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Abstract

We show that a finite in-plane piezoelectricity can be induicegraphene by breaking its in-
version center with any in-plane defect, in the limit of \&ining defect concentration. We first
consider different patterns of BN-doped graphene sheeBgpbymmetry, whose electronic
and piezoelectric (dominated by the electronic rather tharlear term) properties are charac-
terized at theb initio level of theory. We then consider other in-plane defectsh s1s holes of
D3, or Gy, point-symmetry, and confirm that a common limit value (fowldefect concentra-
tion) of the piezoelectric response of graphene is obtaiegdrdless of the particular chemical

or physical nature of the defecte;{ ~ 4.5 x 10719 C/m andd;; ~ 1.5 pm/V for direct and
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converse piezoelectricity, respectively). This in-plgnezoelectric response of graphene is

one-order of magnitude larger than the out-of-plane preshoinvestigated one.

1 Introduction

In the continuous quest for the fabrication of nanoelectdnanical systems (NEMS) and nanoscale
devices, a great attention has been devoted in recent yeére/idimensional materials due to
their peculiar, highly-tunable, physico-chemical prdesl—3 A variety of NEMS devices has
been successfully produced (nanosized switches, sensotsfs, energy harvesters, actuators,
etc.Y*~" which essentially rely on quantum-size effeBt¥ost of such devices require some sort
of dynamical control of atomic displacements and nanosgedermations. In this respect, piezo-
electricity turns out to be an extremely useful propertyhattit allows for fine-tuning the induced
nano-strain by modulating an applied electric field\{me versa. Among other low-dimensional
systems, such as nanoparticles, nanotubes, nanoribbomslkenenes, graphene-basematerials
have been playing a paramount role in the fabrication of vatiee devices for electronics, op-
toelectronics, photonics and spintroni€s1® due to the many extraordinary properties of the 2D
carbon allotrope: high electron-mobility, hardness anxiliiéty, anomalous quantum-hall effect,
zero band gap semi-metallic character, ¥tc?

Graphene lacks any intrinsic piezoelectricity due to itsiByetry inversion center. The induc-
tion of piezoelectricity into graphene sheets would lead toew branch of possible applications
in NEMS devices requiring high electromechanical couplidgecent theoretical study has high-
lighted the possibility of engineering piezoelectrictygraphene by adsorbing light atoms (such as
H, Li, K, F) on one side of its surface; a rather small out-tEA@ piezoelectric response has been
reported?® Apart from atom adsorption, other techniques can be useretiklihe inversion sym-
metry of graphene sheets, such as hole formati@tacking control in graphene bilayetsappli-
cation of non-homogeneous str&hand chemical doping*-2% Among these strategies, chemical

doping seems the most promising as it already representteativee experimental mean for tuning



structural and electronic properties (such as band gap andfunction) of graphené#?25:27-29

Boron nitride (BN) chemical doping of graphene has recebégn successfully achieved in
different configurations and concentrations: semicoridgcatomic layers of hybrich-BN and
graphene domains have been synthesfZddw-pressure chemical-vapor-deposition (CVD) syn-
thesis of large-area few-layer BN doped graphene (BNG) bas ppresented, leading to BN con-
centrations as high as 10%; the BN content in BNG layers has bescussed to be related to the
heating temperature of the precursor, as confirmed by X-{naygelectron spectroscopy measure-
ments?® The synthesis of a quasi-freestanding BNG monolayer hstreicture, with preferred
zigzagtype boundary, on a weakly coupled Ir-surface has also temmtly reported?®

In this study we applhab initio quantum-mechanical simulations and show how, by doping
graphene with BN inclusions arranged according to diffepatterns and exploring different sub-
stitutional fractionsx, a piezoelectricity can be induced in 2D graphene which isidbto be 3
to 4 times larger than pure 2D BN monolayer and one order ofnihade larger than previously
reported on graphene. Carbon pairs are substituted withdis po as to reduce point symmetry
from the centrosymmetriDg, to the non-centrosymmetriaz, group. The full set of piezoelectric
constants (elements of the third-order diregtand conversel, piezoelectric tensors) and elastic
constants (elements of the fourth-rank elagficand compliance§, tensors) of all configurations
is determined. Both electronic and nuclear-relaxatiortrimutions to the piezoelectric and elastic
response of BNG are explicitly taken into account. In thedinregime, direct and converse piezo-
electric tensors describe the polarization induced byrsttad the strain induced by an external
electric field, respectively; a simple connection existsveen the twoé=d C ord = eS) via the
elastic tensors. Piezoelectric constants can be decomhpateepurely electronic “clamped-ion”
and nuclear “internal-strain” contributions, where thiedameasures the piezoelectric effect due
to relaxation of the relative positions of atoms induced tgis3%-3! and is strongly affected by
soft phonon modes. Given the high rigidity of graphene, feeteonic term is here expected to

dominate the response.



2 Computational Approach

The computational scheme we adopt consists in directly coimg the intensity of polarization
induced by strain, according to the so-called Berry phagecagh32-34 as implementetP-36in

the GRYSTAL14 prograni’-38that is here used for all calculations in combination with kiybrid
B3LYP functionaP® of the density-functional-theory (DFT) and an atom-cesdeall-electron ba-

sis set of triple-zeta quality, augmented with polarizafinctions, 6-42111G(d).*° The level of
accuracy in evaluating the Coulomb and exact exchangetmBaeries is controlled by five thresh-
olds set to T=T,=T3=T4=1/2T5=8.38 Reciprocal space is sampled according to a regular Pack-
Monkhorst sub-lattice with a shrinking factor of 12, coperding to 19 independent k-points

in the first irreducible Brillouin zone of alD3, structures. The present computational setup is
the same as that used in a previous investigation on largeoBaranotube® which led to an
accurate description of electronic properties such as #mel lgap. At variance with the case of
polyacetylene (PAJ? the calculation of the piezoelectric response of BN-dopeglgene is not
much sensitive to the adopted DFT functional (see compangth LDA results in Supporting
Information). We recently utilized the same approach feestigating the piezoelectric response
of 3D systems such as SrTi3° BaTiOs, %2 Ge-doped quart? and low-dimensional systems such
ash-BN,*® h-Zn0,%6 and BeO nanotube¥. Elastic constants and related properties are computed

as strain numerical derivatives of analytical energy grati*é->0

3 Resultsand Discussion

We consider graphene embedded with periodic arrangemérdigzagedged hexagonal (BY)
which have recently been shown to be more stable than otrergements$! Different configu-
rations are explored where the size of the BN rings and tlegiaation are changed. In order to
unambiguously label each configuration, we adopt a notdiiehintroduced to study graphene
antidot lattices and then extended to BNG struct®feBach configuration is labeled by a pair of

integer indices within bracket$R,W). R represents the “radius” of the BN rings (measured in



Figure 1: (color online) BN-doped piezoelectric graphandifferent configurationéR W). The
radiusR of BN rings and the wall widthV separating them are graphically defined. The unit cell
of each configuration is shown as thick black lines.

units as the number of hexagonal carbon chains substitutedBM atoms) or, equivalently, the
number of BN substituted atoms along each of the six sidelseoBN hexagons. The separation,
or “wall width”, between neighboring BNs is represented bg integeW corresponding to the
number of non-substituted carbon chains between neighip&N hexagons. These two indices
are graphically defined in Figure 1, where ttie5) and (2, 3) configurations are taken as repre-
sentatives of two classes of structures with different.si#%e anticipate that by increasimgj(i.e.

by increasing the substitutional fraction of BN), the pielaztric response of BNG decreases. The
structural parameter that effectively allows for fine-nmBNG response properties is, inde@d,

as already noticed for the electronic band §apnd for this reason it will be explicitly investigated
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Figure 2: (color online) Energetic and electronic progertf(1,W) BNG structures as a function

of p=2R+W. Upper panel: cohesive enerdye (the graphenep — oo, limit is given by the
horizontal line) and energy of mixingE,, (zero by definition afp=0 and p=c). Lower panel:
evolution of the electronic band g&j; red and blue lines are just meant as eye-guides. The inset
shows the structure @fL, W) BNG configurations ap increases.

in the following discussion.

Before illustrating the dependence @ of the elastic and piezoelectric response of BNG
structures, we discuss its effect on energetic and eldctppaperties, such as the cohesive energy
AE, the energy of mixind\Er, and the electronic band g&g. All these quantities are reported, for
a series of 1, W) BNG structures, in the two panels of Figure 2 as a functiomoihteger index
p = 2R+W which measures the length of the lattice parameters (ke ég each other) in units
of the total number of atomic C-C chains contained in the oeilt (see Figure 1 for a graphical
interpretation of this index). Note thatis related to the BN substitutional fracticraccording to
x = 3/p? for (1,W) BNG series. This relation can easily be understood by fiefigrfor instance,
to the two panels of Figure 1, where it is seen that the unitooeitains a total of B2 atoms, out
of which 6x R? are BN-substituted. This gives a substitutional fractioa 6 x R%/2p?, which
reduces tox = 3/p? whenR = 1. The inset of the lower panel of the figure shows the effect of

increasing the “wall width'W on the structure of BNG and on the size of the correspondiitg un



cell for R=1. The cohesive energy of each BNG structure (solid redregua the upper panel of
the figure) is defined a®\E = (Egng — NsEg — NNEn — NcEc) /(N + NN -+ N¢), whereEgng is

the energy per unit cell of the BNG configuratideg, Ey andEc the energies of free B, N and
C atoms, andNg, Ny andN¢ the number of B, N and C atoms per unit cell. The cohesive gnerg
of pristineh-BN is -7.66 eV/atom and remains negative for all BNG streesuas a function op,
thus reflecting their strong stability. Asincreasesi(e. as the BN concentration decreas&s,
regularly tends to the pristine graphene limit of -6.29 dbfita (represented as a horizontal dashed
line in the figure). The energy of mixing of a (BRG1_x structure, withx substitutional fraction

of BN for carbon pairsAEy, = E@n), , — [XEsn + (1 —X)Eg], is a measure of how favorable
the formation of a BNG structure is with respect to isolatedtime h-BN and graphene. Static
computed values are reported, as empty blue squares in ge ppnel of Figure 2. Given that
entropic thermal terms are not explicitly accounted, theyadways positive but rather small, the
maximum value being 0.44 eV for the (1,1) case.( p=3, x=0.33). AE;, then progressively
decreases as a function pf according to this merely electronic picture, BN-dopedpipene is
predicted to be more stable than carbon-dop&N with respect to the separate phases-&N

and graphene.

The computed value of the band gap of pristimBN is here 6.73 eV with experimental values
usually found in the relatively wide range 46Eq < 7 eV.>3>*Electronic energy gaps ¢, W)
BNG structures are reported as a functiorpah the lower panel of Figure 2. Different symbols
are used for cases whepeis a multiple of 3 (empty blue circles) and where it is not I(ied
circles). Overall, the band gap decreases as the condenttdtBN decreases, as expected, but
with different steepness in the two cases so that the depeadéEy on p appears to be oscillating,
where it appears to be linear with respect to BN concentratiby separating the tw@ cases
(see Figure S1 in Supporting Information). The differerttdogor of these two classes (multiples
of 3 or not of the primitive cell of the pristine system) of greene superlattices is now well-
understood in terms of the energy band-folding motet! Indeed, even in pure graphene, when

p is a multiple of 3, the two Dirac points K and'  the primitive cell are folded to thE point
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Figure 3: (color online) Energy band structure of (a) pnistgraphene, (b) pristineBN, (c-d)
BNG (1,W) structures withp multiple of 3, (e-f) BNG(1,W) structures withp not multiple of 3.
HOCO and LUCO energy levels are drawn as dashed green andesdriespectively.

of the hexagonal first-Brillouin zone (BZ) of the superledti giving rise to a fourfold degeneracy
that can be broken, opening a band gap, by a periodic arraargevhdefects. In the other case,
the twofold degenerate Dirac points do not fold ifitand a band gap opening can be induced
by breaking the inversion symmetry.We will discuss below how these two cases can be clearly
discriminated also from the analysis of the elastic andqe&ctric response of BNG structures.
Band structures of pristine graphene a@m@&N, and (1,W) BNG structures with different BN
concentrationsif. different p values) are reported in Figure 3. Panels (a) and (b) clehdys

the occurrence of a zero and non-zero band gap in grapherte BNdrespectively, at poir of



the BZ (schematically represented in blue lines). The afdirac conical intersection between
valence and conduction bands in graphene is highlighteeliow whereas the highest occupied
(HOCO) and lowest unoccupied (LUCO) crystalline orbitadrgy levels are represented as dashed
green and red lines, respectively. Panels (c) and (d) gleadw the opening of a direct band gap
Eg at thel™ point for BNG configurations witlp multiple of 3 (p=3 corresponding to a (1,1) and
p=6 to a (1,4) structure). On the contrary, panels (e) andhwshow the direct band géf, for
cases wher@ is not a multiple of 3 p=4 andp=5 corresponding to (1,2) and (1,3) structures) is
opened at the K point of the BZ. Again, it is clearly seen tlaatp increasesEy systematically
decreases.

Direct and converse piezoelectric tensors are connecteélastic stiffness and compliance
tensors; for this reason, before illustrating the piezctele response of BNG structures, let us
discuss their elastic behavior. According to Voigt’s nmta® the elastic tensaf of a 2D system
can be represented in terms of a3matrix whose elements.€. the elastic stiffness constants)
are defined a€,, = 1/S/0%E/(dnydny)] whereSis the area of the 2D celE the total energy per
cell, n is the strain tensor angu = 1,2, 6 (1=xx, 2=yyand 6=xy). The compliance tensor is simply
obtained by inverting the stiffness tensr= C~1. Given their symmetry invariance with respect
to all the operators of the point group of the system, botlsdes exhibit just two symmetry-
independent constant€11, Ci2 and S;1, S12. From the knowledge of the full elastic tensor, a
number of elastic properties can be derived, such as bulgrdnd Young’s moduli, Poisson’s
ratio, seismic wave velocities, ef€:50:58:59Fgr 2D systems, the Young’s modulus is given by
Ys = (C2, —C2,)/C11, Poisson’s ratio by = Cy2/Cy1 and bulk modulus bKs = (Cy1+Ci2)/2
and corresponds tés = S(9°E/9S7).

All these quantities are given in Table 1 for pristine graphandh-BN, and for (BN)G1_x
structures of intermediate compositions: from (1,1) whex@ 33 to (1,8) wherex=0.03. Total val-
ues are reported along with nuclear relaxation contrilmgt{zcn parentheses). Few elastic properties
have been experimentally determined for graphene by ndantation in an atomic force micro-

scope: it<Cy; stiffness constant and its Young’s moduffsComputed counterparts do agree with



Table 1: Elastic properties of (BNp1_y structures in the whole composition range. Elastic stiff-
ness constant€§,,, Young’s modulusYs, and bulk modulusKs, are given in N/m. Compliance
constantsS,,, are given in 10° m/N while Poisson’s ratioy, is dimensionless. Total values are
reported along with purely nuclear relaxation effects @ngmtheses).

Cu1 Ci2 Sip Si2 Ys Ks v
Gep.%0 340+50 335:33
G 372.34 6947 2.78 -0.52 359.38 22091 0.187

(-6.56) (6.01) (0.06) (-0.07) (-8.89) (-0.28) (0.019)

(1,8) 37130 67.06 2.78 -0.50 359.19 219.18 0.181
(-7.22) (6.43) (0.07) (-0.07) (-9.62) (-0.39) (0.020)
(1,7) 37140 66.17 2.78 -0.50 359.61 218.79 0.178
(-7.69) (6.79) (0.08) (-0.08) (-10.18) (-0.45) (0.022)
(1,6)  369.60 66.97 2.80 -0.51 357.47 218.29 0.181
(-7.49) (6.52) (0.08) (-0.07) (-9.93) (-0.48) (0.021)
(15)  368.22 66.82 2.81 -0.51 356.09 217.52 0.181
(-7.70) (6.58) (0.08) (-0.07) (-10.17) (-0.56) (0.021)
(14) 36752 6491 281 -050 356.06 216.22 0.177
(-9.40) (7.47) (0.09) (-0.09) (-11.74) (-0.79) (0.024)
(1,3) 36240 66.39 2.86 -0.52 350.24 214.40 0.183
(-8.41) (6.80) (0.09) (-0.08) (-11.00) (-0.81) (0.022)
(1,2)  355.89 6577 291 -0.54 343.74 210.83 0.185
(-:9.20) (6.94) (0.10) (-0.09) (-11.87) (-1.13) (0.024)
(1,1)  343.10 61.00 3.01 -0.54 33225 202.04 0.178
(-13.29) (8.15) (0.14) (-0.11) (-16.30) (-2.57) (0.029)

h-BN  306.39 6426 341 -0.72 29291 18533 0.210
(-9.92) (9.65) (0.15) (-0.16) (-13.97) (-0.14) (0.037)

these determinations, particularly so as regards theitivelvaluesC,1 being slightly larger than
Ys. So far, no experimental determinations of such propehize® been reported for free-standing
monolayerh-BN. Previous DFT calculations repais values of 160 N/m with local-density
(LDA) and 179 N/m with generalized-gradieft(PBE) approximations. Our computed value, at
B3LYP hybrid level, is 185.3 N/m with a Poisson’s ratiz0.210 which measures the induced
deformation orthogonally to the applied strain and nic@&gnpares with a previous determination
of 0.218%° As regards intermediate compositions, a rather reguladtie observed in passing

from h-BN to pure graphene for all elastic properties, again withng oscillations corresponding
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Figure 4: (color online) Upper panel: direct piezoelecttanstante;; of BNG structures as a
function of -Ink) wherex is the BN substitution fraction; total (full symbols) andrply electronic
(empty symbols) values are reported farW) BNGs (circles),(2,W) BNGs (triangles) and pure
h-BN (squares). Purely electronic and total data are fittet eifunctiona+ b/(—In(x)). Lower
panel: nuclear relaxation effect on tg piezoelectric constanfe;; = €% — e£'° as a function of
-In(x).

to BNG structures withp multiple of 3, such as (1,1), (1,4) and (1,7). The nucleaxation effect
is seen to be quite small in all cases if compared with thereleic one: it never counts more than
3.8% for the dominant;; constant, which occurs for the (1,1) BNG structure of higtB#¢ con-
centration. Then, it rapidly decreases to about 2% for BNceatrations below 5% and it remains
almost constant down to pristine graphene where it amoonts8%. An analogous behavior is
observed also for the compliance constants. The vibrdtamrdribution in pure graphene can be
interpreted by considering the elastic deformation as aam@nt of carbon atoms in collective
modes. This movement would lead to a polarization changeltwlmnowever, is canceled by the
inversion symmetry center &g, graphene, as we will mention below.

Pristine graphene, belonging to tBg, symmetry point group, exhibits an inversion center
which prevents it to be piezoelectric. BNG structures ame leensidered with periodic arrange-
ments of BN domains which break such an inversion and recuesymmetry tds,, a point
group that enables a piezoelectric response. A Berry-phygs®ach is adopted that computes the

direct piezoelectric constangg wherei = X,y represents the in-plane Cartesian component of the

polarization and is an index representing the applied strain in Voigt's notat Given theDsy,
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symmetry, a single constant is enough for describing thelevimeplane anisotropic piezoelectric
response of BNG structures;; = —ej» = —eyg, the other constants being null by symmetry. The
converse piezoelectric effect (represented bydheconstant) is then described by coupling the
direct one with the compliance response. For this reasorgisaiss the effect of different BN
patterns and concentrations, and of the nuclear relaxatiothe direcie;; constant (see Figure
4). In the upper panel, the direct piezoelectric constangfp®rted as a function of BN doping
concentratiorx, as obtained by including (full symbols) or not (empty synshahe nuclear re-
laxation effect, for purd-BN (squares)(2,W) BNGs (triangles) and1,W) BNGs (circles). We
notice that: (i) the computed value ef; for pureh-BN, 1.20x10 1% C/m, is remarkably close
to a previous theoretical determination: 119~ 1° C/m;®2 (ii) as discussed for the electronic
band gafg, at relatively high BN concentrations, the electronic tefrthe piezoelectric response
shows two distinct behaviors depending jpieing or not a multiple of 3; (iii) the two different
BN patterns provide an almost identical piezoelectric o@se as a function of BN concentration
X (see the green arrows in the figure that mark compositionsentieW) and(2,W) give exactly
the same piezoelectric response). In the lower panel of thueefj the nuclear relaxation contri-
bution is reported. We see that: (i) it systematically rexfuthe purely electronic piezoelectric
response; (ii) it is rather large for pristiteBN (-2.1x10~1° C/m, corresponding to 60% of the
electronic term), it progressively reduces as the BN cotmagon decreases and it becomes prac-
tically constant ax becomes lower than 10% (about -0~ 1% C/m, corresponding to just 20%
and 16% of the electronic contribution fprmultiple or not of 3, respectively). The same trend
has already been discussed for elasticity. An explanatioauch a behavior can be demonstrated
as due to soft (low-frequency) collective modes of smaltarégd (IR) intensity (see Supporting
Information, Figure S2: the IR spectrum of large BNG supksieAnother important finding, rep-
resented in Figure 4, is that, for BN concentrations beloauaB3%, the piezoelectric response of
BN-doped graphene is found to be essentially constarp fast multiple of 3, rapidly converging
to the limit value of about 4.510 1% C/m asx decreases. Faqu multiple of 3, the convergence

is slower and still not completely reachedpat 12 (the purely electronic contribution &1 still

12



Table 2: Direct and converse piezoelectric constants ofdBped graphene (at infinite defect
dilution) as computed in the present study and as comparexperimental and theoretical values
of other 2D and 3D piezoelectric materials. Direatonstants are reported in 1¥C/m for 2D
system and in C/fnfor 3D system. Converse constants are expressed in pm/V.

System e d

BN-doped Graphene (This study) 4éa4{) 1.5 d11)

h-BN (This study) 1.2¢11) 0.5 @d11)
Graphene + L3° 0.5(@31) 0.1 dg1)
h-BN + F,H (chairf? 1.8 €11) 1.3(d19)
h-MoS, %4 2.9 1) -

Bulk a-QuartZ° 0.2 E11) 2.3(@d11)
Sio.83Gep.1602* 0.2€11) 5.5(@h)
Bulk GaN®® 1.1 33) 3.7 (d33)
Bulk AIN 66 1.5 (33) 5.6 (d33)

increases to 4.4510 10 C/m). However, the same piezoelectricity value as the aggeone for
the p not multiple of 3 series should be obtained at the> o limit (i.e. the piezoelectricity value
of inversion symmetry-broken graphene). A fit of purely &lexic contributions leads to a limit
value of about 5.5101° C/m at infinite BN dilution which would imply a correspondinglue

of approximatively 4.5101° C/m for the total piezoelectricity. The finite and constaigzp-
electric response dDs3, graphene at infinite defect dilution can be explained a®Wat as the
BN concentration decreases, on the one hand the narrowithg @lectronic band gagy would
lead to an infinite piezoelectric response whereas, on ther dtand the reduction of the degree
of symmetry inversion breaking with respect to pure graphsould lead to a zero piezoelectric-
ity. As a result of the balance between these two limits, BNi@csures are found to exhibit a
non-null, non-infinite, constant piezoelectric resporBeth compensating effects€. vanishing
band gap and recovering of inversion symmetry) are esdignti&rinsic of graphene and do not
depend on the particular physical or chemical nature ofritiersion symmetry breaking defects,
as we demonstrate in Supporting Information and as we wlliexxly show below by considering

graphene with different patterns b, andCy, holes.
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Before discussing the effect of other types of inversionsyatny breaking defects on the piezo-
electricity of graphene, let us discuss the magnitude ofpibeoelectric response of BN-doped
graphene by comparing with typical values of piezoeleawoiostants of other 2D and 3D systems.
In Table 2, we report our computed values for #3¢ andd;1 piezoelectric constants of pristine
h-BN and BN-doped graphene (in the limit of vanishing defemtaentration) along with experi-
mental and theoretical determinations of the highest gikentric constants of other materials. It
is seen that the piezoelectricity induced in graphene by @Nnsetry breaking is one order of
magnitude larger than the largest one, corresponding testheonstant, that could be induced
by adsorbing Li atoms on its surface, due to the fact that arobplane, instead of an in-plane,
polarization was generated in that c&8eéBN-induced direct piezoelectricity in graphene is al-
most 4 times larger than that of pristine€BN, more than twice the maximum one predicted for F-
and H-dopech-BN in a chair conformatio?? and 60% larger than the experimentally measured
one for theh-MoS, monolayer®* When comparing with 3D systems, we notice that the converse
piezoelectric constard;; of BNG structures (in pm/V) is of the same order of magnitudé b
systematically smaller than those of bulk quartz, GaN and, Abr instance. In order to com-
pare present values of the direct piezoelectric responigeahonolayers with those of standard
3D piezoelectric materials, we need to define a volume anansider, as it is generally done
in these cases, a graphite-like system with interlayeadis®’ of 3.35 A. It follows that BNG
structures exhibit a direct macroscopic piezoelectrittigt is about 10 times larger than that of
pure a-quart?® or Ge-dopedr-quartz** 5 times larger than that (0.27 C#rof polyvinylidene
fluoride and its copolymeP8 and comparable to that of bulk GaN and AR

In order to confirm that the same finite, large, piezoelecesponse can be induced in graphene
simply by breaking its inversion symmetry center watty in-plane defect, in the limit of low de-
fect concentration, we introduce two other defects: holegwreduce the symmetry of graphene
from Dgp to D3, andCy,, respectively. A graphical representation of the resglstructure of the
perturbed graphene sheet in the two cases is given in Figufbeach type of hole, a series

of structures corresponding to different defect concéiotna are considered for which the purely
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C,, Hole

Figure 5: (color online) Graphical representation of threcure of two defects, one @3, and
one ofCy, point-symmetry, of graphene (holes in this case) that bitsakversion symmetry. The
unit cell of thep=4 case is sketched in both cases with black continuous lines

electronic contribution of the in-plane piezoelectricpmse,e’i'f constant, is evaluated. These
results are reported in Figure 6 along with the correspandimes of the two series d@fL, W)
and(2,W) BN-doped structures. From the analysis of the figure, itswut that, although with
different steepness and behaviors, all defects inducea [s#ezoelectric response in graphene es-
sentially converging to the same value as the dilution ofdéfects increases. For the two most
regularly converging seriegX,W) BNGs andDgy, holes), a fittinga+ b/(—In(x)) is reported
which highlights the common piezoelectric response inithé bf low defect concentration. The
piezoelectricity value of each largest supercell systefauad in the rangee‘i'le:5.6i0.4>< 1010
C/m.

The present results on graphene holes do apparently canttilaolse of a recent investigation
of the piezoelectric response of graphene with triangutdeshwhere a very low piezoelectric-
ity (0.124 C/nf) was reported® However, in that study, performed with a plane-wave pedodi
program, the graphene layer was described in terms of a 3zimath a very large unit cell of
non-interacting repeated layers and the results, givenits af a 3D system, were wrongly divided

by the 3D cell volume thus resulting in an apparent very logzpelectric response.

15
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2, W) BNGs —e— -
Dsy;, Holes —a—
2 Holes —+

esle (10710 C/m)

-In(z)

Figure 6: (color online) Dependence of the in-plane diréetpelectric constant of grapher@'le
(purely electronic contribution), on defect concentmatio Four different defects are considered:
(1,W) BNGs (full red circles){(2,W) BNGs (empty black circlesPap, holes (full blue triangles)
andCy, holes (empty magenta triangles). FarW) BNGs andD3;, holes the fittinga+b/(—In(x))

is also reported. All results are obtained at the B3LYP levar (1, W) BNGs, a LDA result is
also shown (red empty circle) at lower defect concentration

4 Conclusions

It has been shown as a large in-plane piezoelectricity (oder@f magnitude larger than the out-
of-plane one previously reported) can be induced in graplignincluding in-plane defects that

reduce its point symmetry fromg, to eitherDsy, or Cy,. Different patterns and concentrations of
periodically-arranged BN domains and holes have beenderesi. Direct and converse piezoelec-
tricity is shown to be dominated by the electronic contiidmatand to tend towards a unique value,
neither null nor infinite, in the limit of pure symmetry-brek graphene. This behavior could have

a significant technological impact in the practical fabtima of NEMS devices.
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