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Abstract

Piezoelectricity is a unique material property that allows one to convert mechanical

energy into electrical one or vice versa. Transition metal dichalcogenides (TMDC) and

transition metal dioxides (TMDO) are expected to have great potential for piezoelec-

tric device applications due to their non-centrosymmetric and two-dimensional crystal

structure. A detailed theoretical investigation of the piezoelectric stress (e11) and

piezoelectric strain (d11) coefficients of single layer TMDCs and TMDOs with chemical
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formula MX2 (where M= Cr, Mo, W, Ti, Zr, Hf, Sn and X=O, S, Se, Te) is presented

by using first-principles calculations based on density functional theory. We predict

that not only the Mo and W based members of this family but also the other materials

with M= Cr, Ti and Sn exhibit highly promising piezoelectric properties. CrTe2 has

the largest e11 and d11 coefficients among the group VI elements (i.e., Cr, Mo and W).

In addition, the relaxed-ion e11 and d11 coefficients of SnS2 are almost the same as those

of CrTe2. Furthermore, TiO2 and ZrO2 pose comparable or even larger e11 coefficients

as compared to Mo and W based TMDCs and TMDOs. Our calculations reveal that

TMDC and TMDO structures are strong candidates for future atomically thin piezo-

electric applications such as transducers, sensors and energy harvesting devices due to

their piezoelectric coefficients that are comparable (even larger) to currently used bulk

piezoelectric materials.

1 Introduction

Semiconductor transition metal dichalcogenides (TMDC) and transition metal dioxides (TMDO)

have received significant interest due to their potential usage in future nanoelectronic and

nanophotonic applications.1–9 In particular, the discovery and characterization of a large

number of different layered semiconductor materials with distinctive physical and chemi-

cal properties has increased this interest further. Until now, the electronic, magnetic and

vibrational properties of a large number of TMDC compounds have been investigated the-

oretically by using, in particular, first principles calculations.10,11 Furthermore, extensive

experimental studies have shown that single or few layers of MX2 (M=Mo,W and X=S, Se,

Te) structures12–19 have remarkable potential for diverse technological applications such as, in

catalysis,20 energy-storage,21 sensing,22 field-effect transistors12,18,23,24 and logic circuits,22,25

due to their wide-range tunability by doping, strain or electric field engineering.

In addition to these exciting applications, that are based on their non-centrosymmetric

structures, TMDCs in the 2H crystal structure with D3h symmetry have also been shown to
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have remarkable piezoelectric properties that has triggered their use in pressure sensors,26

transducers,27 high voltage generators,28 nonlinear energy harvesters29 and energy conver-

sion and piezotronic applications.30 Recently, few studies have focused on the piezoelectric

properties of the TMDC31,32 and other 2D structures.33–36 Duerloo et al. calculated the

piezoelectric properties of single layer of BN, MoS2, MoSe2, MoTe2, WS2, WSe2, and WTe2

by using first principle calculations.31 They reported that relaxed-ion piezoelectric strain

(d11) and piezoelectric stress (e11) coefficients of the 2H-TMDC monolayers are comparable

or even better than that of conventional bulk piezoelectric materials.

Moreover, Zhu et al. reported experimental evidence of piezoelectricity in free stand-

ing MoS2 and they found that this material exhibits piezoelectricity for an odd number

of layers in which case inversion symmetry is broken.37 Their measured piezoelectric coef-

ficient is 2.9×10−10 C/m, which agrees well with recent theoretical calculations.31,32 Sim-

ilarly, by using DFT based theoretical calculations, it has been predicted that group III

monodichalcogenides, namely GaS, GaSe and InSe, have piezoelectric stress coefficients of

e11 = 1.34×10−10, 1.34×10−10 and 1.47×10−10 C/m, respectively.38 In addition, reducing the

dimensionality has been shown to enhance piezoelectricity in ZnO.39 These studies indicate

that TMDCs are promising candidates as low dimensional piezoelectric materials.

Since previous calculations and experiments were only focused on Mo and W based

TMDCs, the potential of other TMDCs and TMDOs for piezoelectric device applications

have remained an open question so far. To reveal such potential, first principles calculations

are performed in order to systematically investigate the piezoelectric properties of single

layer 2H-MX2 compounds, where M= Cr, Mo, W, Ti, Zr, Hf, Sn and X=O, S, Se, Te.

Lattice parameters, atomic positions, electronic band-gap values, elastic stiffness constants

(C11 and C12), Young modulus (Y), Poisson’s ratios (ν), piezoelectric stress coefficients (e11)

and piezoelectric strain coefficients (d11) are calculated. The present paper is organized as

follows. In section 2, we present our computational methodology. Then, we present the

results on electronic properties in section 3, elastic constants in section 4 and piezoelectronic
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properties in section 5. Lastly, we conclude briefly in section 6

2 Computational Details

Within the scope of the current study, first-principles calculations based on density functional-

theory, as implemented in the Vienna Ab initio Simulation package (VASP) code,40,41 are

performed. The exchange-correlation interactions are treated using the generalized gradient

approximation (GGA) within the Perdew-Burke-Ernzerhof (PBE) formulation42,43 and the

Heyd-Scuseria-Ernzerhof (HSE06) hybrid functionals.44,45 The single electron wave functions

are expanded in plane waves with kinetic energy cutoff of 600 eV. For the structure opti-

mizations, the Brillouin-zone integrations are performed using a regular 26×26×1 k-point

mesh within the Monkhorst-Pack scheme.46 The convergence criterion for electronic and

ionic relaxations are set as 10−7 and 10−3 eV/Å , respectively. In order to minimize the

periodic interaction along the z-direction the vacuum space between the layers is taken at

least 15 Å. We checked that a larger vacuum spacing changes the piezoelectric coefficients

only by at most 1%. Relaxed- and clamped-ion elastic stiffness coefficients are calculated

by the finite difference method as implemented in the VASP code adopting the same first

principles parameters used in our previous work.47 Piezoelectric stress coefficients, e11 are

calculated using the Berry Phase approach48 as implemented in the VASP package with ap-

plied uniform strain, ranging from 0.01 % to -0.01 % in steps of 0.005 %, along the armchair

side of the rectangular cell. At this point, in order to apply strain in a desired direction,

the hexagonal primitive cell structure of each material is transformed to a tetragonal one

composed of two hexagonal primitive cells,31 see Fig. 1. A 24×24×1 k-point mesh is used

to calculate the change in polarization.

To investigate the piezoelectric properties of TMDCs and TMDOs, we follow the same

theoretical approach of Ref. 31. The piezoelectric tensor,49,50 eij, can be defined in terms of

the induced polarization in the direction i due to a strain (εj) change along the direction j
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Figure 1: Top and side views of MX2 where M= Cr, Mo, W, Ti, Zr, Hf, Sn and X=O, S,
Se, Te. P denotes the direction of the polarization. Piezoelectric calculations are done in a
rectangular cell.

as follows

eij = ∂Pi/∂εj = ∂Pi/∂εj |u +
∑
k

(∂Pi/∂uik)(∂uik/∂εj). (1)

where Pi is the induced polarization along the direction i as a result of an applied strain along

the direction j. The first term in Eq. (1) is the clamped-ion or homogeneous strain contri-

bution to the piezoelectric tensor and it mainly arises from the electronic contribution. The

second term represents the contribution from the internal relaxation of ions. Here, uik is the

fractional coordinate of the kth atom along the i direction of the unit cell. Since TMDC and

TMDO compounds have a non-centrosymmetric crystal structure, the inclusion of internal

relaxation becomes essential to order to obtain realistic piezoelectric properties. In addition,

it is clear that the relaxed-ion piezoelectric coefficients are experimentally relevant quantities

that can be measured. From the theoretical point of view, since the relaxed-ion piezoelectric

coefficients include both electronic and relaxation effects, the calculation of the clamped-ion

piezoelectric coefficients helps to separate the electronic and relaxation contributions from

the relaxed-ion piezoelectric coefficients. The number of independent piezoelectric tensor

coefficient is deduced from the symmetry of the crystal. For TMDCs and TMDOs, we only
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need to calculate the e11 component of the piezoelectric stress tensor. e11 relates in-plane

strain to in-plane electrical polarization. The piezoelectric coefficient e31 is zero due to the

presence of an inversion centre between the two layers of chalcogenides. However, it is found

to be non-zero for the unsymmetrical H and F co-decorated graphene.51,52 The corresponding

piezoelectric strain tensor (d11) of each material is predicted from the following relation:31

d11 = e11/(C11 − C12). (2)

For each applied strain, the ions are kept in their strained positions or allowed to relax to their

new equilibrium positions, and consequently the clamped-ion or relaxed-ion piezoelectric

properties are calculated.

At this point, it is worth discussing the experimental realization of the TMDC and

TMDO compounds considered in this work. Theoretical calculations suggested that the

2H phase of MoS2 is energetically more stable than the 1T phase. The latter phase has

imaginary vibrational frequencies, which is a sign of instability.10 However, 1T phase of

MoS2 has been realized recently and was proposed, for instance, as an electrode material

together with the 2H phase in MoS2 based transistors.53 Even though some of the TMDCs

and TMDOs considered here have not been synthesized yet in the 2H phase, advances in

fabrication techniques will certainly make it possible to fabricate them. The most of the

TMDCs based on the group VI elements have been synthesized in 2H form.3,6,12,14,17,54,55

Bulk MoTe2 can also be found in a distorted 1T structure.56 In addition, bulk WTe2 has

predominantly a distorted 1T structure.56 Since MoTe2 has been observed in 2H phase, it

is expected that the experimental realization of CrTe2 in the 2H phase is also possible. The

phonon calculations and molecular dynamic simulations proved the dynamical stability of

single-layer CrS2.
57 Ti, Zr and Hf based TMDOs and TMDCs have been shown to be more

stable in 1T phase.1,2,11,58 However, the calculated heat of formation energies for all TMDCs

and TMDOs considered here have been shown to be negative, meaning that these materials
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can be sensitized and stabilized by the help of, for instance, a suitable substrate.11,59,60
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Figure 2: The calculated PBE and HSE06 Egap values for TMDCs and TMDOs. Here, white
* sign indicates that it is a direct band gap material.

3 Band gap

It is mandatory that a piezoelectric material has to be an insulator or semiconductor with

a sufficiently wide band gap to avoid current leakage. Thus, we first calculate the electronic

properties of twenty eight single layer MX2 compounds, where M= Cr, Mo, W, Ti, Zr, Hf, Sn

and X=O, S, Se, Te. We discard the metallic structures, namely SnSe2, SnTe2, and TiTe2.

Actually, G0W0 calculations predicted that 2H-TiTe2 is a small band gap semiconductor ma-

terial.11 Since semi-local functionals are used in the Berry’s phase calculations, 2H-TiTe2 is

excluded. For electronic structure calculations, we also applied the HSE06 hybrid functionals

in order to obtain realistic electronic band gap values for TMDCs and TMDOs. Figure 2

shows the calculated PBE and HSE06 band gap values. The materials, except Cr, Mo, and

W based TMDCs, have indirect band gaps and the predicted values and trends are in good

agreement with previous theoretical calculations.10,31,32,61 In each metal group, the band gap

increases when moving upwards from Te to S.
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Table 1: Calculated clamped and relaxed-ion elastic constants (in units of N/m), Young
modulus Y (in units of N/m) and Poisson’s ratio ν.

Material Clamped Ion Relaxed Ion
C11 C12 Y ν C11 C12 Y ν

TiS2 100.3 34.2 88.6 0.34 89.9 28.6 80.8 0.32
TiSe2 84.8 29.3 74.7 0.35 74.4 24.4 66.4 0.33
ZrS2 96.3 37.7 81.5 0.39 84.2 31.8 72.2 0.38
ZrSe2 83.3 31.0 71.8 0.37 71.4 26.0 61.9 0.36
ZrTe2 66.2 22.8 58.35 0.34 53.1 18.6 46.6 0.35
HfS2 104.4 39.1 89.8 0.37 92.8 33.8 80.5 0.36
HfSe2 89.7 32.2 78.1 0.36 78.8 27.8 69.0 0.35
HfTe2 71.0 23.5 63.2 0.33 59.3 19.7 52.8 0.33
CrS2 136.9 42.6 123.6 0.31 120.6 32.3 111.9 0.27
CrSe2 111.3 37.5 98.7 0.34 96.6 28.9 87.9 0.30
CrTe2 86.5 32.7 74.1 0.38 73.0 25.8 63.9 0.30
MoS2 157.2 50.1 141.2 0.32 132.7 33.0 124.5 0.25
MoSe2 133.2 40.8 120.7 0.31 106.9 25.6 100.8 0.24
MoTe2 106.3 32.8 96.2 0.31 84.1 19.8 79.4 0.24
WS2 174.7 51.9 159.3 0.30 146.5 31.8 139.6 0.22
WSe2 147.4 41.1 135.9 0.28 102.4 23.1 115.9 0.23
WTe2 115.4 31.6 106.8 0.27 89.2 15.7 86.4 0.18
SnS2 92.8 23.1 87.1 0.25 91.0 22.2 85.6 0.24

TiO2 178.9 80.9 142.3 0.45 173.7 75.7 141.7 0.44
ZrO2 163.5 83.0 121.5 0.51 157.4 77.5 119.2 0.49
HfO2 181.7 86.7 140.3 0.48 174.2 81.5 136.1 0.47
CrO2 233.8 87.4 201.1 0.37 218.6 74.4 193.3 0.34
MoO2 253.3 104.0 210.6 0.41 230.2 84.5 199.2 0.37
WO2 286.2 109.0 244.7 0.38 261.2 87.8 231.7 0.34
SnO2 165.7 52.4 149.1 0.32 160.2 53.3 142.5 0.33

4 Elastic constants

As previously mentioned, we need to calculate the elastic constants in order to obtain the

piezoelectric strain, d11 coefficients, see Eq. (2). Therefore, the relaxed-ion and clamped-ion

elastic stiffness coefficients (C11 and C12), Young modulus (Y= (C2
11-C

2
12)/C11) and Poisson’s

ratios (ν=C12/C11 ) for all TMDC and TMDO materials considered in this study are obtained

and are listed in Table 1. Our results are in good agreement with available data.31,62–64 The

first observation from Table 1 is that C11, C12 and Y decreases with increase of the row

number of the chalcogenide atom. Except Zr, in each chalcogenide group, the MX2 monolayer

8



becomes stiffer with increase of the row number of the metal atom. Structures considered

in this study are found to be less stiff when compared to graphene (Y=341 N/m)47 and

single layer h-BN (Y=275.9 N/m).47 Also it should be noticed that the calculated elastic

constants are positive and satisfy the Born stability criteria for crystals having hexagonal

symmetry.65,66 Note that the relaxed-ion elastic constants, i.e. C11 and C12, are always

smaller than the clamped-ion ones since the internal relaxation of ions allows to release some

of the stress in the former, see Table 1.
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Figure 3: (a) Clamped-ion and (b) relaxed-ion polarization change under applied uniaxial
strain (ε11) along the x direction for the selected TMDC and TMDO structures. Piezoelectric
coefficient is determined from the slope of the curves.
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5 Piezoelectric properties

Piezoelectric coefficients (e11) are derived from the slope of the polarization change (Fig. 3)

with applied uniform strain, ranging from 0.01 % to -0.01 % in steps of 0.005 %, along the

armchair side of the rectangular cell via Berry’s Phase approximation.48 The clamped-ion

and relaxed-ion d11 coefficients are obtained by using the calculated e11 coefficients, and

the elastic constants (C11 and C12) via Eq. (2). Figure 4 shows the calculated e11 and d11

coefficients for both TMDCs and TMDOs. The materials are ordered along the x-axis by

considering the period and group number of the transition metal element in the periodic

table. The predicted relaxed-ion e11 and d11 coefficients are consistent with the available

reference data,31,57 see results for Cr, Mo and W based TMDCs, which are comparable with

the piezoelectric properties of single layer and bulk h-BN.31,33–35 In addition, the relaxed-ion

e11 coefficient of single layer MoS2 (4.91×10−10 C/m) is comparable with the experimentally

measured piezoelectric coefficient of 2.90×10−10 C/m37 and agrees well with the reported

value of 3.64×10−10 C/m.31 In addition, the trends found for the e11 and d11 coefficients of

Mo and W based TMDCs are consistent with those found in Ref. 31. The difference between

our calculated piezoelectric coefficients and previous calculations is likely due to the use of

different pseudopotentials, small differences in elastic constants, and other computational

parameters (for instance k-mesh).

SnS2 has the highest e11 coefficient for the relaxed-ion (10.7×10−10 C/m) calculation.

WO2 has the smallest relaxed-ion piezoelectric stress coefficient (2.49×10−10 C/m) among

TMDOs and WTe2 has the smallest clamped-ion piezoelectric stress coefficient (1.75×10−10

C/m). From Fig. 4, we predict several periodic trends in clamped-ion e11 and d11 coefficients

for TMDC and TMDO monolayers. The clamped-ion e11 coefficients of TMDCs usually

increase when moving from right to left in the periodic table (i.e., from CrX2 to TiX2) and

upward in an individual group of both transition metal and chalcogenide atoms. This trend

is nearly the same for TMDOs. However, for TMDCs, the trend (i.e., the increase in the

calculated clamped-ion e11 coefficients when moving upward in the group of chalcogenide
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elements) becomes reversed for the relaxed-ion calculations of group VI elements as clearly

seen in Fig. 4(a). The clamped and relaxed ion d11 coefficients increase when moving down-

ward in the group of chalcogenide elements (i.e. from S to Te) in each metal group. This

trend can be correlated to the polarizability of chalcogenide atoms since the atoms are easily

polarized when going downward in a specific group of the periodic table. We notice that the

chalcogenide atoms have a much larger impact on the d11 coefficients as compared to the

metal atoms. Especially in group VI, the d11 coefficient is maximized if one uses a smaller

metal atom and a larger chalcogenide atom. In group IV, Zr does not exhibit the same trend

that is found for the group VI elements. This is partially because the C11 elastic constant

of Zr based TMDCs for a particular chalcogenide atom is smaller that that of Ti and Hf

based TMDCs. Since TMDOs pose larger elastic constants, they usually have smaller d11

coefficients as compared to TMDCs. In other words, the stronger the material the smaller

the d11 coefficient.

Among the group VI elements (i.e., Cr, Mo and W), Cr based TMDCs and TMDOs are

found to have much better piezoelectric properties in each chalcogenide group and CrTe2

possesses the largest relaxed-ion e11 (8.06×10−10 C/m) and d11 (17.1 pm/V) coefficients.

On the other hand, the relaxed-ion e11 and d11 coefficients of SnS2 are almost the same

as those of CrTe2. The predicted relaxed-ion e11 values are much larger than the values

previously predicted for surface decorated graphene structures.67 Furthermore, when the

piezoelectric coefficients of the extensively used bulk piezoelectric materials, namely 2.3

pm/V for α-quartz,68 3.1 pm/V for wurtzite GaN69 and 5.1 pm/V for AlN,69 are considered,

we predict that TMDCs and TMDOs have comparable or even larger relaxed-ion piezoelectric

coefficients.

It is essential to discuss the effect of the internal relaxation on the piezoelectric properties

of TMDCs and TMDOs. Relaxing the ion positions after applying strain significantly reduces

(increases) the polarization of the Ti, Zr and Hf (Cr, Mo and W) based TMDCs. As a result,

the clamped-ion piezoelectric coefficients of the Ti, Zr and Hf (Cr, Mo and W) based TMDCs
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Figure 4: The calculated clamped and relaxed-ion (a) piezoelectric stress (e11) and (b)
piezoelectric strain (d11) coefficients.
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monolayers are much larger (smaller) than that of the relaxed-ion coefficients. This means

that the electronic contribution, i.e. the first term in Eq. (1), and strain contribution, i.e.

the second term in Eq. (1), have opposite (the same) sign for the Ti, Zr and Hf (Cr, Mo

and W) based TMDCs. The calculated elastic constants suggest that Ti, Zr and Hf based

TMDCs are more brittle materials that are expected to exhibit larger response to an applied

strain, thereby giving rise to higher clamped-ion piezoelectric constants. For TMDOs, the

contribution of internal relaxation to the e11 coefficient decrease when moving downward

in an individual metal group. However, in each chalcogenide group, the internal relaxation

becomes generally less important when going from Te to S. This can be attributed to the

large strain-induced ionic motion in response of an applied strain. In other words, after

applying strain, the amount of the internal relaxation of the chalcogenide atom increases

from S to Te, giving rise to a larger internal relaxation contribution to the piezoelectric

coefficients in Te based TMDCs. Since Te is the most easily polarizable atom among the

chalcogenide atoms (due to its larger size), the polarization effects (and hence electronic

contribution to the e11 coefficient) are found to be large in Te based TMDCs as compared

to S and Se counterparts. However, the increase in piezoelectricity effects competes with the

degradation of stability.

6 Conclusion

In summary, we presented a detailed theoretical investigation of the piezoelectric properties

of semiconductor TMDC and TMDO monolayers. Our calculations show that TMDC and

TMDO structures are strong candidates for future atomically thin piezoelectric applications.

We show that Ti, Zr, Sn and Cr based TMDCs and TMDOs have much better piezoelec-

tric properties as compared to Mo and W based TMDCs and TMDOs and the well-known

conventional bulk piezoelectric materials. The usage of these 2D piezoelectric materials in

ultra sensitive sensors, low-power electronics and nanoscale electromechanical systems are
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expected to have an impact on the size reduction, weight and energy consumption of such

devices.
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