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ABSTRACT

Two-dimensional transition metal chalcogenides (2D TMCs) are known for their wide
range of bandgaps, flexibility, and high strength. Recent synthesis and data mining efforts indicate
that 56 2D TMCs have low exfoliation energies and are relatively stable in monolayer form. Under
epitaxial strain, we predict using density functional theory (DFT) calculations that the majority of
these 2D TMCs can accommodate +£10% strain without breaking their crystal symmetry. The
elastic and piezoelectric tensors indicate that 22 of 56 candidates are piezoelectric and we derive
their in-plane piezoelectric coefficient d,4. The epitaxial strain is further predicted to enhance the
dq1 by over 100% at 10% tensile epitaxial strain for most of these piezoelectric 2D TMCs. ReSe>
at pristine state and AuSe> at +5% epitaxial strain are predicted to obtain the extreme dq;
coefficients at -120 pm/V and 326 pm/V, respectively. These findings have implications for the

use of high-performance 2D piezoelectric materials in devices.
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Introduction

Semiconducting transition metal chalcogenides (TMCs) exhibit unique properties in two-
dimensional (2D) form relative to the bulk.!™ Atomically thin TMCs not only have bandgap
energies that span a wide range of values from meV to several eV but also have extremely small
bending rigidity and relatively high Young’s modulus.* Several experimental studies have
investigated the effect of strain on 2D TMCs® and explored flexible device applications,®’ such as
wearable sensors ® and electronic skin.!” The focus has been on in-plane uniaxial strain'""'? with
few studies considering in-plane epitaxial strain.!>!'* Compared to uniaxial strain, the advantages
of epitaxially strained 2D TMCs include unchanged crystal symmetry, tunable bandgaps with the
same crystal momentum as the pristine state,!* and the potential to stack the layers in a confined
heterostructure. '

One particularly motivating strain-related property is piezoelectricity.'>!® The
prerequisites of piezoelectric materials are broken inversion symmetry and non-metallic electronic
bandgap. Piezoelectric 2D TMCs show great promise in the design of 2D piezoelectric devices.
For example, combining photoelectric and piezoelectric properties, monolayer MoS, becomes a
candidate for optoelectronics'’ and piezo-phototronics.'® The piezoelectricity of 2D materials can
be further engineered by introducing surface defects and adatoms.!>** At the same time, defects
can dramatically alter other properties, such as bandgap and Young’s modulus, and cannot be
easily controlled.”!

In recent years, over 32 new TMCs have been synthesized and these are cataloged in a
library of atomically thin TMCs.?* High-throughput first-principles calculations play an important
role in screening for possible 2D materials based on exfoliation energy and the number of atoms
in the crystal unit cell.”* From 108,423 unique, experimentally known 3D compounds from the

Inorganic Crystal Structure Database (ICSD),?* only 56 compounds have 1) certain plane with



exfoliation energy below 200 meV/A2, 2) only two elements consisted of a transition metal and a
chalcogenide element. The library of 2D TMCs is not necessarily limited to these 56 compounds
because of the possibility of undiscovered crystal structures and unknown confined
heterostructures. For example, in epitaxial growth, the substrate selection can particularly decrease
the nucleation energy of a metastable phase with dramatically different physical or chemical
properties compared to the ground state.?

Here, we investigate epitaxial strain engineering and enhanced piezoelectricity of 2D
monolayer TMCs using density functional theory (DFT) calculations.?® In particular, the crystal
structure and formation energy at both ground state and epitaxially strained states are examined as
references for heterostructure fabrication and strain engineering. Furthermore, from the possible
piezoelectric 2D TMC candidates, the potential piezoelectric enhancement from epitaxial strains
is determined. The results suggest that epitaxial strain may be a way to control the piezoelectricity
in 2D monolayer TMCs and thus both boost the capabilities of current 2D piezoelectric devices
and enable their integration into more complex MEMS devices.

Results and Discussion

The successfully synthesized and computationally predicted 56 monolayer TMCs 2>%

indicate that the symmetry of 2D monolayer TMCs follows the group number of the transition
metal elements, which starts with T1 located at period 4 and group 4 in the periodic table. All the
group 4 elements tend to form 2D TMCs in P3m1 space group (1T structure) as the most stable
structures, shown in Figure 1 (A). As the group number increases, the 2D compounds gradually
transform to the P6m2 space group (2H structure), illustrated in Figure 1 (B), as the most stable
structures until group 7. The 2D compounds in group 5 and 6 are predicted to be transition states

which both symmetries can co-exist as the stable crystal structures. After group 7, no general trend



is discovered while four other symmetries are identified including P4/nmm, P2,/c, Pm, and
Pmn2,, demonstrated in Figure 1 (C)-(F). However, the majority of the stable 2D compounds

favor 3-fold or 6-fold symmetry as free-standing structures.

Figure 1. The top and side view of 2D transition metal chalcogenides. (A)-(F) are the crystal
structures of P3m1 (1T), P6m2 (2H), P4/nmm, P2, /c, Pmn2,, Pm, respectively.

In Figure 2, the lattice parameters of the calculated 56 2D monolayer TMCs indicates the
ways in which the atomic size of the transition metal elements and chalcogen elements influence
the compound lattice parameter. Moreover, in Cr-based, Nb-based, Ta-based compounds, both

P3m1 and P6m2 symmetry can co-exist, and the lattice parameter of P6m2 symmetry is smaller



than that of P3m1 symmetry in the same composition. Interestingly, except for Sn,Te, all the
compounds retain the same symmetry from -10% to +10% in-plane epitaxial strain. SnoTe; goes
through a phase transition to P2, /c, P4/nmm, PmnZ2; space group in -10%, -9% — -2%, -1%

— +10% epitaxial strain, respectively.
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Figure 2. The lattice parameter of the calculated 56 2D monolayer transition metal chalcogenides.
The colored background represents the different symmetries of the crystal structures.

In all the 56 calculated monolayer TMC:s, the stability of the free-standing crystal structure
is crucial for experimental synthesis. The overall stability can be discovered by the formation
energy from convex hull construction, and the tendency to become free-standing monolayer can

be determined from the exfoliation energy. In order to derive the formation energy of each

E2DMgX~OXEM pulk—bXEsg or Sez or Tez

compound, the equation, E; = , 18 applied, where E;p u,x, 18

Natoms

the calculated energy of each 2D monolayer TMCs, E) i 1s the calculated energy of each
transition metal in the most stable bulk form, Eg_ o se, or Te, 18 the calculated energy of the most
stable form of chalcogen elements, a, b are the number of atoms in the compound composition,

and ng¢oms 18 the total number of atoms in the system. As shown in Figure 3, for the compounds



of the same composition, the P3m1 space group is more stable than the P6m2 space group. The

exfoliation energy represents the energy needed to peel off a monolayer from the bulk form of the
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material and is calculated using the following equation, Egys =

formation energy, the exfoliation energy is a small fraction of formation energy in most of the
calculated compounds. Meanwhile, the relatively low exfoliation energy implies free-standing
monolayer on different substrates and van der Waals interactions between the layers of the

compounds in the bulk form.
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Figure 3. Exfoliation energy and formation energy of the calculated 56 2D monolayer transition
metal chalcogenides. The yellow, red, green, blue, light-blue purple and gray colored background
represents the P3m1,P6m2, P4/nmm, P2,/c, Pm, Pmn2,, and mixed symmetries of the crystal
structures.

Unlike the in-plane uniaxial strained 2D TMCs, the in-plane epitaxial strain does not
change the overall crystal symmetry. In order to explore the possibility of anisotropic elastic

deformation, the supercell is expanded to 4x4 from the unit cell. When the epitaxial strain is



applied to the 2D monolayer TMCs, the energy difference can be obtained by the equation Eg;rr =

Estrained_Epristine

. The calculated structures are the most stable phases at room temperature. No

Natoms

phase transformation was discovered at strained states in these ground-state calculations.
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Figure 4. Energy differences at epitaxially strained states compared to the formation energy. The
formation energy and strained states are represented by the white box and colored bars within the
box. The red lines separate the symmetry of the crystal structure in the order of P3m1,P6m2,
P4/nmm, P2,/c, Pm, Pmn2,, and mixed space group. The green and yellow background
illustrate the energy difference of 0.15 and 0.20 eV/atom of strained states relative to the pristine
state.

The energy difference is plotted inversely and directly compare with formation energy in
Figure 4 to reveal the energy instability from the epitaxial strain. At +5% epitaxial strain, all the
TMC structures considered here exist in a metastable state where the inverse energy difference is
smaller than the formation energy. At £10% epitaxial strain the energy difference is a fraction of
formation energy in the pristine state for the majority of the TMCs. Although very few experiments
test the maximum compressive and tensile epitaxial strain that monolayer TMCs can endure,

127

Zhang et al.”’ found that the maximum uniaxial tensile strain of WS> can reach 12% as derived



from the bandgap values before and after the strain was applied. To examine this case in our
calculations, we elongated the WS, structure in either the zig-zag or arm-chair direction and
determined that the energy difference between the strained and pristine states at 0.151 eV/atom
and 0.175 eV/atom, respectively. By utilizing this energetic reference, it is proposed that 0.15
eV/atom is the threshold for metastable free-standing epitaxially strained monolayer TMCs. Above
0.20 eV/atom, the epitaxial strain of monolayer TMCs may result in a plastic deformation and/or

defect development. These thresholds of 0.15 eV/atom and 0.20 eV/atom are highlighted in green

and yellow regions, respectively, in Figure 4.
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Figure 5. Energy differences from -10% to 10% epitaxial strain of the TMCs with (A) different
chalcogen elements, (B) different transition metal elements in the same group, and (C) different
transition metal elements in the same period. In (D), it is illustrated that the abnormal energetic
behavior in Re-based chalcogenides happens in the compressive epitaxial strain region.

To explore more trends in epitaxial strained TMCs based on the periodic table, the energy

difference from -10% to 10% epitaxial strain is plotted in Figure 5. The shape of the curves is



parabolic due to the interatomic potential. The repulsion between atoms is stronger than the
attraction. Thus, the compressive strain is more energy sensitive than the tensile strain. In Figure
5A, by analyzing different chalcogen elements in TMCs, the larger chalcogen atom results in less
energy difference at all epitaxial strain when transition metal elements remain the same. However,
the larger transition metal atom in the same group results in more energy difference at all epitaxial
strain when the chalcogen element remains the same, presented in Figure SB. When the transition
metal elements in the same period are investigated in Figure 5C, the similar trend in atom size of
transition metal elements is discovered. Moreover, the hexagonal crystal structure is more
energetically sensitive than the trigonal crystal structure at all epitaxial strain when the
composition remains the same. Of all the monolayer TMCs, only Re-based chalcogenides
demonstrate an abnormal energetic behavior in the compressive epitaxial strain region. Not only
the trend of chalcogen atom size is reversed, but also an energetic plateau appears at -7% epitaxial
strain. This local energy minimum state is only 0.03 eV/atom above the ground state. The crystal
structure of the local energy minimum state is interestingly the same as that of ground state while
the monolayer thickness is increased by 0.395 A. All the other monolayer TMCs change the
thickness within 0.1 A across all the epitaxial strain. Different from black phosphorus, the crystal
structural change of Re-based chalcogenides is isotropic instead of anisotropic. Therefore, instead
of a structural phase transformation, a new metastable phase of Re-based chalcogenides is

predicted at compressively strained state.

An important property related to mechanical strain is piezoelectricity. Some of the
calculated TMCs belong to a centrosymmetric point group and thus cannot be piezoelectric. Only

point groups of m and 3m are non-centrosymmetric, and the related piezoelectric coefficients, e;;

(pC/m) and d;; (pm/V) in Voigt notation, can be nonzero. The relaxed ion elastic and piezoelectric
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stress tensors, C;; and e;;, are acquired from the sum of ionic and electronic contributions. If the

in-plane directions x; and x» are defined as the armchair and zigzag direction in the 6m2
symmetry, the piezoelectric strain tensor is derived to only one nonzero coefficient, d;; =
—dq; = —dy6 = e11/(C11 — Cy13), based on the point group symmetry and intrinsic 2D monolayer
structure.?® Similarly, the m point group in the primitive unit cell, the piezoelectric coefficients are
reduced to dy;, dy2, di3 and d;5 in the 2D monolayer structure. However, only d;; is the
dominant coefficient compared to other coefficients. The same results can apply to epitaxial

strained monolayer TMCs due to the unchanged crystal symmetry.

In the previous experimental measurement, the piezoelectric stress coefficient e;; in
monolayer MoS, was measured to be 290 pC/m.?® Other DFT calculations showed that e;; of
pristine MoS; is in the range of 316 — 364 pC/m.">3%3! Our calculations predict that the e;; of
pristine MoS> is 322 pC/m, which agrees with previous experimental and computational results.
Most of the piezoelectric monolayer TMCs achieve 3-10 pV/m for dq4 in the pristine state.
Compared to other 2D piezoelectric materials, the d;; of group II chalcogenides, such as MgSe,
CaS, and ZnS, are reported in the range of 5-25 pm/V.*?> The d,; of group II oxides and group III-

V are reported in the range of 0.02-5.50 pm/V."
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Figure 6. Piezoelectric coefficient of calculated non-centrosymmetric monolayer TMCs, di1, in
units of pm/V. The color changes within each box corresponding to the -10%, -5%, 0%, 5%, 10%
epitaxial strained state from left to right, respectively. The blank boxes represent no stable 2D
monolayer structures exists in the composition.

In Figure 6, only 22 of the 56 calculated monolayer TMCs potentially possess piezoelectric
property, and the piezoelectric coefficient d,4 is obtained at different epitaxial strained states. The
epitaxial strain generally has a positive nonlinear relationship with the piezoelectric coefficient.
Interestingly, except Sn, Re, Au-based monolayer TMCs, the d,; can increase by over 100% and
even 200% at 10% epitaxial strain. This dramatic change of piezoelectric coefficient mainly comes
from both elastic and piezoelectric tensor at strained state. The elastic constant Cy is inversely
related to E,, where E, is the Young’s modulus in in-plane direction. As the epitaxial strain
increases, the Ex increases due to the higher interatomic potential in the in-plane direction;
therefore, the C;, decreases in almost all the TMCs. The change of elastic constant C,, from the
strain is found to be much smaller than C;, in most cases. The piezoelectric stress coefficient e;;
mostly increases as epitaxial strain increases. Overall, based on the relationship between epitaxial

strain and components to derive d,,, the d, is predicted to increase as epitaxial strain increases.

12



This specific trend can apply to most of TMCs because the crystal structures in 2D form share very
similar point group.

Similar to the interatomic potential, the piezoelectric coefficient of Re-based TMCs has a
relatively complicated response to epitaxial strain because the elastic tensor does not follow a
similar trend as other TMCs with 6m2 symmetry. At pristine and +5% epitaxial strain state, the
d,1 can vary from -120 pm/V to 119 pm/V so that d;; has an extreme point between these two
states. As for the TMCs with m point group symmetry, Sn, Au-based monolayer TMCs are
predicted to achieve a relatively high piezoelectric coefficient. Due to the phase transformation,
the d;; of Sn,Te, can potentially reach 15-30 pm/V from 0 to +10% epitaxial strain. At the
compressive epitaxial strain, the other phases are not non-centrosymmetric. For AuzSe;, the dq; is
predicted to be 326 pm/V at 5% epitaxial strain, the highest d;; value from all the calculated
structures. Overall, the piezoelectricity is predicted to be enhanced by epitaxial strain and achieve
ultra-high d;; coefficients for Au, Re-based monolayer TMCs.

According to the piezoelectric calculations of monolayer TMCs under -10% to 10%
epitaxial strain, the d,; coefficients provide a much broader range, from -120 pm/V to 326 pm/V,
than previous reports.'® More importantly, the crystal structures remain the same and relatively
stable. Experimentally, the ultra-large strain of WS> has been achieved by transferring a monolayer
single crystal to polydimethylsiloxane (PDMS) substrate and elongating the substrate from a
loading frame.** Similar experiments can possibly be applied to epitaxial strain tests. The enhanced
piezoelectricity from epitaxial strain can potentially be utilized in the existing piezoelectric

applications, including strain sensing®* and energy harvesting,>’

and promising applications,
including piezo-phototronics and catalysis.

Conclusions

13



We report stability and piezoelectric coefficients for the current library of 56 monolayer
TMCs under epitaxial strain. The crystal structures and formation energy of the library are
summarized and potentially used for the reference of heterostructure fabrication and epitaxial
synthesis. Almost all the candidates at £5% epitaxial strain and the majority of the candidates at
+10% epitaxial strain remain relatively stable where energy difference below 200 meV. Re-based
TMCs exhibit a unique stability-strain relationship and likely develop a new metastable state under
epitaxial strain. Of the 56 monolayer TMCs, 22 candidates are identified as possible 2D
piezoelectric materials. Under both compressive and tensile strain, d;; coefficients of the
candidates noticeably vary from pristine state. Especially, most of d; coefficients are predicted
to increase by 100-200% under tensile epitaxial strain. ReSe; at pristine state and AuzSe; at +5%
epitaxial strain are predicted to obtain the extreme d,; coefficients at -120 pm/V and 326 pm/V,
respectively. This epitaxial strain engineering on monolayer TMCs probably opens a hidden door
to high-performance 2D piezoelectric devices.

Methods

The density functional theory (DFT) calculations are performed under the plane-wave
basis*® and projector augmented wave (PAW)*” method within the Vienna Ab initio Simulation
Package (VASP).?® Perdew—Burke—Ernzerhoff (PBE) generalized gradient functional®® is chosen
for exchange-correlation functional. To acquire dispersion interactions between 2D multilayers,
the nonlocal vdW-DF-optB88 exchange-correlation functional is employed.***! Based on the

convergence tests, energies are converged to within 1 meV atom™!

with a 600 eV cutoff energy
and with a 15 x 15 x 1 k-point mesh. 20 A of vacuum in the direction perpendicular to the interface
is found to be sufficient for monolayer interaction below 1 meV atom ' in the periodic boundary

condition. In order to explore the possibility of anisotropic elastic deformation under epitaxial

strain, the supercell is expanded to 4 x 4 x 1 from the primitive unit cell. For the elastic and

14



piezoelectric tensor calculations, density functional perturbation theory (DFPT)* is applied
including finite differences method. The k-point mesh and cut-off energy are increased to 25 x 25
x land 680 eV, respectively. The vacuum is found to be sufficient to obtain converged results. The
internal strain relaxation is essential to obtain the realistic piezoelectric properties and compare
with experimental values. Therefore, the relaxed-ion method is used to derive the d,; values. The
convergence tests indicate the same k-point mesh, energy cutoff, and thickness of vacuum are

sufficient to converge piezoelectric coefficient to within 1% accuracy.
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