two consequent steps was less than 1.0 × 10− 7 cal/mol [49,57,58].
The constant temperature and volume (NVT) ensemble was used to
update the velocities and positions of B and N atoms after each time step
using the Nosé-Hoover temperature thermostat [59]. NVT is the con
stant number of atoms, temperature and volume ensemble, and during
the simulation it allows to maintain the constant temperature by scaling
the velocities of atoms in a fixed volume. Second, at both ends of tube,
the same number of atoms were fixed and the external electric field (E)
was applied along the tube axis, as shown in Fig. 1. This electric field
produces an external force on atom i, that is, f i =  qi  E, in which qi is
the charge on the atoms. The born effective charges were considered on
B and N atoms as +2.6e and − 2.6e, respectively [11,37,60]. Finally, the
relaxation time of 30 ps was provided to BNNT structure to obtain its
equilibrated structure. The velocity Verlet algorithm was used to
calculate the new positions of atoms using the equations of motion in
MDS. Then, the axial stress induced due to the applied electric field was
calculated as the arithmetic means of the local stresses on all atoms. The
axial virial stress (σ ) was averaged over time and position of all atoms, as
follows [61]:
(
)
N
N
1 ∑
1
1∑
i i
ij ij
mi vz vz +
(3)
σ= 
F r
N i=1 Vi
2 j∕=i z z

where Pi is the polarization, Ei is the applied electric field, and σα and εα
are the stress and strain, respectively. The superscripts E, T and ε refer as
simulation conditions for the fixed electric field, temperature and strain,
respectively. In the context of nanotube, the axial piezoelectric coeffi
cient e11 is of major interest because of its 1D geometrical construction.
So, according to Eq. (4), the piezoelectric coefficient of BNNT subjected
to the electric field can be calculated using the following relation [37]:
e11 =  −

∂σ
∂E1

(5)

3. Results and discussions
In the current study, only zigzag BNNTs were considered to study the
effect of vacancies on their axial piezoelectric coefficients because
armchair tubes show relatively lower axial piezoelectric coefficients
[11,45]. First, the MDS were performed on the pristine zigzag BNNTs
subjected to the electric field (E1) from − 0.3 V/nm to 0.3 V/nm. The
axial stress (σ) in the BNNTs was determined from the MDS as a function
of E1. The variations of axial stresses in BNNTs subjected to the electric
field are plotted in Fig. 2. It can be observed from Fig. 2 that the
stress-electric field follows the linear relationship due to the inverse
piezoelectric effect. The axial piezoelectric coefficient (e11) was calcu
lated using the Maxwell relation (Eq. (5)) and it equals to the negative
slope of stress-electric field. It may also be observed from Fig. 2 that the
smaller diameter BNNTs show higher negative slops which lead to the
higher piezoelectric coefficients. To verify the validity of current MDS,
the axial piezoelectric coefficients of BNNTs predicted by other re
searchers using different techniques were compared with our results, as
summarized in Table 1. The current predictions are found to be in good
agreement with the existing results obtained by using the state-of-the-art
ab initio method by Nakhmanson et al. [11] and MDS by Zhang and
Meguid [37].
Fig. 3 demonstrates the values of e11 obtained from the slops from
Fig. 2, as a function of tube diameter, using the curve fitting of MDS
data. The obtained value of 0.256C/m2 of (8, 0) BNNT is found to be in
excellent agreement with the value of 0.263C/m2 obtained by

where Vi is the volume of tube, N is the total number of atoms in
tube,  Fijz is the interatomic potential force between the atoms i and j, ri
ij

and rj are the position vectors, rz is the interatomic distance in the axial
direction between the i and j atoms, and mi and viz are the mass and
velocity of atom i, respectively.

Fig. 1. Atomistic model of BNNT under the externally applied electric field.
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interference and quantum mechanisms effects [45]. On the other hand,
the modification of geometry of defective BNNTs allows researchers to
tailor their electronic properties. At this juncture, it is important to
mention that the breaking of symmetry of 2D nanostructures such as BN
and graphene sheets enhances their piezoelectric properties [25,26].
Hence, further MDS were performed to investigate the effect of va
cancies on the piezoelectric properties of BNNTs by creating vacancies in
such a way that can make tubes strong non-centrosymmetric solids. Such
vacancies include mono- and di-vacancies as shown in Fig. 4.
In case of B and N mono-vacancies, three dangling bonds form in the
vacancy region but their chemical structures and nature are completely
different due to the inequivalent electronegativities of B and N atoms.
Therefore, B and N mono-vacancies show distinct structural features and
electronic behavior. First, the effect of position of mono-vacancies on the
piezoelectric coefficients of BNNTs was studied by removing atoms from
the center of tube. The different arrangements of mono-vacancies were
considered as shown in Fig. 4a in which the atoms of hexagon ring of
pristine BNNT are marked from 1 to 6. Atoms were systematically
removed one-by-one from different positions to form the B and N monovacancies. The MDS were performed on all the possible cases of monovacancies in BNNTs. The variation of stresses in (8, 0) BNNTs contain
ing mono-vacancies with the electric field is shown in Fig. 5. The
measured values of e11 are plotted in Fig. 6 were obtained from Fig. 5
using a linear curve fitting. Similar linear trends were obtained for (5, 0)
and (16, 0) tubes but for the sake of brevity they are not shown here.
Note that the origin of piezoelectricity is associated with the electric
polarization changes due to the deformation of structure and braking of
its symmetry [45,64]. The mechanical deformation of the tube due to
the applied electric field results in the movement of negative and posi
tive charge centers and this changes the total electric polarization. It
may be observed from Fig. 6 that the B mono-vacancies show
enhancement in the piezoelectric coefficient of BNNTs while the
converse is true in case of N mono-vacancies. For instance, the piezo
electric coefficient (e11) of (5, 0) BNNT with B mono-vacancy at the
position 1 (B@1) is enhanced by 21% compared to pristine BNNT. The
same phenomenon was observed for (8, 0) and (16, 0) BNNTs, and in
case of B@1, their piezoelectric coefficients are increased by 17% and
12%, respectively, compared to the corresponding pristine BNNTs. In
contrast, the values of e11 of BNNTs with N mono-vacancies are lesser
than pristine tubes. The piezoelectric coefficients of (8, 0) and (16, 0)
BNNTs with N mono-vacancy at the position of 2 (N@2) are reduced by
32% and 31%, respectively. The similar phenomenon was observed for
N mono-vacancies at the position of 4 (N@4) and 6 (N@6) for other
BNNTs. It can also be observed from Fig. 6 that the piezoelectric co
efficients of defective BNNTs depend on the position of vacancy. For
example, the values of e11 of (8, 0) tubes with B@1 and B@5 vacancies
are increased by 17% and 6%, respectively, compared to pristine tubes.
The values of e11 of (8, 0) tubes with N@2 and N@4 vacancies are
reduced by 32% and 50%, respectively. Furthermore, Fig. 6 demon
strates that the removal of B atom from 1 or 3 position (B@1 or B@3)
provides the identical vale of e11 and does not influence the net polar
ization of BNNT. Note that the B and N mono-vacancies make different
ionic charge changes and hence the change in induced electric polari
zation occurs. For the B mono-vacancy, three suspended N atoms are
formed, and the electrons get accumulated on the suspended B–N bonds
that lead to the strong interaction between them in the defect vicinity. In
case of N mono-vacancy, three suspended B atoms are formed, and the
electrons accumulated at the vacancy site are less and a covalent B–B
bond becomes prone to build by keeping another B atom isolated [21].
The existence of a single suspended bond did not result in the
enhancement of net polarization. It can be observed from Fig. 6 that the
smaller diameter defective BNNTs show higher piezoelectric coefficients
than larger diameter tubes. This is attributed to the reduction of
movement of charges as the diameter of tube increases. Note that the
piezoelectricity depends on the dipolar moments generated due to the
movement of charges. To understand this difference, the variation of

Fig. 2. The variations of axial stresses in zigzag BNNTs subjected to the elec
tric field.
Table 1
Comparison of piezoelectric coefficients of pristine BNNTs.
Chirality

Diameter (Å)

(5, 0)
(8, 0)

4.05
6.42

e11 (C/m2)
Present

Ref.

0.379
0.256

0.389 [11]
0.263–0.260 [11,37]

Nakhmanson et al. [11] using ab-initio approach. It may be observed
that the change in piezoelectric coefficients of larger diameter BNNTs
(D ≥ 10 Å) is relatively small (<5%). The empirical relation was ob
tained from Fig. 3 using the curve parameter for piezoelectric co
efficients of BNNTs in terms of diameter, as follows:
e11 = 1.28(D)−

0.87

(6)

Among all other properties, the polarization of BNNTs was found to
be very sensitive to inherent topological defects owing to the

Fig. 3. The variation of piezoelectric coefficient (e11) of zigzag BNNTs
with diameter.
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Fig. 4. Schematics of numbering of B–N atoms and bonds as well as different types of vacancies in zigzag (8, 0) BNNTs.

Fig. 5. Variation of stresses in (8, 0) BNNTs containing mono-vacancies with
the electric field.

Fig. 6. The piezoelectric
zigzag BNNTs.

axial stresses in tube subjected to the axial electric field is shown in
Fig. 7. It can be observed from Fig. 7a that the stress generated in the
axial direction of tube due to the Coulomb forces under the electric field
is higher in case of B mono-vacancy than N mono-vacancy (see Fig. 7b).
The higher stress concentration in tube leads to higher net polarization
which results in the higher piezoelectric coefficient.
In the previous sets of results, the piezoelectric coefficients of
defective BNNTs with B or N mono-vacancies were determined consid
ering different vacancy positions. The work was further extended to
study the effect of di-vacancies (absence of B–N bond) on the

piezoelectric coefficients of BNNTs. The effect of position of di-vacancy
on the piezoelectric coefficients of BNNTs was studied by removing B–N
bonds from the different locations. It may be observed from Fig. 4 that
there exist two types of B–N bonds in zigzag BNNT: (i) bond I, aligned
along the tube axis, and (ii) bond II, inclined to the tube axis. The bonds I
and II were systematically removed one-by-one from the center of tube.
The measured values of e11 of defective BNNTs with di-vacancies are
summarized in Table 2.
It may be observed from Table 2 that the removal of bonds II pro
vides higher piezoelectric coefficients than the removal of bonds I. The
5
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Fig. 7. Axial viral stress-distributions in zigzag BNNTs containing mono-vacancies subjected to the electric field: (a) B and (b) N mono-vacancies.

removal of bond II results in the increase in the value of e11 of (8, 0) tube
by 13% while its value reduces by 41% in case of removal of bond I. To
understand this difference, the variation of axial stresses in tube sub
jected to the electric field is shown in Fig. 8. It can be observed from
Fig. 8a that the generated stresses in the vicinity of di-vacancy created
due to the removal of bond II are higher than the bond I (see Fig. 8b).
This is attributed to the fact that the removal of bond I does not break the
symmetry of tube and therefore, the induced dipole moments across the
defect vicinity are found to be symmetric and get cancelled out each
other; such symmetry can be visualized from the circled portion shown
in Fig. 8b. It can also be observed from Table 2 that the piezoelectric
coefficients of defective BNNTs depend on the position of di-vacancies.
For example, the removal of bonds II at positions 2–3 and 5–6 enhances
the values of e11 of tubes by 13% and 10%, respectively, compared to
pristine tube. On contrary, the removal of bonds I from the tubes, irre
spective of their position, results in the reduction of piezoelectric co
efficients compared to pristine tube.
In the previous sets of results, the zigzag BNNTs with mono- and divacancies showed a significant change in the piezoelectric coefficients
due to the changes in atomic-level polarizations occurred due to the
induced localized stress concentration at the defect vicinity. Note that
the piezoelectricity phenomenon is a size-dependent, therefore, we
increased the number of vacancies in BNNTs. The schematics of defec
tive BNNTs with different types of multi-vacancies are shown in Fig. 9.
The multi-vacancies are represented in the form of vacancy concentra
tion (ρ) and it is the ratio of removed atoms (Nv ) to the total number of
atoms (N) in pristine tube. The vacancy concentration (ρ) is calculated
using the following relation [49]:

ρ=

Nv
× 100%
N

Table 3 that the removal of B atoms always results in the increase in the
values of e11. For instance, 0.26% and 0.39% of B mono-vacancies
enhance the values of e11 of (8, 0) tubes by 21% and 29%, respec
tively, compared to pristine tubes. While the removal of N monovacancies always results in the reduction in the values of e11 as we
found herein. For instance, 0.26% and 0.39% of N mono-vacancies
reduce the values of e11 of (8, 0) tubes by 44% and 68%, respectively,
compared to pristine tubes. The mechanics behind this is already
explained herein. It can be observed from Table 4 that the change in the
values of e11 is not uniform for different combination of vacancies. It
may be observed that the values of e11 of BNNTs with 2B and 2 N va
cancies from the positions shown in Fig. 9 (f) and (g) increased by 25%
and 36% respectively. This is attributed to the fact that these vacancies
break the symmetry of BNNTs and therefore, the induced dipole mo
ments at the defect vicinity are found more. While in case of multivacancies shown in Fig. 9(e) and (h), the induced dipole moments
around the defect vicinity cancel out each other due to the symmetry of
pore. The same phenomenon was observed for the case of complete
removal of B–N hexagon ring (Fig. 9i). It is also possible to remove two
similar atoms along the circumference (180◦ apart) of tube, that is, one
atom from the frontside (at 0◦ ) and another from the backside (at 180◦ )
in the transverse plane of tube, to create two mono-vacancies. Accord
ingly, the three possible cases were considered as shown in Fig. 9(j)–(l),
and the obtained piezoelectric coefficients are listed in Tables 3 and 4
The enhancement in the piezoelectric coefficients of BNNTs was
observed only for the removal of B atoms 180◦ apart, as shown in Fig. 9
(j). This is again attributed to the same reason as explained earlier. The
present study reveals that the piezoelectric coefficients of BNNTs can be
improved via defect engineering and it may provide a new platform for
designing and developing strong BNNT-based piezoelectric structures
for next-generation NEMS applications. It can be observed from Table 4
that increasing vacancy concentration is not the effective method to
alter the piezoelectric coefficients of BNNTs because they largely depend
on the position of defects which eventually changes the symmetry of
tubes. For example, the vacancy concentration of 0.52% enhances the
piezoelectric coefficient while the vacancy concentration of 0.78% re
duces the piezoelectric coefficient of (8, 0) BNNT. This is attributed to
the fact that the higher vacancy concentration leads to more symmetric
structure compared to lower vacancy concentration and the reduction in
polarization contributions from absence atoms towards the net polari
zation of tube.

(7)

The obtained values of e11 of defective BNNTs with different types of
multi-vacancies are listed in Tables 3 and 4. It can be observed from

Table 2
Piezoelectric coefficients of zigzag (8, 0) BNNTs containing di-vacancies.
Type of vacancy
Position
|e11 |(c/m2)

Pristine

–
0.256

Removal of B–N bond
Bond I

Bond II

Bond I

Bond II

1–2
0.150

2–3
0.291

4–5
0.130

5–6
0.283
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Fig. 8. Axial viral stress-distributions in defected zigzag BNNTs subjected to the electric field: (a) absence of bond II and (b) absence of bond I.

Fig. 9. Schematics of different types of multi vacancies considered in the study.

4. Conclusions

their varied locations along the length and circumference of tubes. The
piezoelectric coefficients of BNNTs were determined using the axial viral
stress approach. The comparison of piezoelectric coefficients of pristine
and defected BNNTs subjected to the electric field was comprehensively

As the first of its kind, this study reports the piezoelectric coefficients
of zigzag BNNTs containing mono-, di- and multi-vacancies accounting
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Table 3
Piezoelectric coefficients of zigzag (8, 0) BNNTs containing multi vacancies (* represents the removal of atoms 180◦ apart along the circumference and in the transverse
plane of tube).
Type of vacancy

Pristine

2B

2N

3B

3N

2B

2N

Vacancy concentration (ρ)
Position
|e11 |(c/m2)

0%
–
0.256

0.26%
3 and 5
0.31

0.26%
4 and 6
0.14

0.39%
1, 3 and 5
0.33

0.39%
2, 4 and 6
0.08

0.26%
1 and 1*
0.28

0.26%
2 and 2*
0.11

Table 4
Piezoelectric coefficient of zigzag (8, 0) BNNTs containing multi-vacancies.
Type of vacancy

Pristine

2B and 2 N

2B and 2 N

2B and 2 N

2B and 2 N

3B and 3 N

2B and 2 N

Vacancy concentration (ρ)
Position
|e11 |(c/m2)

0%
–
0.256

0.52%
1, 5 and 2, 4
0.17

0.52%
3, 5 and 2, 6
0.32

0.52%
1,5 and 4, 6
0.35

0.52%
3, 5 and 4, 6
0.20

0.78%
1–6
0.02

0.26%
1, 1* and 4 and 4*
0.09
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• The piezoelectric coefficients of pristine and defective zigzag BNNTs
decrease with the increase in their diameter.
• The induced net polarization in the BNNTs was found to depend on
the local arrangement of B–N atoms at the defect vicinity as well as
symmetry of pores. The B mono-vacancies improve the piezoelectric
coefficient of (8, 0) BNNT by 17% compared to pristine tube while
the converse is true in case of N mono-vacancies. The same phe
nomenon was observed for other zigzag BNNTs with monovacancies.
• The removal of B–N bond II, which is inclined with the tube axis,
improves the piezoelectric coefficient of (8, 0) BNNT by 13%
compared to pristine tube. The removal of BN bond I, which is
aligned along the tube axis, drastically reduces the piezoelectric
coefficient of (8, 0) BNNTs by 41%.
• Maximum enhancement of piezoelectric coefficient of vacancy
defected BNNT was observed as much as 36% over that of pristine
tube when the 2B and 2 N vacancies exist at particular locations of
tube.
• Consideration of different multi-vacancies in BNNTs reveals that the
enhancement of electromechanical response largely depends on the
symmetry of vacancy pore and not the vacancy concentration. The
vacancy concentration of 0.52% enhances the piezoelectric coeffi
cient while the vacancy concentration of 0.78% reduces the piezo
electric coefficient of (8, 0) BNNT.
• The present work provides the novel pathways to enhance or tailor
the piezoelectric properties of BNNTs by introducing different types
of vacancies and changing their positions along the axial and
circumferential directions of tubes.
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