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ABSTRACT

Transition metal dichalcogenides (TMDC) are currently drawing significant interest from the scientific community as 2D materials that
have intrinsically semiconducting bandgaps. One additional advantage of TMDCs for discovering and developing materials with novel elec-
tronic, electromechanical, or optoelectronic properties is that both layer composition and registry can be readily tailored. To understand
how such tailoring can expand the range of properties, here we used density functional theory calculations to determine the electronic struc-
ture and piezoelectric properties of bilayer TMDC heterostructures based on MoX, and WX,, where X can be S, Se, or Te. For identical
layers with no misorientation with respect to one another, we find that the registry of the two layers can change the bandgap type (direct vs
indirect), as well as its value (by ~0.25¢eV). We report similar conclusions for bilayer heterostructures in which the composition of the two
layers is different. Interlayer registry also has a pronounced effect on piezoelectric properties as the piezoelectric coefficients of the two
layers either nearly cancel each other or add up to yield enhanced values for the associated TMDC bilayer heterostructures. These results
may serve as a guide for enhancing electronic and piezoelectric properties by stacking TMDC layers.
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I. INTRODUCTION wurtzite AIN and a-quartz.'” Since the current applications market
is currently covered by only a handful of technologically relevant
piezoelectrics, there is a significant interest in expanding the set of
useful piezoelectrics so as to unlock a wider range of properties and
novel applications. As such, discovering new 2D materials”’ and
stacking known TMDC materials to form heterostructures”' are
viable avenues for attaining enhanced piezoelectric responses.
A key enabling factor for the increasing popularity of TMDCs, as
well as their heterostructures, was the development of experimental

Transition metal dichalcogenides (TMDCs) have a wide range
of properties that are of fundamental and technological interest;' ™
in particular, they entered the scene of 2D materials as the semi-
conductor counterpart of graphene (semimetal) and hexagonal
boron nitride (insulator). Their properties include electronic band
structure tunability and high-mobility charge carriers,”™'? excitonic
effects,'’ etc—making TMDCs a very promising material for

future optoelectronic devices. The electronic'” and piezoelectric'’ techniques such as Chemical Vapor Deposition (CVD)” and
properties of TMDCs have also made them attractive candidates  4tomic layer deposition’® that have enabled the fabrication of
for digital electronic devices,'* flexible electrodes,'” and sensors,'® monolayer and bilayer TMDCs.

to name a few. In their monolayer form, TMDCs have been Bulk TMDC semiconductors (e.g., MoS, and WS,) are semi-
reported to have direct bandgaps.'”'® In addition, TMDC mono- conducting, van der Waals layered materials;"*~’ despite being
layers have also been discovered to show piezoelectric responses semiconductors, they are not piezoelectrics because their bulk
that are comparable in magnitude to other 2D materials like h-BN, structure is centrosymmetric. However, in the monolayer or few-
as well as to well-known 3D piezoelectric materials, including bulk layer form, TMDCs are not centrosymmetric anymore and display
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a piezoelectric response. Apart from thickness control (which, inci-
dentally, also affects their bandgap) other symmetry breaking
factors that can enable piezoelectricity are compositional variations
from a layer to another,”® compositional disorder within layers,*’
different chalcogens on the different faces of the same monolayer
(Janus layers);* in addition, it is conceivable that registry variations
may also affect piezoelectricity, whether such variations occur via
interlayer translations or interlayer twists.”' A particular appeal of
TMDC heterostructures from the ability to stack or grow individual
TMDC monolayers on top of one another, and, in doing so, tailoring
the properties of the resulting heterostructure to potentially meet
specific needs. For instance, Liu et al. explored the assembly of van
der Waals heterostructures and their use in various electronic
devices such as light-harvesting and detection devices and highly
flexible electrodes.”” While there have been first-principles studies
focused on the electronic™®° as well as piezoelectric properties,” a
systematic study of TMDC heterostructure properties is desirable so
we can have a better insight into the properties that are expected
from heterostructures assembled from various TMDC monolayers.

In this article, we use density functional theory (DFT) calcula-
tions to explore the electronic and piezoelectric properties of heter-
ostructures that consists of two TMDC monolayers, each with the
composition MX, (where M: Mo, W and X: S, Se, Te). Using these
monolayers as building blocks, we study the effects of composition
on the electronic as well as the piezoelectric properties of these van
der Waals heterostructures. In addition, since it has been estab-
lished that the relative stacking registries of the layers play an
important role in deciding the properties of the resulting hetero-
structures,” we also change the stacking of the constituent layers in
each heterostructure to study its effects on the resulting electronic
and piezoelectric properties. We expect that the heterostructures
that are assembled from closely lattice matched monolayers to be of
greater relevance for future experimental studies since the constitu-
ent layers are not unduly influenced by computational artifacts, i.e.,
by the strain associated with periodic boundary conditions in the
DFT calculations. In doing so, we find that since the I' and K
points on the electronic band structures of these low strain hetero-
structures are very close to the Fermi energy, it is possible to
change their bandgaps from direct to indirect (and vice versa) by
changing the stacking sequence. In addition, we also find that
certain stacking sequences allow the individual polarizations of the
constituting monolayers of a heterostructure to add up, thus
enhancing the piezoelectric coefficients of the heterostructures
compared to the TMDC monolayers.

Il. LAYER STRUCTURES AND COMPUTATIONAL
DETAILS

For ease of describing the stacking of TMDC layers, we
borrow nomenclature from the face-centered cubic (fcc) crystal
structure and identify three atomically planar, triangular lattices.””
The atoms of each such planar lattice in a TMDC monolayers are
located above or below the hollow sites of the other two lattices
[Fig. 1(a)]. These triangular lattices are labeled here a, b, and ¢
(A, B, and C) when occupied by chalcogen (metal) atoms. We start
by labeling the lower metal lattice by A, and then apply this label-
ing convention within that monolayer layer (e.g., one TMDC layer
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FIG. 1. (a) Top and side views of planar a, b, and c triangular lattices that can
make up an MX;, layer; capital (lower case) letters are used when a lattice is
occupied by metal (chalcogen) atoms. (b)-(g). Side views of the six high-
symmetry stacking sequences describing bilayer TMDC heterostructures.

has a bAb stacking), as well as across the vdW gap between the
TMDC layers. Thus, any bulk or bilayer structure consisting of two
MX, layers (total of six atomic layers/planes) in the unit cell is
denoted by a sequence of six letters. For example, the 2H TMDC
bulk phase has the stacking bAb-aBa (lower layer-upper layer). In
a TMDC bilayer, the placement of the second layer on top of the
first can be achieved in six different high-symmetry stacking
sequences, which are shown in Figs. 1(b)-1(g). We perform full
lattice and atomic relaxations for the bilayer structures in all stack-
ing sequences (Fig. 1) and all possible compositions of the individual
layers, which yields 216 structures [6 stackings x 6 compositions
(first layer) x 6 compositions (second layer)]. It is worth noting that
the present study considers offset stacking only, but the same
approach could be extended in the future to look at the effects of
twist angles of similar heterostructures.

We have performed first-principles calculations on TMDC
bulk and bilayer heterostructures using DFT within the framework
of the generalized gradient approximation (GGA) with projector-
augmented wave (PAW) pseudopotentials,”® as implemented in the
Vienna Ab initio Simulation Package (VASP).” In order to capture
the vdW interactions between layers, we have used the optB86b
functional "' when performing structural relaxations, band struc-
ture, and piezoelectric coefficient calculations. We have sampled
the first Brillouin zone using a I'-centered 16 x 16 x 1 (16 x 16 x 5)
grid for the bilayer (bulk) structures calculations. We have used a
plane wave energy cutoff of 540 €V, an energy criterion of 1078 eV
for electronic convergence and a force criterion of 1073 eV/A for
ionic convergence. For the bilayer structures, we introduce a vacuum
spacing of 18 A along the c-axis in the supercell.

In the bulk 2H phase, the TMDCs have lattice constants that
are largely dictated by the chalcogen species. Our 2H phase lattice
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TABLE |. Lattice constants of the 2H bulk phase (bAb-aBa) of MX crystals.

a (A) c (A)
MoS, 3.167 (3.18,* 3.160") 12.370 (13.84%, 12.294")
MoSe, 3.300 (3.318," 3.299%) 13.047 (14.63%, 12.938%)
MoTe, 3.528 (3.552," 3.522") 14.063 (14.955%, 13.968")
WS, 3.167 (3.182,% 3.153%) 12.433 (13.873°% 12.323°)
WSe, 3.299 (3.317," 3.2829) 13.115 (14.926°%, 12.96°)
WTe, 3.530 (3.550," 3.600%) 14.113 (14.919°, 14.18%)

*Reference 42.
PReference 43.
“Reference 44.
dReference 45.

constants computed using optB86b functional™*" are consistent to
the existing literature (Table I). When creating bilayer heterostruc-
tures for the DFT calculations, we necessarily introduce strain in
each layer due to periodic boundary conditions that require the
use of one common lattice constant g, regardless of the fact that
the individual TMDC layers may have a different parameter, e.g.,
a; and a,. We define the strain in a heterostructure g, as
the average of the absolute values of the strains in each layer,
en=(1/2)(Ja — ay|/ay + |a — az|/a;). 1t should be specified that
we are not searching for global structural minima of the 2D struc-
tures’"” but use the layer nomenclature described above to
exhaustively explore all the non-equivalent registries that can be
created with two TMDC monolayers. When creating the TMDC
bilayers, we identify three categories: low strain (created from
TMDC layers having the same chalcogen, but for which the metal
can be the same or different), intermediate strain (from one layer
with chalcogens S and the other with Se), and high strain (chalco-
gen pairs Se, Te or S, Te) heterostructures. These combinations and
the associated value of strain are depicted in Fig. 2, where there are
four levels of strains expected with, e.g., a strain of 2% indicating
that we a priori expect one layer to be biaxially stretched by 2%
and the other biaxially compressed by the same amount. The
results corresponding to low and intermediate heterostructure
strain &, are more likely to be representative of the actual structure
and properties of TMDC bilayers in experimental situations.

lll. RESULTS
A. Relative stability of bilayer heterostructures

First, we assess the relative stability of the different stackings
in the absence of heterostructure strain, i.e., for the case in which
both layers have the same composition. We compute the energies
of the six registries identified in Figs. 1(b)-1(g), relative to the
bAb-aBa bilayers. These relative energies are listed in Table II.

As shown in Table II, the most stable stackings are those in
which the metal layers are on two different sublattices and the chal-
cogen sublattices across the vdW gap are also different (bAb-aBa,
bAb-aCa, and bAb-cBc). If the metal atoms occupy the same sub-
lattice in the two bilayers, and/or the chalcogen atoms are exactly
in registry with each other across the vdW gap, the energy of the
bilayers are significantly higher (Table II). These results indicate
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FIG. 2. Expected values of layer strain &4 in bilayer heterostructure TMDCs
where the metal can be Mo or W and the chalcogens S, Se, or Te. In DFT cal-
culations, the use of periodic boundary conditions requires a common lattice
constant hence a strain in each layer of a bilayer heterostructure.

that the vdW bonding mimics, perhaps fortuitously, the tendency
of metallic bonds in fcc systems to maximize the number of first-
order neighbors, only here some of the “neighbors” are seen across
the vdW gap. Different chalcogen sublattices across the gap means
that chalcogens in one layer are exactly above the hollow sites in
the other layer, strengthening the binding between the two layers:
in other words, there is some directionality to the vdW interactions
and they cannot be reduced to a simple function of the interlayer
spacing. Another trend emerging from Table II is that the effect of
interlayer registry (layer stacking) is more pronounced as we go
from sulfides, to selenides, to tellurides. This is an indication that
the size of the chalcogen shapes the landscape of the vdW energy
between the TMDC layers. As apparent from Table I, the effect of
chalcogen size and that of changing the stacking between layer are
comparable to each other in terms of determining the relative
stability of the bilayers.

TABLE Il Calculated energies AE (meV per unit formula), relative to the most
stable configuration, for bilayer MX; in the six stacking sequences shown in Fig. 1.
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Stacking MoS, MoSe, MoTe, WS, WSe, WTe,
bAb-aBa 0.00 0.00 0.00 0.00 0.00 0.00
bAb-aCa 0.39 1.65 6.65 1.37 2.89 8.25
bAb-cBc 0.40 1.64 6.66 1.37 2.88 8.26
bAb-cAc 8.37 14.69 39.44 996 17.04 43.76
bAb-bCb  34.14 37.76 50.54 3334 37.10 50.48
bAb-bAb  58.78 76.35 129.25 5799 7490 127.98
42, 032201-3
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FIG. 3. Computed average strains in the layers of all heterostructures studied in the present work.

TABLE lll. Electronic bandgaps of the 2H bulk phase (bAb-aBa) of MX; crystals.

Present work (eV)

Other Works (eV)

MOSZ
MoSe,
MoTe,
WS,
Wsez
WT62

0.89
0.85
0.72
1.01
0.97
0.79

0.74,0.75°,1.23°
0.75%,0.8°,1.09°
0.66",1.0¢
0.89",1.35¢
0.97°,1.20¢
0.81°

*Reference 48.
PReference 49.
“Reference 50.
dReference 51.

Another important effect that we have investigated is that of
heterostructuring, i.., different compositions of the two TMDC
layers. The calculated strain g, after relaxation is displayed in Fig. 3.
The DFT calculations for all stacking and compositions indeed bear
out our expectation of four values of bilayer strain, with a few excep-
tions pertaining to metal lattices in registry to each other (bAb-cAc
and bAb-bAD, refer to Fig. 3). As mentioned above, in this case,
there are artifacts brought by the periodic boundary conditions
(which impose large strains on each layer), so we will focus on the
results pertaining to low and intermediate strain bilayers.

B. Electronic properties

Before analyzing the electronic properties of heterostructures,
we first compute the electronic bandgap of the parent structures,
i.e., the bulk phases of TMDC. These results are summarized in
Table III and show a variation both in the value of the bandgap
and in its character (direct or indirect). The bandgap variations are,
however, not particularly large (from 0.79 to 1.01 eV). With an aim

TABLE IV. Magnitude (eV) and transition of the electronic bandgaps of the zero-strain structures in the present work.

155220 ¥202 Iudy 82

MoS, MoSe, MoTe, WS, WSe, WTe, MoS,-WS, MoSe,-WSe, MoTe,~WTe,

bAb-aBa 1.30 1.19 0.97 1.45 1.35 1.03 1.26 1.24 0.96
Ir-o° r-o r-¥* Ir-o r-o K-¥ I'-K r-o K-®

bAb-aCa 1.27 1.20 1.02 1.47 1.38 1.07 1.20 1.23 0.92
I'-K r-o r-v r-o r-o K-K I'-K r-o K-K

bAb-cBc 1.27 1.20 1.02 1.46 1.38 1.07 1.26 1.28 1.03
'-K r-o r-v r-o r-o K-K I'-K r-o K-K

bAb-cAc 1.32 1.27 0.97 1.52 1.45 0.96 1.25 1.25 1.04
I'-K r-v¥ K-K r-o r-o K-K I'-K K-K K-K

bAb-bCb 1.56 1.42 1.095 1.70 1.48 1.14 1.45 1.31 0.97
I'-K K-® K-¥ r-o K-o K-K '-K K-o K-K

bAb-bAb 1.46 1.31 0.86 1.65 1.39 0.84 1.38 1.14 0.97
I'-K K-® K-K I'-K K-® K-K I'-K K-K K-K

3 =(0.175, 0.175, 0).

P = (0.193, 0.193, 0) in reciprocal space.

J. Vac. Sci. Technol. A 42(3) May/Jun 2024; doi: 10.1116/6.0003264 42, 032201-4
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TABLE V. Magnitude (eV) and transition of the electronic bandgaps of the 2%
strain structures in the present work.

ARTICLE pubs.aip.org/avs/jva

The computed electronic bandgaps of the bilayer TMDC het-
erostructures, as well as the parent bilayer structures, are shown in
Figs. 4(a) and 4(b), for direct and indirect bandgaps, respectively.

MoS,-MoSe, WS,-WSe, MoS,-WSe, WS,-MoSe, The range for direct (indirect) bandgaps extends to ~1.3 (1.7 eV),

bAb-aBa 0.82 0.93 0.64 1.11 but there is no discernable correlation between bandgap values and
K-K K-K K-K K-K stacking in Fig. 4.

bAb-aCa 0.76 0.87 0.58 1.06 First, we note that among the parent bilayer structures, MoTe,

K-K K-K K-K K-K shows a direct (K-K) bandgap in two low-stability stackings (bAb-

bAb-cBc 0.87 0.98 0.69 1.11 cAc: 0.86 €V; bAb-bADb: 0.97 eV), and WTe, shows a direct (K-K)

I'-K K-K K-K T-K bandgap in all but one (bAb-aBa) stacking sequences. This indi-

bAb-cAc 0.80 0.90 0.61 0.11 cates that having Te in the structure can lead to direct bandgaps in

K-K K-K K-K K-K the parent bilayer structures. This is also seen in Te-containing

bAb-bCb 0.77 0.90 0.58 1.10 (near)zero-strain heterostructures, as shown in Table IV. Tables TV

K-K K-K K-K K-K and V show the magnitude as well as the transition of the bandgaps

bAb-bAb 0.75 0.87 0.54 1.11 of the low strain (<3%) heterostructures in the six different stack-

K-K K-K K-K K-K ing sequences arranged in decreasing order of stability. Typical

toward tuning the bandgap over a wider range of values, we have
calculated the bandgaps of all bilayers structures with the six stack-
ing sequences. The bandgap results for bilayers with low (~0.0%)
and intermediate (~2%) strain are shown in Tables IV and V,

band structures are shown in Fig. 5, illustrating four types of transi-
tions present in low-strain heterostructures.

MoTe,-WTe, heterostructures have a direct (K-K) band gap
in all but one (bAb-aBa) stacking sequence. Most of the low strain
heterostructures shown in Tables IV and V have a direct (K-K)
bandgap across most stacking sequences. Some exceptions to this
include the MoS,-WS, heterostructure that shows an indirect

respectively. (I'-K) bandgap across all the stacking sequences, and the MoS,-

a) Direct Band Gaps
- aMos,

12 WTe, - ®
PP WTe, WTe, ® o0 o ~MoSe, Z
1.0 7' ® MoTe: ® N
d o ° IEEEE e -s  ~MoTe,
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= e o = o ‘e o Molez  aws, 3
@ o8 o . ) e o WTe;, »
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0.6 PY ® va - Y s . a W'I'e2
- ° ° ® -
® o °
0.4 ) ) e O
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b) Indirect Band Gaps
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FIG. 4. Computed electronic bandgaps of heterostructures in six different stacking sequences. The bandgaps of the parent MX; bulk structures for a given stacking
sequence are shown as solid lines. Structures with direct bandgaps are shown in (a) and those with indirect bandgaps are shown in (b).
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FIG. 5. Computed band structures showing four different types of transitions observed in low-strain heterostructures. The arrows correspond to the bandgaps, i.e., the
lowest energy transitions between occupied and unoccupied states. (a) K-K (b), T-K, (c) K-®, (d) -®.

MoSe, and WS,-MoSe, heterostructures that show an indirect
(I'-K) band gap in only one stacking sequence, and a direct (K-K)
band gap in all other stacking sequences. This behavior can be
explained using the electronic band structures shown in Fig. 5.
Figures 5(a) and 5(b) show the band structures of the MoS,-MoSe,
heterostructure in the bAb-aBa and bAb-cBc stacking sequences,
respectively. While we see a direct (K-K) bandgap of 0.82 eV in the
bAb-aBa stacking sequence, this can be easily tuned to an indirect
(I'-K) bandgap of 0.87 eV by stacking it in the bAb-cBc sequence,
which is another high-stability stacking sequence. Next, we look at
Figs. 5(c) and 5(d), which show the effect of changing the stacking
sequence of the MoSe,-WSe;, heterostructure. While Fig. 5(c)
shows the indirect (K-®) bandgap (1.31 eV) of the MoSe,-WSe;
heterostructure, this can be tuned to an indirect (I'-®) bandgap of
1.24 eV by switching to the bAb-aBa stacking sequence. While we
explore the band structure tuning in the MoS,-MoSe, and the
MoSe,-WSe, heterostructures here, Tables IV and V shows that it
is possible to tune the nature as well as the magnitude of the
bandgap of a heterostructure by simply altering the stacking
sequence. With this motivation, we list the stacking sequences in
the decreasing order of stability for the low strain heterostructures
studied here.

C. Piezoelectric properties

TMDC:s typically occur in one of three polytypes: 1T, 2H, and
3R.” The tetragonal 1T polytype has a single layer unit cell that is

stacked in the aBc sequence. This phase has been shown to be
metallic,”® and hence, has not been of interest for piezoelectric
applications. The hexagonal 2H phase consists of two layer unit
cells that are stacked in the bAb-aBa sequence. The rhombohedral
3R polytype is made up of three layer unit cells in the bAb-
cBc-aCa stacking sequence. On account of their electronic bandg-
aps being in the semiconductor range and their thermodynamic
stability, the 2H-TMDCs are currently the most prominently
studied.”* However, bulk MX, compounds in the bAb-aBa stacking
sequence (the 2H phase) are not piezoelectric since they possess an
inversion center. We thus explore two different ways to break the
centrosymmetry in order to obtain a piezoelectric response. One
way is to change how the two layers of the unit cell are stacked rela-
tive to each other; another way to achieve a piezoelectric response
is by changing the composition of one of the layers, i.e., to create
MX,-NY, heterostructures.

To evaluate the piezoelectric coefficient tensors, we utilize the
density functional perturbation theory (DFPT)”™ method as
implemented in VASP. The piezoelectric coefficient tensor e;
relates the polarization, P; (i = 1, 2, 3) to the strain &; (using the
Voigt notation®® where j = 1, 2, 3) as™”

(1)

P,‘ = E,j&‘j.

The bulk heterostructures as well as their bilayer counterparts
possess 3m (or higher) point group symmetry. This reduces the
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TABLE VI. Piezoelectric coefficient e,4 of bAb MX, monolayers.

Present work (107°C/m) Other works (107'°C/m)

MoS, 3.68 3.64°3.56"2.9
MoSe, 3.79 3.92%3.84°
MoTe, 4.70 5.43°4.98"
WS, 2.36 2.47°2.46"
WSe, 251 2.71°2.66"
WTe, 3.21 3.40°,3.52°

*Reference 19.
PReference 30.
“Reference 60.

TABLE VII. Computed piezoelectric coefficients e,; (x10~"° C/m) of the MX, mono-
layers and bAb-aCa bilayers stacking sequence.

ARTICLE pubs.aip.org/avs/jva

number of independent components of the piezoelectric coefficient
tensor, e;;. For the bulk structures (hexagonal unit cells), the piezo-
electric coefficient tensor is

0 0 0 0 e5 e
—e71 0 €15 0 0 . (2)
e313 e e 0 0 0

For the bilayer structures in 2D, Eq. (2) reduces to

0 0 0 0 0 ey
e,j = €1 —eér1 0 0 0 0 . (3)
€31 €31 0 0 0 0

We first calculate the piezoelectric coefficients for bAb
monolayers (Table VI). Table VI also shows that are results are
consistent with published computational and experimental litera-

Published under an exclusive license by the AVS

MX, bAb bAb-aCa  tyre studies.'”""*" The MX, monolayers act as building blocks for
MosS, 3.57 709 all the structures, as shown in Table VII. The piezoelectric coeffi-
MoSe, 3.79 7,50 cient e;hl) of any structure built from two stacked monolayers MX,
MoTe, 4.70 9.24 and NY; can be calculated using
ws, 2.36 4.71
WSe, 251 4.96 ) =) + €2, (4)
WTe, 321 6.29 ‘
where ¢}, is the piezoelectric coefficient of the i monolayer. The
sign on the second term is decided by the stacking sequence that is
2) b) employed to build the structure (e.g., Fig. 6). Out of the six stacking
sequences studied here, there are three stacking sequences (bAb- 1
aCa, bAb-bAb, and bAb-cBc) wherein the polarization developed %,"
in the constituent monolayers are in the same direction, and hence, §
they add up to give a higher resultant polarization of the structure g
) (compared to the monolayers). These are the stacking sequence
where the piezoelectric coefficients of the constituent monolayers g
— - add up to give the piezoelectric coefficient of the structure. In the
! ! remaining three stacking sequences (bAb-aBa, bAb-bCb, and
. i bAb-cAc), the polarization developed in the constituent monolay-
FIG. 6. Polarization values corresponding to the upper and lower layers upon ers are in opposite directions, and hence, they result in a smaller
straining along the a direction can either (a) add or (b)subtract when layers are N .
stacked to form a homo- or heterostructure resultant polarization of the structure. For instance, we expect the
' piezoelectric coefficient of the MX, bilayers in any of the former
o © ® o ° aMoS
75 ° ¥V oo SRS ‘ S ) 2
2 5o o ® > - g i ~MoSe,
0 . o8 - - aMoTe
% 2.5 GaSe .... 0 ®© ® 2
= 0.0 % S o\ ° ) - Wsz
5 0 P~ e °. WSe,
— 25 ® LY -
& - WTe,
o -50
)
-75
-10.0 L
bAb-aBa bAb-aCa bAb-cBc bAb-cAc bAb-bCb bAb-bAb
FIG. 7. Computed piezoelectric coefficients of the heterostructures in the six different stacking sequences studied in the present work. The piezoelectric coefficients of the
parent MX; bilayer structures for a given stacking sequences are shown as solid lines. Structures with e, < 10~'2 C/m are not shown.
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three stacking sequences to be equal to twice the piezoelectric coef-
ficient of the respective MX, monolayer. We compare the piezo-
electric coefficients of the MX, monolayers and bilayers in one of
these stacking sequences (bAb-aCa) in Table VII to verify this.
Table VII shows that this expectation is born out, albeit in an
approximate way—meaning that e;; for the bilayers in bAb-aCa,
bAb-bAb, or bAb-cBc stackings is approximately double that of
the monolayer. It is worth noting here that even though we present
the piezoelectric coefficient values of the parent MX, bilayer struc-
tures, Eq. (4) holds for all the low strain (<3%) heterostructures
studied here. At the same composition, within each group of stack-
ing sequences, we see no variation in piezoelectric coefficients, thus
indicating a weak coupling between layers across the van der Waals
gap.

We have also computed e;; for all heterostructures and all
stackings and summarized the results in Fig. 7, which show that e;;
ranges approximately from —10 to +10 x 1071° C/m. As an aside,
we note that twisted 2D heterostructures’’ and 1D helical nano-
structures"** have non-colinear polarizations from one layer to
the next. For such structures, the polarization cancelation shown in
Fig. 6(b) is unlikely to occur, and we expect a spatially modulated
piezoelectric response for such structures.

IV. CONCLUDING REMARKS

We note here that MoTe, has, in particular, gained special
attention among TMDCs for various reasons. First, single and few
layers MoTe, have been predicted to exhibit a larger carrier mobil-
ity compared to several other TMDCs at temperatures close to
room temperature.”” Furthermore, the piezoelectric response of
MoTe,, in its monolayer form, has been shown to be the highest of
all the MX, monolayers included in the study by Duerloo et al.'’
In addition to these attractive properties, MoTe, has also been
shown to be stable in the 2H phase at room temperature.”* In this
study, we show that heterostructuring of these TMDC monolayers,
including MoTe,, can further enhance the resultant piezoelectric
response, in addition to offering an added level of control in modi-
fying both the type (direct vs indirect) as well as the magnitude of
their electronic bandgaps.

We have demonstrated how changing the composition and
the stacking sequence of a TMDC hetersotructure allows us to go
back and forth between direct and indirect electronic band gaps
and also tune the magnitude of the bandgap. In addition, we show
that strain is another important controlling parameter that can be
used to alter the nature and magnitude of the bandgaps. This
unlocks a fine level of control of the electronic properties of the
TMDC heterostructures, thus helping their use in electronics appli-
cations. Furthermore, we show that stacking TMDC monolayers in
certain ways allows for a larger piezoelectric response compared to
that of the constituent layers. Thus, we use the effect of stacking
sequences on TMDC heterostructures to harness higher piezoelec-
tric responses in a class of materials that have already been known
to show comparable piezoelectric responses to widely used, 3D pie-
zoelectric materials such as o-quartz and bulk wurtzite AIN."
Similar studies can be carried out for the case of free-standing
high-entropy sulfides,””*° monochalcogenides,”” or substrate-

supported 2D materials.”® Therefore, we expect these results to

ARTICLE pubs.aip.org/avs/jva

serve as a stepping stone towards populating an extensive property
database of TMDC heterostructures, and in doing so, enabling
their widespread use in nanoscale applications.
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