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Transition metal dichalcogenides (TMD) based heterostructures have gained significant attention lately
because of their distinct physical properties and potential uses in electronics and optoelectronics. In the
present work, the effects of twist on the structural, electronic, and optical properties (such as the static
dielectric constant, refractive index, extinction coefficient, and absorption coefficient) of vertically
stacked TMD heterostructures, namely MoSe,/WSe,, WS,/WSe,, MoSe,/WS, and MoS,/WSe,, have been
systematically studied and a thorough comparison is done among these heterostructures. In addition,
the absence of negative frequency in the phonon dispersion curve and a low formation energy confirm
the structural and thermodynamical stability of all the proposed TMD heterostructures. The calculations
are performed using first-principles-based density functional theory (DFT) method. Beautiful Moiré

patterns are formed due to the relative rotation of the layers as a consequence of the superposition of
Received 26th September 2023 the periodic structures of the TMD h other. Twist engineering allows the modulation of band
Accepted 6th December 2023 e periodic structures of the s on each other. Twist engineering allows the modulation of bandgaps
and a phase change from direct to indirect band gap semiconductors as well. The high optical

DOI: 10.1039/d3ra06559¢ absorption in the visible range of spectrum makes these twisted heterostructures very promising
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1. Introduction

The successful mechanical exfoliation of graphene,® which
possesses remarkable electronic, mechanical, and chemical
properties, has paved the way for extensive exploration of 2D
materials within the research community. There are several
layered materials in the 2D material family, for example,
phosphorene,” C;N,*> monochalcogenides* or transition metal
dichalcogenides (TMDs),”> capable of being used in nano-
electronics and optoelectronics.® Among them, layered transi-
tion metal dichalcogenides (TMDs) have garnered significant
interest, due to their intriguing physical properties and wide-
ranging applications, such as in nano- and optoelectronic
devices, spintronics, and valleytronics which make them
a promising candidate for future applications in the semi-
conducting industry.””® Furthermore, the physical properties of
layered TMDs are highly influenced by factors such as thick-
ness,' strain," pressure,'” stacking sequence® and electro-
magnetic field.** Previous research has demonstrated that
materials like MoS,, WS,, MoSe,, and WSe, undergo a transi-
tion from an indirect-band-gap to a direct-band-gap configura-
tion when their thickness is reduced to a monolayer.*>'* TMDs
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candidates in photovoltaic applications.

with thickness-dependent bandgaps hold great potential for
next-generation electronic and optoelectronic devices. More-
over, the weak van der Waals (vdWs) forces between the layers
have been extensively studied in recent years, allowing for the
modification of various properties in 2D materials.”® These
vdWs interactions significantly influence electronic band
structures, magnetism, superconductivity, and other physical
properties. Hence, stacking provides a convenient approach to
manipulating the functionality of TMDs. Moreover, there are
numerous engineering techniques, such as chemical function-
alizing,' doping,” mechanical loading,"”® or strain engi-
neering’ and application of twist,***" that can be used to
modify the physical properties of a 2D material.

Recent research has shown considerable interest in strain
engineering of 2D monolayer materials. The primary objective of
studying strain effects is to gain a comprehensive understanding
of how mechanical strain influences the electronic, optical, and
photonic properties of these materials. The ultimate goal is to
develop high-performance devices based on 2D materials by
leveraging the potential of strain engineering. The strain effects
can arise not only from an external strain but also by the
mismatch between lattice constants of the synthesized material
and substrate; therefore, it is essential to understand the impact
of strain on the electro-optical and mechanical properties of
newly designed 2D materials. Introducing a twist angle between
the monolayers as a new degree of freedom enhances the
performance of the van der Waals heterostructure due to the
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complex interlayer coupling. Stacking the two layers of van der
Waals material on top of each other at a certain angle leads to
a Moiré pattern.? It originates from strain effects in the layers,
the altered orientation of atoms, and mismatched lattices. The
Moiré pattern creates a periodic potential in the heterostructure
as a result of the twist between the monolayers, which signifi-
cantly affects the band structure and leads to some emergent
and intriguing properties, such as unconventional supercon-
ductivity, topological conducting channels, exceptional
sensing,” and energy storage behavior.** Several theoretical and
experimental studies have already predicted that twisting bilayer
structures can lead to improved electronic, optical and thermal
transport in devices. For instance, in 2D superlattices, twisted
graphene sheets exhibit an unconventional superconductivity
near 1.1° twist angle,* and mirrored Dirac cones are observed in
30° twisted bilayer graphene.>® Gupta et al* found that the
interlayer twist angle significantly influences the thermal
conductivity of the graphene/hBN heterostructure. Beyond gra-
phene, numerous two-dimensional materials serve as building
blocks of Moiré materials. Recently, the properties of twisted
TMD bilayers have been explored by several experimental
groups. For instance, Tran and collaborators®® investigated the
optical properties of twisted WSe,/MoSe, bilayers, revealing the
presence of interlayer excitons trapped by the Moiré potential.
Additionally, Jia Shi et al* noted a higher photoluminescence
(PL) ratio of trions over excitons in the WS,/WSe, heterostructure
at 30° and 60° twisted angles. Wang and colleagues®® fabricated
bilayers of WSe, with varying twist angles and discovered
a correlated insulator state when the lowest valence band was
half filled with holes. Xiao-Guang Gao et al. reported the
modulation of optical properties through twisting in MoS,
bilayers.** These significant finding have sparked substantial
interest and established the emerging field of twistronics. There
are two main methods for constructing vertical heterostructures:
direct-growth bottom-up processes and mechanical top-down
(exfoliation and restacking) approaches.®* The direct-growth
bottom-up processes use the chemical vapor deposition (CVD)
technique to fabricate 2D heterostructures. CVD enables the
production of large-area 2D materials for mechanical assembly
and allows for the direct growth of different stacking structures.
However, it is challenging to control the crystal orientations or
angular twists of the heterostructure. The most reliable methods
used to fabricate twisted van der Waals heterostructures are the
atomic force microscopy (AFM) tip manipulation techniques®
and transfer technique.®*

Here, we proposed four different combinations of TMD
heterostructures, namely MoSe,/WSe,, WS,/WSe,, MoSe,/WS,,
MoS,/WSe,, and have done a systematic and comparative study
on the electronic and optical properties of the TMD hetero-
structures as a function of twist angle using density functional
theory (DFT) calculations. Synthesis of these heterostructures
has been reported in recent studies.>*”

2. Computational details

In this study, we have investigated the optoelectronic properties
of twisted TMD bilayer heterostructures using the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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computational package Atomistix toolkit (ATK),* based on first-
principles based density functional theory. In the average field
of electrons and ions, the interaction is characterized by spin-
polarized generalized gradient approximation (SGGA) with
a Perdew-Burke-Ernzerhof (PBE) exchange-correlation func-
tional. The PBE exchange-correlation functional in DFT calcu-
lations is considered as one of the most accurate methods,*® but
it sometimes underestimates the band gap values. Hybrid
functionals may indeed provide more accurate results,* but
they come with significantly higher computational demands.
We have calculated the band gap values for key materials,
namely MoS,, MoSe,, WS, and WSe,, using the same PBE
functional and the values are presented in Table S1.1°* Our
results exhibit excellent agreement with previously reported
experimental values.*~** Therefore, we have opted for the PBE
exchange-correlation functional in our calculations. This
choice ensures both efficiency and reliability in our calcula-
tions, making it the preferred option for further investigations
of the proposed heterostructures. In order to describe the
influence of vdW interactions, we add a van der Waals correc-
tion term using the DFT-D3 method of Grimme.*

To investigate the optical behavior of the twisted TMD het-
erostructures, Kubo-Greenwood formalism***” was used in the
DFT framework. Here, the Limited Memory Broyden-Fletcher—
Goldfarb-Shanno (LBFGS) algorithm is used for the optimiza-
tion of the different twisted heterostructures until the atomic
Hellmann-Feynman forces on each atom are less than 0.01 eV
A~'.%8 The density mesh cut off of 800 eV is employed and the
vacuum layer thickness is set to be 25 A to avoid the periodic
interaction of layers. The Brillouin zone has been sampled with
9 x 9 x 1 k-points using the Monkhorst-Pack scheme for
accuracy in our calculations.* The density of states was deter-
mined using the k-grids 3 x 3 x 1. For calculating optical
properties, the first Brillouin zone in reciprocal space is
sampled with a &-mesh 15 x 15 x 1. To check dynamic stability,
the phonon dispersion was calculated with the finite displace-
ment method using the PHONOPY code® by creating supercells
of 2 x 2 x 1 size.

3. Results and discussion

3.1. Twisted heterostructures of TMDs and their stability

Transition metal dichalcogenides have a hexagonal lattice
structure (a = b # ¢, « = § = 90° and y = 120°) with lattice
parameters 3.16 A (MoS,), 3.29 A (MoSe,), 3.15 A (WS,) and 3.28
A (WSe,). Their bond lengths between Mo-S, Mo-Se, W-S, and
W-Se atoms are 2.42 A, 2.54 A, 2.43 A, and 2.55 A respectively.
These values are highly consistent with the ones previously re-
ported.** By matching the crystal lattices of the monolayers, we
form heterostructures by stacking the 2D TMDs on each others
vertically in a twist angle ranging from 0° to 60°. In a plane,
atoms are bonded via strong covalent bonds, while the adjacent
layers along the thickness direction are bonded together by
weak van der Waals forces which are strong enough to hold
them together. The interlayer lattice mismatches in the
MX,/M'X, M = W, Mo; M = W; X = X =S, Se) hetero-
structures are less than 3.5% (see Table 1), which are quite
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Table 1 Twist angle (f), number of atoms (N), strain (6), equilibrium
interlayer separation (d), binding energy (E, in units of meV), and
energy band gap (E4 in units of eV) for different twisted TMD
heterostructures

Heterostructure 6 (°) N 6(%) d(A) E,(meV) E,(eV)
MoSe,/WSe, 0 54 0.02 7.14 18.24 1.23
16.10 75 1.35 6.94 24.82 1.10
21.79 42 0.02 6.94 24.73 1.42
38.21 42 0.02 6.94 24.67 1.42
43.9 75 1.35 6.94 24.8 1.02
60 54 0.02 6.54 30.37 1.16
WS,/WSe, 0 48 1.42 6.84 19.12 1.03
16.10 75 0.08 6.34 20.89 1.30
30 54 3.38 6.64 25.82 1.02
47.48 69 1.66 6.64 13.55 1.18
60 48 1.42 6.64 42.55 1.08
MoSe,/WS, 0 54 1.40 6.94 17.93 0.76
16.10 75 0.06 6.64 37.91 1.43
30 42 3.40 6.84 59.42 0.89
38.21 42 1.40 6.64 64.66 1.24
46.10 45 3.37 6.84 35.57 1.18
60 54 1.40 6.64 40.78 1.04
MoS,/WSe, 0 54 1.26 6.95 13.07 0.69
16.10 75 0.08 6.65 27.81 0.90
21.79 42 1.26 6.85 69.43 1.03
38.21 42 1.26 6.85 69.35 0.95
43.9 75 0.08 6.65 25.90 0.90
60 54 1.26 6.45 31.78 0.67

small. The lowest lattice mismatch allows us to choose the twist
angles of 0°, 16.10°, 21.79°, 30°, 43.9° and 60° for the
MX,/M'X, heterostructures. The interlayer equilibrium
distances (d) between MoSe,/WSe,, WS,/WSe,, MoSe,/WS, and
MoS,/WSe, are 7.14 A, 6.84 A, 6.94 A and 6.95 A respectively,
obtained from the energy curves as shown in Fig. S2 in the
ESL, 7> where the energy is plotted as a function of interlayer
distance for § = 0°. The estimated interlayer distances between
MoSe,/WSe,, WS,/WSe,, MoSe,/WS, and MoS,/WSe, vary in the
range of 6.35 A to 6.85 A with twist angle ranging from 0° to 60°.
The total number of atoms, strain, interlayer separation, and
binding energy of TMD heterostructures with various twist
angles are listed in Table 1. The top views of twisted WS,/WSe,
and MoSe,/WSe, heterostructures for different twist angles are
shown in Fig. 1 and S11°* respectively.

To verify the dynamical stability of the twisted MX,/M'X,
heterostructure, we have calculated the phonon band structure
along the high symmetric points (X-I'-Y-Z) for MX,/M'X,
heterostructures at § = 0°, as shown in Fig. 2(a-d). From the
phonon band structure, we can see that there is no negative
frequency present. It means that the heterostructures are
dynamically stable.

To check, whether the structure is thermodynamically stable
or not, we calculate the binding energies (E},) of the twisted
MX, /M'X', heterostructures using the following formula:

EMXZ/M/X'z — Evx, — Eyx,

E, = N - &Y
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where Eyy vy, Bmx, and Eyyy, represent the respective total
energies of MX, /M’X’z, MX, and M'X,. Here, M and M’ are
transition metals, X and X’ are chalcogens and N is the number
of atoms in the supercell. The calculated binding energies of the
heterostructures MoSe,/WSe,, WS,/WSe,, MoSe,/WS, and
MoS,/WSe, vary from 18.24 to 30.37 meV, 13.55 to 42.55 meV,
17.93 to 64.66 meV, and 13.07 to 69.43 meV respectively with the
twisting angle, as shown in Fig. S3 in the ESL.{** The low
binding energies for the heterostructures lead to feasible
structures.

3.2. Electronic properties

To explore the electronic properties of the twisted hetero-
structure, the fat band structures have been calculated along the
path X-I'-Y-Z with the corresponding projected density of
states (PDOS). Fig. 3 and S41°> show the fat band structures and
projected density of states of twisted WS,/WSe, and MoSe,/
WSe, heterostructures. The overlapping of spin 1 and spin |
bands in the calculated band structure demonstrates the non-
magnetic behavior of the twisted TMD heterostructures.
Furthermore, the heterostructure exhibits a semiconducting
behavior across various twist angles. Fig. 4 illustrates the vari-
ation of bandgap as a function of twist angle for these hetero-
structures. The band gap varies between 1.02 to 1.42 eV, 0.67 to
1.03 eV, 1.02 to 1.30 eV, and 0.76 to 1.24 eV for MoSe,/WSe,,
MoSe,/WS,, WS,/WSe,, and MoS,/WSe, heterostructures
respectively, which switches between direct and indirect band
gaps as a function of twist angle (6) for all the twisted hetero-
structures except WS,/WSe,, for which all the band gaps are
found to be indirect. MoSe,/WSe, (6 = 0°, 60°), MoSe,/WS, (§ =
0°, 60°), Mo0S,/WSe, (§ = 0° 16.10°, 21.79°, 43.9°, 60°) have
a direct bandgap, which is crucial for improving the perfor-
mance of photonic devices. We can see that both the valence
band maximum (VBM) and conduction band minimum (CBM)
are located at the I' point for all the twisted heterostructures
(see Fig. S4t).°> The direct band gaps are more desirable for
optical applications due to the easy optical transition of elec-
trons from the valence band to the conduction band.

To get more insight into the individual contribution of
atomic orbitals in the bands, we study the projected density of
states (PDOS). From PDOS analysis of the WS,/WSe, hetero-
structure (see Fig. 3), we observe that for § = 0°, the p, orbital of
the Se atom and the e, orbital of the W atom are the main
contributors to the valence band (VB), with small contributions
from the p, orbitals of the S atom, whereas the conduction band
(CB) originates from the e, orbitals of the W atom and p, orbital
of the S atom with less contribution from the p, orbital of the Se
atom. In contrast, a reversed nature of the PDOS was observed
for § = 16.10°, the e, orbital of the W atom and p,, orbitals of the
Se atom are higher contributing for the valence band maximum
(VBM) whereas for the conduction band (CB) the p orbital of the
S atom and e, orbitals of the W atom contribute more with less
contribution from the p orbital of the Se atom, and so on. These
contributions are influenced by the change in crystal structure
through the application of twist. When a twist is applied to
a crystal structure, it causes a change in the arrangement of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 shows the variation of the effective mass of holes and
electrons with different twist angles along the I' — Xand I' — Y
directions for MX, /M'X', heterostructures. Using the curvature
of the energy band at the conduction band minimum (CBM)
and valence band maximum (VBM), we can calculate the elec-
tron and hole effective masses:

1 1 &E @)
m,‘j B hz aklak]
where E is total energy, 7 is reduced Planck’s constant, and k is

the wave vector. We have calculated the effective mass of holes
and electrons (in units of my, free electron mass) at the points of

2882 | RSC Adv, 2024, 14, 2878-2888

VBM and CBM in the path of Brillouin zone I' - Xand I’ — Y
directions with varying twist angle (f). For MoSe,/WSe,, the
effective mass of holes (m;) along the y-direction starts to
increase from 0.437 m, and remains nearly constant at around
2.179 m,, then suddenly decreases to 1.351 m, at 60° while the
effective mass of electrons (m,) along the y-direction initially
decreases from 1.039 m, to 0.685 m, as the angle changes from
0° to 16.10°, then it shows a sudden decrease and remains
steady at 21.79° and 38.21°. After that, it again increases to
0.635 m, at 43.9°. In the case of WS,/WSe,, MoSe,/WS, and
MoS,/WSe,, the effective mass of holes varies between 0.436 m,
to 1.442 my, 0.624 m, to 2.062 m, and 0.414 m, to 1.738 m, along
the y-direction, with twist angle, respectively. Whereas, the
effective mass of electrons varies around 0.320 m, to 2.212 m,,
0.338 m, to 2.673 my and 0.007 mg to 0.470 m, for WS,/WSe,,
MoSe,/WS, and MoS,/WSe,, respectively. The estimated value
of effective mass doesn’t change as much as in going along the
x- and y-directions except at a few twist angles. It is noted that
the MoS,/WSe, heterostructure has a low effective mass for twist
angles 16.10°, 21.79°, and 43.9° compared to MoSe,/WSe,, WS,/
WSe,, MoSe,/WS, heterostructures, making the MoS,/WSe,
heterostructure suitable for high-performance electronic device
applications since a lighter electron effective mass can enhance
mobility. The obvious change in effective mass with twist
suggests that twist angle can modulate carrier mobilities in 2D
heterostructures.

3.3. Optical properties

To further interpret the possible applications of TMD hetero-
structures in optoelectronic devices, we employ the frequency-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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dependent dielectric function, &(w) = &(w) + ie,(w), to calculate
the optical properties of the MX,/M'X, heterostructure. The
real part, ¢;(w), and the imaginary part, ¢,(w), of the dielectric
constant are evaluated using the Kubo-Greenwood formalism.*”
This formalism can be expressed as follows:

2 — . .
T F]pm%k)pmf(k) ®)

K ) (K) {wnm(k) —w— iﬁ

X('/(C")) =

where the dipole transition matrix element p,,,,' = (nk|p’|mk) is
the i™ component of the momentum operator between states n
and m, M represents the mass of electron, volume (V), and I’
represents energy broadening. f, is the Fermi function evalu-
ated at the band energy E,(k) and /iw,,, = E, — E,,. The complex
dielectric constant relates to the susceptibility tensor as:

e(w) = (1 + x(w)) (4)

The imaginary component of the complex dielectric func-
tion, ¢(w), is obtained from the momentum matrix elements
between the occupied and unoccupied electronic states. Math-
ematically, this could be expressed as:

21e?

S Jwsla vy 6 (E — E) — E) (5)

&(w) =
W& ke

© 2024 The Author(s). Published by the Royal Society of Chemistry

where Y% and y} are the conduction band and valence band
wave functions k points, w is the angular frequency of electro-
magnetic radiation in energy units, ¢, is the free space permit-
tivity. # and 7 denote the polarization vector and position vector
of the EM field respectively.

On the other hand, the real part of the dielectric function,
&(w), is determined from the &,(w) by using the Kramers-Kronig
transformation.*®

T
0 W

!

&1(w) dw (6)

T — w?

where P is the principal value of the integral.

The optical studies have been performed considering the
propagation of light perpendicular to the z-direction. Here, we
observe equivalent contributions of optical properties of the
heterostructure in the x- and y-directions. Fig. 6(a and b) and
S6(a and b)f show the variation of the real and imaginary parts
of the dielectric constant ¢(w) of the WS,/WSe, and MoSe,/WS,
heterostructures respectively under various twist angles. It can
be seen that the real and imaginary parts of the dielectric
function are modulated by varying the twist angle. Due to
hexagonal crystal symmetry, the MX,/M'X’, heterostructure
exhibits isotropic behavior in the x and y directions. The key
feature of the &;(w) plot is the w = 0 on the y-axis, also referred to
as the static value. The square root of the static value gives the
refractive index values. The static dielectric constants vary from

RSC Adv, 2024, 14, 2878-2888 | 2883
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1.23 to 1.29, and 1.16 to 1.23 for WS,/WSe,, and MoSe,/WS,
heterostructures, respectively. The maximum values of the
&1(w = 0) for WS,/WSe,, and MoSe,/WS, are observed to be 1.29
for § = 16.10°, and 1.23 for § = 46.10° respectively. For WS,/
WSe,, the real part of the dielectric constant starts to increase
with photon energy and it peaks at 1.45 eV, 1.6 eV, 1.55 €V,
1.6 eV, and 1.5 eV, after that, it starts to decrease to a minimum
value at 2.2 €V, 2.35 eV, 2.55 €V, 2.4 and 2.45 eV and then further
increase for 0°, 16.10°, 30°, 47.48°, and 60° twist angle respec-
tively. The peaks in the imaginary part of the dielectric function
&y(w) are caused by transitions of electrons between the valence
band to the conduction band. The peak position indicates the
energy level at which electronic transition occurs, which is
influenced by the band structure and electronic properties of
the material. For the WS,/WSe, heterostructure, the first peak is
located at 1.55 eV (f = 0°), 1.85 eV (f = 16.10°), 1.8 eV (8 = 30°),
1.85 (f = 47.48°) and 1.6 (§ = 60°) similar to the band gaps of
1.03 eV, 1.30 €V, 1.02 eV, 1.18 eV, and 1.08 eV, which correspond
to the transition from p, (Se) to p; (S), e (W) to p (S), ez (W) to py
(S), eg (W) to px (S), and py (Se) to p; (S), respectively. In the case
of MoSe,/WS,, the first peak is located at 1.5 eV (§ = 0°), 1.55 eV
(6 =16.10°), 1.55 eV (6 = 30°), 1.6 eV (§ = 38.21°) and 1.6 eV (§ =
46.10°) similar to the band gaps of 0.76 eV, 1.43 eV, 0.89 eV,
1.24 eV, and 1.18 €V, respectively.

The optical properties such as absorption coefficient (a(w)),
refractive index (n), extinction coefficient (k), and optical
conductivity o(w) can be determined from ¢;(w) and &,(w).

3.3.1. Absorption coefficient. The absorption coefficient
o(w) can be determined from equation:

1/2

a(w) = V2w Vet (o) + e?(w) —e(w) 7

Fig. 7(a) and S7(a)t show the absorption coefficients for
WS,/WSe, and MoSe,/WS, heterostructures. An absorption
coefficient is a measure of how much light a medium absorbs.

2884 | RSC Adv, 2024, 14, 2878-2888

There are many peaks within the energy range of 0-5 eV. The
overall change trend is similar, and the only difference is in the
peak values. The absorption coefficient shows the highest peak
for WS,/WSe, at 1.85 eV, 2.05 eV, 1.85 eV, 2.3 eV, and 1.8 eV for
twist angles of 0°, 16.10°, 30°, 47.48°, and 60°, respectively,
after that it falls sharply. In the case of the MoSe,/WS, heter-
ostructure, the highest absorption peak occurs at 1.5 eV,
1.75 eV, 1.6 eV, 1.65 eV, and 1.7 eV for twist angles 0°, 16.10°,
30°, 38.21°, and 46.10°, respectively. These absorption peaks
correspond to the transition of electrons from valence bands to
conduction bands in the material and show maximum light
absorption for these wavelengths. Due to material properties, it
can be used for wavelength filtering purposes in that region.>*
The optical band gap of a material is determined by the
threshold value of photon energy at which the absorption
spectra starts to increase or when an optical transition occurs.
The optical band gap for the WS,/WSe, heterostructure is
found to be 0.9 eV for 0°, 0.9 eV for 16.10°, 0.95 eV for 30°,
0.85 eV for 47.48° and 0.75 eV for 60°. In the case of the MoSe,/
WS, heterostructure, the optical gap is 0.7 eV for 0°, 1.1 eV for
16.10°, 0.45 eV for 30°, 0.95 eV for 38.21° and 0.95 eV for 46.10°.
It is important to note that the electronic band gap is consis-
tently larger than the optical band gap due to excitonic binding
energy. For photon energies below the optical gap, the material
appears transparent. The absorption area lies between 1.3 eV to
2.85 eV, and 1.2 eV to 2.25 eV for WS,/WSe, and MoSe,/WS,
heterostructures, respectively. Hence, this area is highly
sensitive to optical absorption. As we can see here these het-
erostructures show excellent optical absorption in the visible
light region (1.7 to 3.1 eV), less absorption in the infrared
region, and become transparent in the UV region (energy
greater than 3.2 eV). This shows that the proposed hetero-
structures can be utilized for photovoltaic applications.

3.3.2. Refractive index and extinction coefficient. The
complex refractive index can be defined as 7i(w) = n(w) + ik(w),
where n(w) and «(w) are the real and imaginary parts (extinction

© 2024 The Author(s). Published by the Royal Society of Chemistry
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coefficient) of the complex refractive index and can be deter-
mined from ¢;(w) and ¢,(w) using the following equations:

1 5 ; 1/2
mm:ﬁb@wwawﬂﬂw] ®)

1/2
(o) = 5| VaroT + o) - (o) ©)
Here, w is the angular frequency.

The variations of refractive index with photon energy at
different twist angles for WS,/WSe, and MoSe,/WS, are shown in
Fig. 7(c) and S7(c).T From eqn (8), it is clear that the refractive
index depends on the real and imaginary parts of the dielectric
constant. By comparing the plot of the real part of the dielectric
constant Fig. 6(b) and the refractive index Fig. 7(c), the change in
trends in Fig. 6(b) and 7(c) are comparable, indicating that the
refractive index is mostly affected by the real part of the dielectric
constant. The values of the static refractive index for WS,/WSe,
(see Fig. 7(c)) and MoSe,/WS, (see Fig. S7(a)t) heterostructure
vary in the range from 1.11 to 1.14 and 1.08 to 1.11, respectively,
as we twist the heterostructure from 0° to 60°. For WS,/WSe, the
highest value of the refractive index is observed to be 1.33 at
1.45eV,1.39at1.65¢eV, 1.35at1.55 eV, 1.34 at 1.65 eV and 1.35 at
1.5 eV with the twisting angles of 0°, 16.10°, 30°, 47.48° and 60°,
respectively. Thereafter, the refractive indices decrease steadily
and further increases, then tend to be constant in the UV region.
In the case of MoSe,/WS,, the highest value of the refractive index
is observed to be 1.25 at 1.35 eV, 1.3 at 1.4 eV, 1.28 at 1.4 eV, 1.35
at 1.4 eV and 1.33 at 1.45 eV with twist angles 0°, 16.10°, 30°,
38.21° and 46.10°, respectively (Table 2). The rotation angles
provide further flexibility for using the same material in different
applications with low and high values of refractive index. High
refractive index materials find application in energy storage
devices such as solar cells; they are used as a coating to enhance
light trapping and absorption within the solar cell, whereas
a material with low refractive index shows great potential for
photonic device applications due to high reflectivity.>

Fig. 7(b) and S7(b)t show the variation of extinction coeffi-
cient with photon energy at different twist angles for WS,/WSe,
and MoSe,/WS,. The extinction coefficients are correlated with

© 2024 The Author(s). Published by the Royal Society of Chemistry

absorption coefficients. An area with a high extinction coeffi-
cient has a high absorption capacity. The highest value of
extinction coefficient for WS,/WSe, is observed to be 0.38 at
1.6 eV, 0.44 at 2 eV, 0.39 at 1.8 eV, 0.37 at 1.85 eV, and 0.41 at
1.8 eV with the twisting angles of 0°, 16.10°, 30°, 47.48°, and
60°, respectively. For MoSe,/WS,, the highest value of extinction
coefficient is observed to be 0.33 at 1.5 eV, 0.36 at 1.75 €V, 0.43 at
1.6 eV, 0.47 at 1.6 eV, and 0.41 at 1.7 eV with twist angles 0°,
16.10°, 30°, 38.21°, and 46.10°, respectively. The peak height
drops in the visible region, which tends to be constant after
4 eV.

3.3.3. Optical conductivity. In general, optical conductivity
is a complex quantity. By using the dielectric function, we can
calculate the optical conductivity:

iw

o(w) = I e(w) (10)

The real and imaginary parts of optical conductivity are given
by
_ weéy
T 4m

o) = 4= (1= =)

Table 2 Variation of refractive index with twist angle for different TMD
heterostructures

Refractive index

6 (°) MoSe,/WSe, WS,/WSe, MoSe,/WS, MoS,/WSe,
0 1.34 1.34 1.25 1.43

16.1 1.2 1.37 1.3 1.7

21.79 1.34 — — 1.38

30 — 1.35 1.28 —

38.21 1.35 — 1.35 1.37

43.9 1.2 — — 1.28

46.1 — — 1.33 —

47.48 — 1.34 — —

60 1.34 1.35 — 1.37
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In complex optical conductivity, the real component is called
photoconductivity (optical conductivity). Optical conductivity is
a measure of free carriers generated in a material when exposed
to light of a suitable wavelength. A material with more free
carriers under irradiation will have a greater optical conduc-
tivity. It varies from 194.3 to 258.3 A V'' em™ %, and 145.2 to
2287 A V! em™ ! for WS,/WSe, and MoSe,/WS, hetero-
structures, respectively, with the twisting angle. The maximum
values of optical conductivity for WS,/WSe, and MoSe,/WS,
heterostructures are found to be 258.3 AV~" cm™" at 1.9 eV for
16.10°, and 228.7 AV ' em ! at 1.6 eV for 38.21°. Among all of
the twisting angles, MoSe,/WSe,, WS,/WSe,, MoSe,/WS,, and
MoS,/WSe, heterostructures show the highest optical absorp-
tion at 60°, 16.10°, 38.21°, and 16.10°, respectively, which is the
most favorable twisting angle for optical response in the het-
erostructure. The outstanding optical properties of MX,/M'X,
heterostructures make them highly suitable for applications in
photovoltaic and optical devices.

4. Conclusion

Here, we have performed a systematic and comparative study on
electronic and optical properties of MoSe,/WSe,, Mo0S,/WSe,,
WS,/WSe, and MoSe,/WS, heterostructures with different twist
angles, by using density functional theory (DFT) based first-
principles calculations. Firstly, our calculations show that
twisted MX, /M/X/z heterostructures exhibit dynamical and
thermodynamic stability. Then, we have shown the variation of
the band gap, in which an indirect to direct band gap transition
appears, ie., the electronic properties of the MX,/M'X', heter-
ostructures can be effectively tuned by interlayer coupling. In
addition, MoSe,/WSe, (§ = 0°, 60°), MoSe,/WS, (# = 0°, 60°),
MoS,/WSe, (# = 0°, 16.10°, 21.79°, 43.9°, and 60°) have a direct
band gap, and therefore they are suitable for photovoltaic
applications. Also, optical properties such as the refractive
index, the extinction coefficient, and the absorption coefficient
have been calculated for MX, /M'X', heterostructures with twist
angle. The MoSe,/WSe,, WS,/WSe,, MoSe,/WS,, and MoS,/
WSe, heterostructures exhibit high sensitivity in the visible
regions and demonstrate excellent optical absorption at specific
twist angles: 60°, 16.10°, 38.21°, and 16.10° respectively. These
findings provide valuable insights into the impact of twist on
vertically stacked MX, /M'X'z heterostructures, making them
promising materials for various optoelectronic devices and
light-emitting diodes (LEDs), including solar cell applications.
This is due to their direct band gap semiconductor properties
and high absorption coefficients.
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