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T
wo-dimensional (2D) materials can ex-
hibit significantly different and some-
times unique or surprising properties

compared to their bulk counterparts. Exam-
ples include the high mechanical strength
and electrical conductivity of graphene,1�3

the high photocatalytic activity for water split-
ting of 2D SnS2,

4,5 the predicted remarkable
optical and magnetic properties of doped 2D
BN,6 and the promising electronic bandgaps
andbandedgepositionsof 2Ddichalcogenide
andmonochalcogenidematerials for semicon-
ductor and photocatalysis applications.7�10

Another particularly interesting and use-
ful property of 2D materials is piezoelectri-
city, which allows for energy conversion
between electrical and mechanical energy.
Nanoscale piezoelectric materials have a
wide variety of applications as sensors, ac-
tuators, transducers, and energy harvesters
in the fields of nanorobotics, piezotronics,
and nanoelectromechanical systems.11�18

Understanding and quantifying piezoelec-
tricity in 2D materials will promote the
development of these applications and will
help add to theMaterials Genome Initiative.19

The reduction in dimensionality of 2D
materials results in 2D crystal structures
that are significantly more anisotropic (i.e.,
have fewer symmetry elements) than bulk
materials. Particularly, inversion symmetry
is often eliminated in 2D structures, which
allows these materials to become piezo-
electric. For example, compounds exhibiting
planar and buckled hexagonal20,21 and 2H
structures9,11,12 all break inversion symmetry
and hence can exhibit piezoelectricity.
Recent studies have predicted piezoelectri-

city for doped graphene, graphene oxide,
single-layer hexagonal BN, and transition me-
tal dichalcogenides.11�13,22 The piezoelectric
coefficients computed by density-functional
theory range from 0.2 to 0.3 pm/V for doped
graphene,13 to 0.24 pm/V for graphene
oxide,22 to 0.6 pm/V for single-layer BN,11 to
2�10 pm/V for 7 single-layer dichalcogenides
(CrS2,MoX2 andWX2 (X=S, Se, Te).

11,12 For the
dichalcogenide family, the piezoelectric coef-
ficients increase with larger chalcogen atoms
and smaller group-VI atoms.11,12 This range of
values is similar in magnitude to bulk piezo-
electric materials, although still much smaller
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ABSTRACT Two-dimensional (2D) materials present many unique materials

concepts, including material properties that sometimes differ dramatically from

those of their bulk counterparts. One of these properties, piezoelectricity, is

important for micro- and nanoelectromechanical systems applications. Using

symmetry analysis, we determine the independent piezoelectric coefficients for

four groups of predicted and synthesized 2D materials. We calculate with density-

functional perturbation theory the stiffness and piezoelectric tensors of these

materials. We determine the in-plane piezoelectric coefficient d11 for 37 materials within the families of 2D metal dichalcogenides, metal oxides, and III�V

semiconductor materials. A majority of the structures, including CrSe2, CrTe2, CaO, CdO, ZnO, and InN, have d11 coefficients greater than 5 pm/V, a typical

value for bulk piezoelectric materials. Our symmetry analysis shows that buckled 2D materials exhibit an out-of-plane coefficient d31. We find that d31 for 8

III�V semiconductors ranges from 0.02 to 0.6 pm/V. From statistical analysis, we identify correlations between the piezoelectric coefficients and the

electronic and structural properties of the 2D materials that elucidate the origin of the piezoelectricity. Among the 37 2D materials, CdO, ZnO, and CrTe2
stand out for their combination of large piezoelectric coefficient and low formation energy and are recommended for experimental exploration.

KEYWORDS: piezoelectricity . 2Dmaterials . density-functional theory . electronic and structural properties .metal dichalcogenides .
group-II oxides . group III�V compounds
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than that of lead zirconium titanate (360 pm/V).23

Measurements for monolayer MoS2 show a piezo-
electric coefficient of e11 = 2.9 � 10�10 C/m in good
agreement with previous calculations and our study.24

In this letter, we specifically focus on 2D metal
dichalcogenides, group IIA and IIB metal oxides, and
group III�V semiconductors illustrated in Figure 1.
These 2D materials exhibit sufficiently low formation
energies relative to their bulk structures and therefore
can be exfoliated from bulk structures or synthesized
as free-standing films.25 Someof thesematerials, includ-
ing single-layer SnS2,

26 MoX2 and WX2 (X = S, Se, Te),27

NbSe2,
28 TaS2,

29 TaSe2,
30 AlN,31,32 BN,33 and ZnO34,35

have already been successfully synthesized or exfo-
liated. Using symmetry analysis and density-functional
perturbation theory, we identify several 2D materials
families that exhibit piezoelectricity and determine their
piezoelectric coefficients with the goal to find suitable
piezoelectric materials for nanoscale applications.
Furthermore, we find that the metal dichalcogenides
and oxides exhibit an in-plane piezoelectric coefficient
d11, while some hexagonal group III�V materials also
display anadditional out-of-plane coefficient d31. Finally,
we use statistical analysis to explore the correlation
between the structures' piezoelectric coefficients and
their structural, electronic, and chemical properties.

SYMMETRY ANALYSIS

The relaxed ion elastic and piezoelectric tensors are
obtained as the sumof ionic and electronic contributions:

Cijkl ¼ dσij

dεkl
¼ C ion

ijkl þ Cel
ijkl and

eijk ¼ dPi
dεjk

¼ eionijk þ eelijk (1)

where σij is the stress tensor, εkl is the strain tensor, and
Pi is the intrinsic polarization tensor.
Plane-wave based DFT algorithms calculate these

coefficients assuming periodic boundary conditions in a
three-dimensional (3D) system. To convert these coeffi-
cients to a 2D system, we assume plane stress and plane
strain conditions (εij = σij = 0 for i = 3 or j = 3). We do not
limit the polarization to remain in-plane, as done in
other derivations.36 For all considered 2D structures, we
define the in-planedirections x1 and x2 as the commonly
referred to armchair and zigzag direction, respectively,
and x3 as perpendicular to the 2D layer.
Employing Voigt notation, the 2D elastic and piezo-

electric tensors become:

Cij ¼
C11 C12 C16
C21 C22 C26
C61 C62 C66

8<
:

9=
; and

eij ¼
e11 e12 e16
e21 e22 e26
e31 e32 e36

8<
:

9=
; (2)

Due to 3D periodic boundary conditions, the 2D
coefficients Cij

2D and eij
2D must be renormalized by the

z lattice parameter corresponding to the spacing be-
tween 2D layers, i.e., Cij

2D = zCij
3D and eij

2D = zeij
3D. We also

report the strain coefficients of the piezoelectric tensor,
which is important for piezoelectric applications,

dij ¼ dPi
dσj

with eik ¼ dijCjk (3)

Performing symmetry analysis on the elastic and
piezoelectric tensors using the point groups of the 2D
materials further reduces the number of independent
tensor coefficients. Since all the 2D materials studied

Figure 1. Periodic trends for d11 in (a) metal dichalcogenides, (b) metal oxides, and (c) group III�V semiconductors as well as
for d31 in (d) group III�V semiconductors. Structures in each groupwith large coefficients are shaded red. Material structures
are illustrated for (e) 2H, (f) planar hexagonal, and (g) buckled hexagonal structures.
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here have at least a 3m point-group symmetry, we
derive the expressions for the independent dij coeffi-
cients for this point group. The elastic and piezoelectric
tensors become:

Cij ¼
C11 C12 0
C12 C11 0

0 0
C11 � C12

2

8><
>:

9>=
>;
,

eij ¼
e11 �e11 0
0 0 � e11

2
e31 e31 0

8<
:

9=
;,

dij ¼
d11 �d11 0
0 0 �d11
d31 d31 0

8<
:

9=
; (4)

Solving for the piezoelectric coefficients d11 and d31
using eqs 3 and 4 yields

d11 ¼ e11
C11 � C12

and d31 ¼ e31
C11 þ C12

(5)

The 2H and the planar 2D structures have 6m2 point
group symmetry, which includes 3m as well as a mirror
plane perpendicular to x3. This mirror symmetry nullifies
the e31 and d31 coefficients, and materials with these
structures only exhibit one independent piezoelectric
coefficient.

RESULTS

We calculate the elastic and piezoelectric tensors for
37 two-dimensional materials in the families of metal
dichalcogenides (MX2, M = Cr, Mo, W, Nb, Ta and X = S,
Se, Te), group IIA and IIB metal oxides (MO, M = Be,
Mg, Ca, Zn, Cd, Pb), and group III�V semiconductors
(AX, A = B, Al, Ga, In and X = N, P, As, Sb). All of these
materials with nonzero piezoelectric coefficients exhi-
bit hexagonal symmetry and have either a planar hexag-
onal, a buckled hexagonal, or a 2H structure. We note
that SnX2 and VX2 dichalcogenides have a 1T structure,
which displays inversion symmetry and therefore no
piezoelectricity.
Figure 1 summarizes the piezoelectric coefficients

dij and illustrates the crystal structures for each 2D
material. Tables 1�3 show the calculated elastic and
piezoelectric coefficients for all 37 materials. We report
all in-plane piezoelectric coefficients, d11 and e11, in
Tables 1 and 2, as well as each structure's formation
energy with reference to its bulk structure.20,39 Most
structures reported are the most stable 2D structure
known, but we specify if the structure is unstable or
metastable (within 10 meV/atom) compared to other
2D structures. In Table 3, we report all out-of-plane
piezoelectric coefficients, d31 and e31, for buckled
hexagonal structures. The 2D tetragonal structures
of AlP and PbO and the 1T structure of SnS2 confirm
our symmetry analysis; these structures have inver-
sion centers and therefore have null piezoelectric
tensors.

DISCUSSION

To identify chemical trends for the piezoelectric
coefficients within each of the various 2D materials
families, we perform a principal-component analysis
and subsequent multivariate regressions. We test the
correlation of the piezoelectric coefficients d11 and d31
to the covalent and ionic radii, atomic polarizabilities
of the atoms and ions,40 electronegativities and Bader
charges of the cation and anion species, elastic con-
stants C11 and C12 of the 2Dmaterials, and (only for the
group 5 and 6 transition-metal dichalcogenides) the
cation period. The polarizabilities are calculated using
DFT and the PBE exchange-correlation functional in
Gaussian0941 employing the aug-cc-pVTZ basis set for
S, Se, and Cr, and the aug-cc-pVTZ-PP basis set and
pseudopotential for the heavier species Te, Nb, Mo, Ta,
and W.42

Figure 2a illustrates a surprisingly simply correlation
we obtain for the piezoelectric coefficient d11 in the
group 5 and 6 transition-metal dichalcogenides. We
discover that for these 15 materials the piezoelectric
coefficients d11 are directly proportional to the ratio of
the polarizabilities of the isolated anion and cations.
This means that large piezoelectric coefficients occur
for dichalcogenides with large anion and small cation
polarizability. It is remarkable that this correlation
holds for both the group 5 and group 6 compounds.
This correlation provides insight into the underlying
mechanism for piezoelectricity in the dichalcogenides.
We do not observe a significant correlation of d11
with the Bader charges or electronegativities, which
indicates that the piezoelectricity is not caused by

TABLE 1. Elastic Coefficients (Cij) in Units of N/m, Piezo-

electric Coefficients (e11) in pC/m and d11 in pm/V, the

Formation Energies of the 2DMaterials (ΔEf) inmeV/atom

Relative to the Stable Bulk Structure, and Bader Charge

Transfer (ΔQ) in Electrons Per Metal Atom for the 2D

Metal Dichalcogenides

material C11 C12 e11 d11 ΔEf ΔQ

Metal Dichalcogenides
1T-SnS2 71.6 17.7 0 0 805 1.55
2H-CrS2 122.5 34.1 543 6.15 7512 1.00
2H-CrSe2 98.7 29.1 575 8.25 75 0.82
2H-CrTe2 75.0 26.3 654 13.45 85 0.56
2H-MoS2 130.3 31.0 362 3.65 779 1.09
2H-MoSe2 110.1 26.0 383 4.55 809 0.80
2H-MoTe2 83.2 20.0 467 7.39 839 0.50
2H-WS2 146.0 31.6 243 2.12 779 1.25
2H-WSe2 119.7 22.5 257 2.64 809 0.92
2H-WTe2 89.7 16.1 323 4.39 1209 0.56
2H-NbS2 106.5 38.9 211 3.12 939 1.58
2H-NbSe2 89.4 32.1 222 3.87 979 1.39
2H-NbTe2 63.1 21.7 184 4.45 1009 1.07
2H-TaS2 119.9 42.4 267 3.44 879 1.57
2H-TaSe2 98.9 35.5 250 3.94 909 1.38
2H-TaTe2 70.6 26.6 207 4.72 1409 1.04
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just a displacement of the ions but due to the change in
polarization of the ions resulting from the applied
strain. Furthermore, we observe that the anion and
cation polarization contribute oppositely, i.e., a large
anion and small cation polarization maximizes d11.
This indicates that the change in the polarization of
the anions dominates the piezoelectricity and that the
cation polarization counteracts the effect.

Figure 2b shows a similar trend for the III�V 2D
materials as for the transition metal dichalcogenides.
In the case of the III�V 2D materials, we observe that
the piezoelectric coefficient d11 is correlated to a linear
combination of two materials descriptors, the ratio of
the anion and cation polarizabilities and the product of
the Bader charge and lattice parameter. This indicates
that in this materials class, the piezoelectricity origi-
nates from both the change in polarization of the ions
due to strain and the displacement of the ions.We note
that while 13 of the III�V materials follow this trend,
it does not hold for AlN, GaN, and InN, possibly due to
the large electronegativity and small size of nitrogen
compared to the other pnictogens. Interestingly, the
observed trend for the 13 III�V materials holds across
the planar and buckled 2D materials structures.
The piezoelectric coefficients of the 2D materials

spana significant range,withmostd11 in the1�10pm/V
range. This is very similar to many important bulk
piezoelectric materials, including R-quartz (2.3 pm/V),
GaN (3.1 pm/V), and AlN (5.1 pm/V).43,44 Several of the
2D metal oxides and metal dichalcogenides (CdO, PbO,
and CrTe2) exhibit dielectric coefficients much larger

TABLE 3. 2D Out-of-Plane Piezoelectric Coefficients, e31
and d31, for the 2D Buckled Hexagonal III�V Compounds

material e31 (pC/m) d31 (pm/V)

AlAsa 40.1 0.568
AlSba 18.6 0.351
GaPb 25.9 0.310
GaAsb 8.2 0.125
GaSba 0.8 0.016
InPb 25.1 0.390
InAsb 12.6 0.248
InSba 2.3 0.058

a Unstable structure. bMetastable structure (within 10 meV/atom).

Figure 2. Correlations between the piezoelectric coefficients
d11 of 2D materials and fundamental materials descriptors.
(a) For the group 5 and 6 transition-metal dichalcogenides,
we find that d11 is directly proportional to the ratio of the
anion and cation polarizabilities. (b) For the group III�V
compounds, the d11 is correlated to a linear combination
of the ratio of the anion and cation polarizabilities and the
product of the Bader charge and in-plane lattice parameter.
The threenitrides, AlN, GaN, and InN,donot follow that trend.

TABLE 2. Elastic Coefficients (Cij) in Units of N/m, Piezo-

electric Coefficients (e11) in pC/m and d11 in pm/V, the

Formation Energies of the 2DMaterials (ΔEf) inmeV/atom

Relative to the Stable Bulk Structure, and Bader Charge

Transfer (ΔQ) in Electrons Per Metal Atom for the Planar

(p) and Buckled (b) Hexagonal, as Well as the Square

Litharge (l) and Inverted Litharge (i) 2D Group-II Oxides

and Group III�V Compounds

material C11 C12 e11 d11 ΔEf ΔQ

Group-II Oxides
BeO (p) 151.3 56.5 132 1.39 9037 1.6937

MgO (p) 85.4 50.6 230 6.63 43037 1.6237

CaO (p) 60.2 41.9 155 8.47 56037 0.5537

ZnO (p) 92.6 61.9 266 8.65 19037 1.1837

CdO (p) 68.5 53.1 333 21.7 26037 1.1837

PbOa (p) 50.0 46.1 280 73.1 61138 1.1538

PbO (l) 34.4 30.5 0 0 8538 0.9438

Group III�V Compounds
BN (p) 296.6 66.5 139 0.61 9021 2.1021

BP (p) 156.7 46.4 240 2.18 52021 0.5421

BAs (p) 134.5 41.3 204 2.19 52021 0.3421

BSb (p) 104.7 37.4 206 3.06 59021 0.4121

AlN (p) 148.1 67.1 223 2.75 51020 2.2920

AlPa (p) 74.1 35.0 3.5 0.09 52020 1.9820

AlP (i) 59.3 19.6 0 0 31020 2.04
AlAsa (b) 52.1 18.5 12.7 0.38 50020 1.7720

AlSba (b) 39.1 14.0 19.9 0.79 48020 1.5620

GaN (p) 141.7 67.9 148 2.00 42020 1.3420

GaPb (b) 62.0 21.3 52.6 1.29 45020 0.7420

GaAsb (b) 49.3 16.7 49.0 1.50 41020 0.5720

GaSba (b) 36.0 12.6 33.2 1.42 39020 0.2720

InN (p) 98.4 57.7 224 5.50 45020 1.2220

InPb (b) 45.3 19.0 0.5 0.02 44020 0.7220

InAsb (b) 35.9 14.9 1.7 0.08 41020 0.5920

InSba (b) 27.6 12.0 17.9 1.15 38020 0.3620

a Unstable structure. bMetastable structure (within 10 meV/atom).
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than those for these bulk materials, although still much
smaller than d33 in bulk PZT (360 pm/V).23

Most results for in-plane piezoelectric coefficients
are in good agreement with previously calculations
with differences for d11 of about 4%. These differences
are likely due to small errors in elastic constants and
alternative computational methods for determining
e11; for example, ref 11 did not employ DFPT. The
larger discrepancy for MoTe2 might be caused by the
use of a different pseudopotential.11,12

In addition to the in-plane piezoelectric coefficient
of the 2D hexagonal materials, we also identified a
previously unreported out-of-plane piezoelectric coef-
ficient d31 and e31 in the buckled hexagonal 2Dmateri-
als. It describes the piezoelectric effect inwhich a stress
or strain along the plane of the 2D material induces
a change in polarization perpendicular to the atomic
plane. We observe this effect for the buckled hexago-
nal structures that display a significant electric dipole in
the direction perpendicular to the 2D layer. However,
all of the buckled 2D structures we investigated are
energetically metastable compared to reported 2D
tetragonal structures with their formation energies
being 10�320 meV/atom higher than those 2D
tetragonal structures.20 However, it is feasible or even
likely that some of these 2D structures can be stabilized
on a suitable hexagonal substrate that is symmetry and
lattice matched.45,46 The perpendicular polarization
directionmay allow thesematerials to be used inmany
more 2D piezoelectric applications. Furthermore, it is
the only nonzero piezoelectric effect we observe when
2D materials are subject to isotropic stress conditions,
σ1 = σ2. This effect presents the possibility for novel

device geometries and a wider variety of nanoscale
piezoelectric applications.
Given the sizable piezoelectric coefficients of many

2D materials and their reasonably low formation
energies relative to their bulk counterparts, we believe
that many of these materials are good candidates
for nanoscale piezoelectric applications. Specifically,
we highlight CrSe2, CrTe2, CdO, ZnO, and InN for their
large d11 coefficients and low formation energies and
InP and AlAs for their large d31 coefficients. Further
computational studies could determine the effect of
substrates on the stability and piezoelectric properties
of these 2D materials.

CONCLUSIONS

We report piezoelectric coefficients for multiple 2D
material systems, includinggroup III�V semiconductors,
metal dichalchogenides, and metal oxides. Notable
systems with high d11 coefficients include CrSe2
(8.25 pm/V), CrTe2 (13.45 pm/V), CaO (8.47 pm/V),
CdO (21.7 pm/V), ZnO (8.65 pm/V), and InN (5.50 pm/V).
We also report a new piezoelectric effect in buckled 2D
structures that generates a polarization perpendicular
to the material layer with InP and AlAs displaying
the largest d31 coefficients of 0.39 and 0.57 pm/V.
We identify correlations for each group of 2Dmaterials
to help predict optimal material systems for nano-
scale piezoelectric applications. Finally, we suggest
experimental work for some systems given their
high stability and applicable piezoelectric coeffi-
cients. These results provide valuable guidance for
experimental synthesis efforts and potential appli-
cations of 2D materials.

METHODS
We perform density-functional theory (DFT) calculations

using the projector-augmented wave method as implemented
in the plane-wave code VASP.47�49 The DFT calculations for
the structural relaxation and the calculations of the elastic and
piezoelectric tensors employ the Perdew�Burke�Ernzerhof
exchange-correlation functional.50 For the formation energies
of the 2D transition metal dichalcogenide materials relative
to their layered bulk structures, we use the nonlocal vdW-
DF-optB88 exchange-correlation functional.51�53 The van der
Waals functional accurately describes the dispersion interac-
tions in multilayered transition metal dichalcogenides12,54

and the physisorption of 2D materials on substrates.55 For
the structural relaxations, a cutoff energy of 450 eV for the
plane wave basis set and a 30� 30� 1 k-point mesh ensure an
accuracy of the energy of 2 meV/atom. We find that a vacuum
spacing of 15 Å is sufficient to reduce the interactions between
the layers to below 1 meV/atom. We calculate the elastic tensor
coefficients, Cijkl, including ionic relaxations using the finite
differences method56 and the strain coefficients of the piezo-
electric tensor, eijk, using density-functional perturbation theory
(DFPT).56

The piezoelectric coefficients are converged with respect to
the vacuum spacing by systematically increasing the spacing
between the layers up to 30 Å.We observe that a spacing of 15Å
is sufficient to converge the piezoelectric coefficient e11 for the
planar hexagonal and the 2H structures. The buckled hexagonal

materials, however, require a larger spacing to converge the
piezoelectric coefficients to within 1% accuracy due to larger
electrostatic interactions. Instead of further increasing the layer
spacing, which becomes computationally demanding, we ex-
trapolate the in-plane piezoelectric coefficient, e11, to infinite
spacing by fitting the values to the inverse of the layer spacing.
For the out-of-plane coefficient, e31, we find that a fit of the
values to the square inverse of the layer spacing allows for an
efficient extrapolation.
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