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Abstract This study demonstrates the mechanism of strain-induced polarization in defective armchair
graphene nanoribbons (AGNRs) using first-principles calculations. We estimate the piezoelectric coefficients
of AGNR systems with different types of defects: line, divacancy, and Stone–Wales (SW) defects. At first,
we compare the results of AGNRs having non-centrosymmetric pores subjected to an axial load with the
existing results of graphene as well as graphitic carbon nitrides, and we confirm that the flexoelectric effect
indeed comes into picture mechanistically when the symmetry of 2D systems breaks. Then, we carry out comprehensive first-principles calculations for AGNRs with various types of defects, which usually form during
the synthesis of GNRs. The calculations were performed via the simulation software, real-space grid-based
projector-augmented wave (GPAW), and a Python code based on the projector-augmented wave method for
density functional theory (DFT). Our research reveals that polarization can be engineered in graphene by
changing the pore/defect symmetry and concentration.
1 Introduction
A two-dimensional single-layer graphene sheet was first created by Geim and Novoselov [1], which consists of
carbon atoms with covalent bonds and is the basis for both 3D graphite and 1D carbon nanotubes (CNT). It has
unique scale-dependent electronic (metal and semiconductor behavior depending on orientation), mechanical
(elastic modulus ~ 1TPa), and thermal (thermal conductivity ~ 5300 W/mK at room temperature) properties
[2–4]. Graphene, one of the strongest material, can be strained up to 25% [5], and its behavior varies from
metallic to semiconducting based on its deformation and defects pattern [6–8]. An unbounded sheet of pristine
graphene displays a unique zero bandgap and semi-metallic behavior [1]. Graphene sheets/nanoribbons with
armchair or zigzag edges exhibit energy gaps that are inversely proportional to the nanoribbons’ widths [6].
The band gaps of graphene nanoribbons can be engineered by applying a uniaxial tensile strain. Qi et al. [9]
found that wider nanoribbons with localized edge states cause a smaller band gap when subjected to the same
strain conditions.
Piezoelectricity is the linear induction of electric polarization in response to an applied uniform strain,
whereas flexoelectricity is the linear induction of electric polarization in response to an applied strain gradient;
the converse of both phenomena is also true. At the surfaces and interfaces of nonpolar materials, the breaking of
symmetry causes electromechanical coupling like surface piezo- and flexoelectricity, while in bulk materials,
no such phenomenon occurs. In the first, Kogan [10] gave a theoretical understanding of flexoelectricity.
Further, White et al. [11] observed the flexoelectric effect in CNTs in 1993. The phenomena of breaking the
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bond symmetry resulting from the nanotube’s inherent curvature is evident in the many electronic properties
of CNTs. A homogeneous mechanical deformation cannot induce polarization because of the symmetry of
graphene lattice. However, a strain gradient can cause a flexoelectric effect in centrosymmetric graphene.
The strain gradient alters the ionic positions that leads to the redistribution of electron density. Graphene’s
centrosymmetric nature cancels out the polarization effected by uniform strain, whereas a strain gradient
eliminates the centrosymmetry and produces polarization, also termed as flexoelectricity. In 2007, Sharma
et al. [12] theoretically studied the effect of the inclusion of centrosymmetric and non-centrosymmetric shapes
in the matrix of InAs-GaAs, and they observed that the proper arrangement of such centrosymmetric and
non-centrosymmetric shapes in the matrix is required to get a nonzero average polarization. The Berry phase
[13] calculations are performed in metals, graphene bilayer, and bulk graphite by considering the spin–orbit
interaction. The flexoelectricity, being a weak observable effect at the macroscale, is hardly detectable in
bulk materials. The induced polarization that depends on the strain gradient and flexoelectric coefficient;
so, to generate polarization, a large strain gradient is required. The strain gradient is inversely proportional
to the sample size; thus, at the nanoscale level, flexoelectricity can be very large [14]. Mohammadi et al.
[15] developed the flexoelectric theory for thin membranes in 2014. Experimentally, it has been found that the
synthesis of graphitic carbon nitride (g-C3 N4 ) has natural triangular pores, which shows piezoelectric behavior
with a coefficient of 0.758 C/m2 , verified by DFT calculations. Large strain gradients are created by bending 2D
nanosheets with non-centrosymmetric triangular and trapezoidal pores resulting in strong electromechanical
coupling. Javvaji et al. [16] studied the piezo- and flexoelectric properties of graphene with triangle-shaped
defects using molecular dynamics simulations (MDS). They reported piezo- and flexoelectric coefficients of
0.02826 C/m2 and 0.04554 C/m, respectively. Kundalwal and Choyal [17] observed an enhancement in a boron
nitride nanotube’s piezoelectric coefficient with 2B and 2N vacancies using MDS. The flexoelectric properties
of heterostructures like triangular graphene embedded in boron nitride nanosheets with the application of
bending force by MDS were also reported in the literature [18]. The first-principles DFT calculations predict
behavior of material based on quantum mechanics without needing higher-order parameters like fundamental
material properties. Dat et al. [19] studied 3D penta-graphene plates with the Bees Algorithm using the firstprinciples DFT. The flexoelectric properties of four groups of 2D materials such as graphene allotropes,
nitrides (BN, AlN, and GaN), group IV elements (Si, Sn, and Ge), and monolayers of MoS2 , WS2 , and
CrS2 were found using MDS with the application of bending force [20]. There are also some attempts of
application of hierarchical and homogenization schemes for studying the other properties of graphene-based
composites. For instance, Xia et al. [21] developed a homogenization scheme to connect the microstructural
parameters of constituent phases and the AC frequency to the dielectric breakdown strength and energy storage
density of the graphite composite. The results indicate that the dielectric breakdown strength of the graphitepolymer composite decreases with respect to the graphite volume concentration, while the energy storage
density increases with it. In another study, a two-scale homogenization theory for electrical properties of
highly aligned graphene nanocomposite foams was developed [22]. It was found that the graphene percolation
threshold decreases markedly with respect to porosity. Recently, the elastic properties of graphene nanofiller
and metal matrix were evaluated via the DFT [23]. Then, the plasticity of the ductile metal was described
by a dislocation density-based constitutive equation, and its degradation process was accounted for by the
generation of micro voids at the micro scale.
Bending is another way to induce a flexoelectric effect in 2D nanosheets. Due to bending, the Coulombic
repulsion increases with the angle of curvature inside a cavity, which causes the π-orbitals’ redistribution in
graphene and results in a transfer of electronic charge from the concave to the convex portion, consequently
resulting in the formation of dipoles at the atomic positions [24]. Yang et al. [25] explored the effect of
flexoelectricity on electromechanical coupling for the bending of a nanoplate using the Kirchhoff plate theory.
Qu et al. [26] observed that buckling load increases flexoelectric coupling in semiconductor beams. Banhart
et al. [27] reviewed various structural defects such as point, line, monovacancy and multiple vacancy defects,
and they emphasized the peculiar ability of graphene to readjust its lattice around intrinsic defects, which
leads to its tailored properties and possible applications. Baimova [28] showed that various mechanical and
physical properties of graphene can be controlled by strain engineering. Thermal and mechanical properties
of CNTs were also reviewed for studying the influence vacancy defects via MDS [29, 30]. Meyer et al. [31]
investigated the effect of Stone–Wales (SW) defects on the strength of graphene sheets using MDS. The TEM
(transmission electron microscopy) images of graphene with various types of defects are depicted in Fig. 1.
Graphene acts as fermions with negligible mass and follows the Dirac equation [7]. Moreover, graphene’s
band structure can be modified by breaking its hexagonal symmetry [32], thus inducing an electromechanical
response in it. Son et al. [6] demonstrated that zigzag graphene nanoribbons (ZGNRs) and armchair graphene

Polarization in graphene nanoribbons with inherent defects

Fig. 1 a TEM image of divacancy and b SW defect (55–77) formed by C–C bond with 90° rotation. Reprinted with permission
from (Banhart et al.). Copyright (2011) American Chemical Society

nanoribbon (AGNRs) have energy gaps that decrease when their ribbon width is increased by using the TightBinding (TB) approach. Note that AGNRs show properties of semiconductors. A GNR in its pristine form is
centrosymmetric, but nothing is perfect! So, GNRs are also not defect-free due to the inherent limitations of
their fabrication processes, and they are therefore inherently non-centrosymmetric. A recent study by Apte
et al. [33] experimentally investigated the apparent piezoelectricity of MoO2 nanoflakes that form the electret
state developing due to having defects and voids in the structure during its formation in the chemical vapor
deposition process. There is always an opportunity to obtain polarization from non-piezoelectric GNRs using
a novel flexoelectric concept. To the best of the authors’ knowledge, there is no existing study reporting the
flexoelectricity in GNRs with inherent defects using the first-principles calculations. This was the motivation
for the current study. In this work, the strain gradient-induced polarization in AGNRs with defects (triangleshaped pore, divacancy, line, and SW defects) are studied using DFT simulations. An examination of the band
structures of AGNRs with defects is performed using the quantum mechanics’ approach. The strain-induced
polarization is calculated for AGNR systems having inherent defects. Due to piezo- or flexoelectricity, 2D
materials display the coupled electromechanical behavior, paving the way for some attractive applications
in actuators, sensors, biomedical devices, and energy harvesting. This work’s results may provide a greater
insight into strain-induced electric polarization in graphene sheets with structural or artificial defects.
2 Computational modeling
We used AGNRs in our study because dipole moments are generated only in insulators or semiconductors
and as AGNRs possess a centrosymmetric structure; thus, they lack the intrinsic piezoelectric phenomenon,
so, we can induce polarization in them by introducing defects via the flexoelectric concept. The average
polarization obtained by DFT simulations includes the preexisting polarization due to surface effects. This
preexisting polarization, present before the application of any strain, is subtracted from the obtained average
polarization. Non-linear effects are avoided by applying small strain values. We used the density functional
theory (DFT) for quantum calculations. Firstly, the dangling bonds of the nanoribbon and pore edges were
passivated with hydrogen atoms. AGNR structures were geometrically relaxed to minimum energy. Then, the
electronic band structures were evaluated to find out the nature of AGNRs with defects to determine whether
they are semiconducting or metallic, and the strain gradient-induced polarization in AGNRs were evaluated
afterward. The electromechanical activity in the pristine/defected AGNR was studied using DFT by applying
the grid-based projector-augmented wave (GPAW) code [34, 35] and the atomic simulation environment (ASE)
[36], with exchange–correlation interactions, considering the Perdew–Burke–Ernzerhof (PBE) functional. The
calculations were performed with the generalized gradient approximation (GGA). A supercell consisting of a
slab of AGNR with a vacuum region of 10.0 Å on its top and bottom sides and a 5.0 Å vacuum from all other
sides were used to avoid any interaction with next defect site atoms or layers. Atomic geometry optimization
was done using the Broyden–Fletcher–Goldfarb–Shanno (BFGS) algorithm till the maximum force was less
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than or equal to 0.05 eV/Å. Further, convergence was obtained by applying a Fermi–Dirac smearing width
of 0.05 eV. Davidson Eigensolver is used to compute eigenvalues. Default density mixing method, carbon
potential (C.LDA.gz), hydrogen potential (H.LDA.gz) of GPAW were also applied. Moreover, the plane wave
energy cut-off (650 eV) ratio for convergence was employed. An LDA exchange–correlation functional was
used for spin-paired calculations. The dipole layer correction along the GNR plane was also carried out. A
grid spacing of 0.18 Å and a periodic boundary condition along the X and Y axes direction were chosen.
First, we created a required pore/defect in the AGNR by removing carbon atoms in the ASE and nanoengineer package for modeling. Note that we can use the laser irradiation method to introduce controlled vacancies
in nanomaterials to tailor their properties. The dangling bonds of the AGNR were passivated with hydrogen
atoms. Then, the system was fully relaxed using the BFGS algorithm to minimize potential energy to get a
stabilized state. The calculations for the electronic band structure were performed to determine the nature
of the AGNR using the GPAW package. The induced polarization in the defective AGNR with axial force
was calculated using the Berry phase formulation present in the GPAW quantum package. A Berry phase is a
quantity (that is, phase angle having range 0 to 2π) that describes how a global phase evolves as some complex
vector is carried around a closed loop in a complex vector space [13]. The global phase evolution or angle of
rotation is a geometric phase analogous to Berry phase. The polarization can be expressed in the form of a
certain quantum phase, termed as a Berry phase [37].
The constitutive relation for the polarization vector induced due to the flexoelectricity effect may be written
as
Pi  ei jk ε jk + f i jkl

∂ε jk
,
∂ xl

(1)
∂ε

where ei jk and f i jkl are, respectively, the piezoelectric and flexoelectric tensors; ε jk and ∂ xjkl are the elastic
strain and strain gradient, respectively. Note that the first term on the right-hand side of Eq. (1) is the well-known
piezoelectric effect. The value of the first term, eijk εjk , is zero for non-piezoelectric materials.
After differentiating Eq. (1), we can obtain the piezoelectric constants, ei jk :
ei jk 

∂ Pi
.
∂ε jk

(2)

The occupied electronic states accumulate the Berry phase in potential with the adiabatic connection of
a polarized and an unpolarized state of the system [13]. The Berry phase polarization [37] was controlled by
the periodic boundary conditions of the electronic wave functions. The average induced polarization ( pi ) of
graphene with strain gradient was obtained by the Berry phase formulation as follows:
 
pi  po + ei jk ε jk + O ε3jk .
(3)
Here, po is the preexisting polarization arising from the surface effects
the application of strain which

 without
3
is determined with the help of Berry phase formulation. The term O ε jk with nonlinear effects are neglected
if applied strain values are smaller.

3 Results and discussions
The band structure of the AGNR was studied using the GPAW, a DFT package. To get induced polarization
in graphene, the first condition is that it should be in a semiconducting or insulating state [38]. The band
structures of the pristine and defective AGNRs are shown in Fig. 2a, b, respectively. Figure 2a depicts the
pristine AGNR’s band structure, which shows zero bandgap for a graphene unit cell, making it a zero-gap
semiconductor. The pristine graphene has a Dirac cone near the Fermi level at the K high-symmetry point and
no further bands near the Fermi level. This cone does not affect most physical properties of graphene. However,
it plays an important role for the low-energy dielectric properties of graphene. In Fig. 2b, the electronic band
structure of the AGNR with non-centrosymmetric pores is shown with a small indirect band gap.
In Fig. 3a, the optical microscope image shows the presence of graphene on copper substrate. Its honeycomb
structure is also evident from the STM (Scanning Tunneling Microscope) image shown in Fig. 3b. The Raman
spectroscopy image, in Fig. 4a, illustrates a single-layer graphene as 2D band in the single layer is more intense
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Fig. 2 Band structure of a Pristine AGNR and b AGNR with triangular pore

Fig. 3 a Optical microscope image and b STM image of graphene

Fig. 4 a Raman spectrum and the b density of states (DOS)
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Fig. 5 a Projected DOS (PDOS) b Circular defect of graphene (the large, dark gray atoms are carbon atoms, while the small,
light gray atoms are hydrogen atoms)

and sharper than the 2D band in multi-layer graphene. A 2D band is a second-order two-phonon process that
shows a strong peak (~ 2500–2800 cm−1 ) in the Raman spectra for all kinds of sp2 carbon materials.
Figures 4b and 5a show the density of states (DOS) and the projected density of states (PDOS) images of
graphene. As revealed in Fig. 4b, the DOS at the Fermi level is above the zero, indicating that the system is
metallic. There are two DOS peaks around the Fermi level, which form a pseudo-gap for the graphene system.
The pseudo-gap linearly decreases as the lattice constant increases [39]. Considering this fact, we used such a
supercell dimension so that the system would be in a semiconducting or insulating state.
In the case of the pristine AGNR, there is no induction of polarization response to deformation due to
its centrosymmetric structure. Therefore, we used a supercell of AGNR of 19.88 Å length and 16.0 Å width
having 160 carbon atoms. The periodic boundary conditions were only applied along the X and Y axes. Around
the application of 1.7% strain condition, the reorientation of monovacancy structure occurs due to John–Teller
effect [40]. So, to avoid reconstruction of vacancy defect, all calculations were performed for a strain range
from 0–1% along the X axis for all defect geometries of GNRs considered here. After the application of strain
to the system of supercell of AGNR, the system again relaxed, until 0.05 eV/Å force on each atom, using
the BFGS algorithm to reposition its atoms at minimum energy level. While relaxing the system each time,
the extreme ends of AGNR were kept fixed so that the applied strain will still remain within the system and
the system will be at the minimum energy level condition in that situation. The bond length of carbon after
relaxation was found to be 1.4202 Å for the unstrained condition. The fixing of extreme ends in the AGNR
is pictorially shown by the dotted regions on both the extreme ends of the AGNR in Fig. 5b. Subsequently,
the polarization was calculated using the Berry-phase method. The piezoelectric constant, eii , was calculated
per unit volume basis, and as 2D graphene is very thin, so we used GNR thickness as 2.997 Å for calculating
the volume. As the polarization is an effect of total dipole moments per unit volume, the assumption of GNR
thickness, substantially, influences the obtained polarization values.
The calculations were performed for the pristine AGNR and AGNR with circular defects as depicted in
Fig. 5b. With centrosymmetric pores or defects, no polarization was found after applying an axial strain since
the net induced dipole moments are zero in that case. In the AGNR with circular defect, dipoles induced due
to the flexoelectricity are cancelled out because of the symmetric nature of defect region [14]. So, no net
polarization occurs in the AGNR with circular defects. Also, in the case of the centrosymmetric honeycomb
structure of the pristine AGNR, dipoles are not induced. Graphene nanoribbons introduced with defects having
no centrosymmetry, the electric response can be induced with strain gradient [38]. Due to this flexoelectric
effect, the nanostructure behaves like a piezoelectric material under uniform stress. An extensive strain gradient
can be generated at the nanoscale. In this regard, the effect of various defects as well as non-centrosymmetric
pores in AGNRs were studied to observe piezoelectricity activity in them.
For the non-centrosymmetric case, we considered triangular pores in AGNRs to compare and validate the
present results with that of available results [16, 38, 41, 42]. For the non- centrosymmetric structure, the applied
force induces a strain gradient due to varying resisting cross-sectional area. Such a strain gradient induces

Polarization in graphene nanoribbons with inherent defects

Fig. 6 a Non-passivated AGNR with triangular defects (6.43%) b TEM images of triangular defects. Reprinted with permission
from Kotakoski et al. Copyright (2010) American Chemical Society

asymmetric dipole moments resulting in polarization, which is nothing but the flexoelectricity phenomenon
[24, 41].
Figure 6a shows the AGNR with triangular defects without passivation by hydrogen atoms. While modeling
the AGNR with triangular pores, dangling bonds are formed at the edges and defect sites. These can be
passivated using hydrogen atoms. Figure 6a depicts an AGNR with a non-centrosymmetric triangular pore,
without hydrogen passivation, in which the dangling bonds are present at the triangular pore section. At the
corner of the pore, large repulsions are induced by hydrogen atoms, which causes strain, termed as the corner
strain effect [41]. Figure 6b illustrates the TEM image of graphene with a triangular-defect-like structure. Both
structures demonstrate different electrical response with the application of mechanical deformation.
The graph is plotted with the polarization versus the applied strain for passivated AGNRs, as shown in
Fig. 7b. The area of resistance to the uniform force is different in the presence of non-centrosymmetric triangular
pores, and due to the different resisting areas along the triangular pore, strain increases from its apex to its base.
This differential strain along the triangular pore can be termed as a strain gradient. The strain gradient causes
dipole realignment along the applied force’s direction, which induces polarization due to the flexoelectric
effect. It is evident that the AGNR with non-centrosymmetric triangular vacancy subjected to strain shows
polarization. The axial piezoelectric coefficient of passivated AGNR is found to be 0.051 C/m2 for 6.43% atom
vacancy. The passivation of hydrogen increases polarization by eliminating the corner strain effect; therefore,
we used hydrogen-passivated AGNRs for all simulations. It was observed that the strain-induced polarization
in ZGNRs was much less than in AGNRs, as described in the literature, since the tensile loading along the
zigzag direction of GNRs influences the H–H repulsion along the armchair edges of a defected graphene [41].
It is also noted from Figs. 7b and 8b that the defect size influences strain-induced polarization.
Defects also influence the strength of GNRs, and a trade-off is thus required between the strength and the
induced polarization to obtain optimum electromechanical response while choosing the defect size. When the
defect size is increased up to 11.43%, the piezoelectric coefficient increases to 0.108 C/m2 . This indicates
that as the defect size increases, the strain gradient also increases along the triangular pore, and more dipoles
realign over a larger area, causing an increase in polarization.
Next, we performed simulations on usually occurring defect geometries in the AGNR that break its symmetry. We considered single vacancy, divacancy, line, and SW defects in AGNRs, as shown in Figs. 9 and 10.
These defect geometries were modeled using the ASE software package, and the passivation of the dangling
bonds at the defects and edges was performed using hydrogen atoms. For single vacancy defect shown in
Fig. 9a, no polarization was found as single vacancy defect is like a centrosymmetric structure. Figure 9b
shows an AGNR having divacancy defect with 160 carbon atoms with 2 vacant positions passivated by 4
hydrogen atoms. The application of an axial load on the AGNR induces polarization in it along the x-direction,
which results in a piezoelectric coefficient of 0.004 C/m2 , as demonstrated in Fig. 9c. A significantly low
polarization occurs in the divacancy case as it can be observed that the divacancy structure resembles the shape
of a circular pore, which leads to centrosymmetricity of the AGNR.
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Fig. 7 a Passivated AGNR with triangular defect (6.43%) subjected to an axial force. b Strain-induced polarization in AGNR
with triangular defect

Fig. 8 Strain-induced polarization in AGNRs containing non-centrosymmetric triangular defects (11.43%) with hydrogen passivation

Fig. 9 Passivated AGNR with a Single vacancy and b Divacancy, subjected to an axial force, and c The polarization graph for
AGNR having divacancy (DV) defect
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Fig. 10 Strain induced polarization in AGNR containing single line defect with hydrogen passivation

Fig. 11 a TEM images of a single SW defect b Schematic view of a single SW defect. Reprinted with permission from Banhart
et al. Copyright (2011) American Chemical Society. c Double SW defects. Reprinted with permission from Zettl et al. Copyright
(2008) American Chemical Society

Subsequently, an inclined single line defect was considered in the AGNR to obtain its non-centrosymmetric
structure along the x-axis, as depicted in Fig. 10a. In this case too, a significantly low change in polarization
was observed, i.e., a small piezoelectric coefficient of 0.013 C/m2 , as shown in Fig. 10b. The negligible values
of polarization in AGNRs with single line defects are attributed to the inclination angles, which alters the
arrangement of dipole moments, thereby affecting the piezoelectric behavior of AGNRs.
Further, SW defects were introduced in the AGNR to study the strain-induced polarization in it. The SW
defect is described as the 90° rotation of a bond that converts 4 hexagons into 2 heptagons and 2 pentagons.
AGNRs with a single SW defect shows a low significant piezoelectric coefficient of 0.081 C/m2 along the
x-direction (see Fig. 12b).
The TEM images (Fig. 11) of the SW defect depicts slightly disturbed centrosymmetry of the hexagonal
structure of the graphene. Thus, it results in the piezoelectric effect in AGNRs, as displayed in Fig. 12b. Further,
due to the SW defects, the AGNR deforms in an out-of-plane direction, which results in an increase in the net
dipole moments.
The structural arrangement of double SW defect shown in Fig. 13a was used for the DFT calculation
purpose. The induced polarization in AGNRs with double SW defect is plotted in Fig. 13b. It may be observed
from Fig. 13b that the polarization value is decreased in the case of AGNR with double SW defect compared
to that of with single SW defect. It may be due to the orientation and position of two SW defects, as some of
the produced dipole moments cancel each other. A polarization value of 0.005 C/m2 along the x-direction was
obtained.
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Fig. 12 Strain-induced polarization in passivated AGNR containing a single SW defect

Fig. 13 Strain-induced polarization in passivated AGNR containing a double SW defect

Figure 14 depicts the results concerned with the graphene with different shapes of pores from the literature
and the present work. From the results presented herein, graphene with different defects, is thought to be
non-centrosymmetric solid, and thus we can induce strain gradient polarization in it.
4 Conclusions
In this work, we investigated the induced piezoelectricity in AGNR systems with non-centrosymmetric pores
as well as defects such as divacancy, line, and SW defects using first-principles calculations. We also calculated
the electronic band structure of graphene nanoribbons using DFT calculations. The presence of defects in GNRs
introduces band gaps that change their electronic structure and breaks the centrosymmetricity of GNR systems.
The application of axial force leads to the opening of band gaps at the Fermi level in defective GNRs and
induces strain gradient polarization in them due to the flexoelectric effect. Our results showed that AGNRs with
divacancy and line defects show a very small electromechanical response due to the centrosymmetricity and
low net dipole moments. AGNRs with non-centrosymmetric triangle-shaped vacancies show a more substantial
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Fig. 14 Comparisons of piezoelectric coefficients of graphene with different types of pores and defects

piezoelectric effect due to the symmetry breaking and higher dielectric gap. Also, by increasing the defect
concentration in AGNRs, the piezoelectric effect increases due to the increasing alignment of dipole moments.
Changing the size and type of the defects, the AGNR shows the polarization effect with the application of
strain gradient. In summary, non-centrosymmetric defects and their size in a dielectric material influence the
piezoelectricity due to the flexoelectric effect.
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