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ABSTRACT: Due to their outstanding properties for optoelectronic and versatile
electronic applications, the atomically thin layers of transition-metal dichalcogenide — _
(TMDC) materials have demonstrated a potential candidacy to succeed its analog

silicon-based technology. Hence, the elucidation of the most important features of 09
these materials is indispensable. In this study, we provide a theoretical elucidation of
the structural, electronic, elastic, and optical characteristics of TMDCs. The study

has been carried out by elucidating the material in its two particular forms, namely, <":||]ﬂ |][]|:>

bulk and two-dimensional (2D) layered (monolayer). The theoretical investigation
was carried out within the framework of the density functional theory (DFT) method (OXOJ o OO,
using first-principles calculations. The Perdew—Burke—Ernzerhof (PBE) variant of Z"& . :Q
the generalized gradient approximation (GGA) scheme, as performed in the : @OO 1 @9
Quantum Espresso package, is used. Van der Waals density functional effects, _._1? S Sl |

involving the nonlocal correlation part from the rVV10 and vdW-DF2 methods, were

treated to remedy the lack of the long-range vdW interaction. An illustration of the performance of both rVV10 and vdW-DF2
functionalities, with the popular PBE correlations, is elucidated. The Born stability criterion is employed to assess structural stability.
The obtained results reveal an excellent stability of both systems. Furthermore, the theoretical results show that band-gap energy is
in excellent agreement with experimental and theoretical data. Pugh’s rule suggested that both the bulk and MoS,-2D layered
systems are ductile materials. The refractive indices obtained herein are in good agreement with the available theoretical data.
Moreover, the theoretical results obtained with the present approach demonstrate the ductility of both systems, namely, the bulk and
the MoS,-2D layered. The results obtained herein hold promise for structural, elastic, and optical properties and pave the way for
potential applications in electronic and optoelectronic devices.

1. INTRODUCTION

Transition-metal dichalcogenide (TMDC) materials have
recently gained a significant deal of attention in material
research. In the last few decades, tremendous progress has
been attained in the elaboration of high-quality atomically thin
layers of TMDC materials. Moreover, TMDCs are a very
promising type of semiconducting materials due to their
attractive layer-dependent features, namely, the scalability and
thickness-dependent optical and electrical features. Nowadays,
these materials have demonstrated a potential candidacy to
succeed their counterpart silicon-based technology. This
achievement is predominantly due to their outstanding
electrical, optical, sensing, and mechanical features for
optoelectronic and versatile electronic applications.' ™

The field of transition-metal dichalcogenides has become a
popular topic of research in condensed matter physics as well
as a potential material for a variety of applications that have an
impact on science and high-tech development. Researchers
worldwide are particularly interested in the detailed response
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to its applications. Molybdenum disulfide (MoS,) is
considered one of the typical TMDCs. The exceptional
properties of MoS, related essentially to the layer dependence
of band structure as well as its specific direct band gap of 1.8
eV in monolayer make the material a promising remedy to
gapless anomalies of graphene, thus making it an attractive
material for a wide range of scientific and industrial research
interests.” Molybdenum disulfide (MoS,) is a unique semi-
conductor with a honeycomb structure that exhibits various
mechanical, optical, and electrical properties, similar to
graphene, making it the most desired material due to its
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Figure 1. (a, b) Crystal structure of 2H-MX, (a) bulk and (b) monolayer.

wide range of industrial applications, beginnin% with lubricant,
energy storage, photovoltaics, and catalysts.””

This material has a hexagonal crystal structure space group
(P63/mmc). The MoS, bulk forms a layered semiconducting
compound with the P3ml space group.'”'” The interlayer
stacking of the compound possesses Mo metal atoms inserted
between sulfur atoms having a nonmetal character with strong
covalent bonds involved in the association of the sulfur metal.
As shown in Figure 1, it is only mildly influenced by van der
Waals forces."” Previous studies revealed that the material is a
semiconductor with a narrow band gap.'' However, consid-
erable work remains to be done before the tools of electronic
structure theory can be used by nonspecialists to engineer the
properties of materials. The calculation of the mechanical
stability, bulk modulus, and anisotropy of the system is much
more important to unlock their potentiality.

Although many studies have been reported in the literature
using different theoretical and experimental methods on MoS,
for determining its corresponding electronic band-gap
calculation, the experimental band gap for MoS, bulk and
monolayer was reported with appropriate certitude by the
pioneering work conducted by Mak et al.'* The authors
managed to reliably determine the band gap for MoS, bulk and
monolayer to be 1.23 and 1.8 eV, respectively, which reveal
that MoS, is a suitable material by both of its forms, namely,
monolayer and bulk, for high-performance photodetector
broad-band wavelengths. Cheng et al.'> investigated the
electronic and optical characteristics of the hexagonal structure
of the MoS, crystal using DFT by employing the APW + lo
method, which is very efficiently implemented in WIEN2k.
Using this method, which considers the core and valence
electrons to be self-consistent in a full-potential treatment, the
authors reported the energy band gaps of 1.23 and 1.7 eV for
MoS, bulk and monolayer, respectively. In another interesting
work, Gyan et al.'® studied MoS, energy band gaps by
considering in their approach the plane-wave pseudopotential
approximation within the LDA method and spin—orbit
coupling within the generalized gradient approximation
(GGA) method. The authors reported an indirect energy

band gap in the range of 1.17—1.71 eV for bulk system and
1.6—1.71 eV for monolayer. Lahourpour et al.'” reported a
direct energy band gap of 1.50 eV at the K-point symmetry,
determined within the (GGA) approach by employing the full-
potential linear augmented plane waves and local orbital (FP-
LAPW + lo) method. We should emphasize herein that even
though the DFT approach is well adapted for the
determination of the ground-state properties, band-gap energy
calculated for MoS, bulk and monolayer is typically over-
estimated by the conventional techniques based on LDA or
GGA.

In a subsequent study, Ahmad et al.'® utilized the Quantum
Espresso code’s implementation of a self-consistent plane-wave
pseudopotential total energy method (GGA-PW91). The
outcome demonstrates that the estimated lattice parameters,
a characteristic of typical GGA functional, overestimate the
experimental values.'” The results show that practically all
structural values computed for bulk MoS, are equivalent to
those calculated for monolayer MoS,. The result also
demonstrates that the bulk and monolayer bands are,
respectively, 0.89 and 1.57 eV, which differ from the respective
experimental values of 1.29 and 1.80.°">* To overwhelm this
disagreement between the DFT simulations within LDA, GGA,
and the experimental findings, the band-gap problem can be
resolved more precisely by employing alternative approaches,
such as the van der Waals interaction approximation, which
provides a more accurate prediction of the fundamental band
gap. In doing so, the optical and elastic properties were studied
with different van der Waals density functionals to compare
with the recent experimental and theoretical results. Due to
quantum confinement, a direct-to-indirect band-gap transition
from the monolayer form to the bulk one of MoS, results in a
substantial increase in photoluminescence (PL), thereby
enabling the opening of new horizons in the 2D material-
based optoelectronic applications.

Numerous interesting features of the MoS, monolayer have
been an active field of research in recent times.”>*° In their
study on the reflectance spectrum of bulk MoS,, Beal and
Hughes”” observed that the maximum values of the real and
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Table 1. Equilibrium Lattice Parameters, Volume, Bulk Modulus, and Their First-Derivative Modulus of Bulk and Monolayer

ACS Omega
MoS,
phase XC a (A)
bulk MoS, PBE 3.18
Rvv10 3.19
vdW-DF2 3.23
exp 3.17¢
3.16"
others 3.14°
3.18°
monolayer MoS, PBE 3.18
Rvv10 3.22
VdW-DF2 3.25
others 3.18°
3.195"
exp 3.16°

“Reference 33. “Reference 18. “Reference 12.

c (A) V (A% B, B
12.38 109.49 131.1 3.96
12.40 109.46 134.8 423
12.56 119.46 1115 4.65
12.32° 107.18°

12.29°

12.43% 106.1°

12.38 108.67 66.4 449
12.51 124.89 34.8 5.23
12.65 116.42 57.7 4.55
12.29°

imaginary dielectric functions were 35 and 15, respectively. In
a similar investigation, Hughes and Liang28 determined for the
particular direction E || c within a vacuum experimental
condition, the ultraviolet reflectivity spectra in a domain of
energy ranging from 4.5 to 14 eV. Reshak and Auluck™ have
achieved comprehensive potential simulations of bulk MoS, for
two different directions, namely, E L ¢ and E || c. However, we
should underline that there is not much information or
exhaustive studies dealing with the frequency-dependent
optical features as well as electronic and mechanical features
of the monolayer MoS, and bulk MoS, associated with the van
der Waals effect.

As can be seen, the different theoretical methods proposed
in the literature provide different conclusions, suggesting
thereby that supplementary theoretical studies within the
context of the density functional theory (DFT) with more
deep approximations are disapprovingly crucial to elucidate the
electronic, elastic, and optical properties of MoS, bulk and
monolayers. Indeed, this elucidation will constitute a crucial
first move for a force field for simulating the theoretical
determination of the features of these new interesting
materials. To the best of our knowledge, this work has not
been completely accomplished. To do so, we present in this
work a comprehensive study of the electronic, elastic, and
optical properties of MoS, bulk and monolayers. This study is
conducted within the framework of van der Waals density
functional, as implemented by the Quantum Espresso and
Thermo_pw packages using the density functional theory
(DFT) method.

The structure of the present paper is as follows: Section 2
contains an overview of the detailed computational consid-
erations employed herein. In Section 3, an illustration of the
obtained theoretical results along with the physical discussions
related to the elastic, structural, and optical properties of the
materials studied herein is provided. Finally, concluding
remarks are made in Section 4.

2. THEORETICAL CONSIDERATIONS

In the present study, all of the theoretical calculations
considered herein for the ultimate objective of determining
the structural, electronic, and optical properties of bulk and
monolayered MoS, were performed by first-principles
calculations based on DFT implemented by the Quantum
Espresso package.”® The high accuracy resulting from the

effects of van der Waals density functionals, in turn, mainly
results from the conjunction of the revised Vydrov—van
Voorhis nonlocal correlation functional (rVV10), and the so-
called vdW-DF2 method leads us to consider herein van der
Waals density functionals by employing the PBE variant of the
GGA method.”"** An excellent relaxation of the structure was
achieved by considering a magnitude of the forces on each
atom that is less than 0.01 eV/A. A 12 X 12 X 3 and 12 X 12 X
1 Monkhorst—Pack mesh™ is used to sample the Brillouin
zone between I'=K—M—T" for the calculations of the structural
and electronic properties of bulk and monolayer MoS,,
respectively. The Hartree exchange was evaluated by taking
into consideration the correlation contribution to the total
energy and Hamiltonian as well as a spacing of the real space
grid having values of 400 Ry. The estimation of the optimized
lattice parameters (a) and (c) used for the determination of the
electronic, elastic, and optical features of bulk and monolayer
MoS, is calculated using the parameters provided in Table 1. A
10-vacuum zone was created by dividing the monolayer MoS,
along the c-axis. The thermo_pw quantum-ESPRESSO driver
in conjunction with the QE package was used for the
determination of the elastic and optical properties. The optical
band parameters have been evaluated using an energy cutoft of
60 Ry in conjunction with 12 X 12 X 1 and 12 X 12 X 1 optical
meshes for the bulk and monolayer MoS,, respectively.

3. RESULTS AND DISCUSSION

3.1. Equilibrium Lattice Parameters. To determine the
structural stability, we have calculated the total energy against
the MoS, monolayer and the volume of MoS, bulk within PBE,
rVV10, and vdW-DF2 density functionals. The obtained results
are provided in Table 1 and compared with the available data.
As can be depicted from the table, our results show that the
two systems are more stable in a nonmagnetic state. This
finding is in good agreement with the results reported by
Ahmad et al.** Furthermore, the obtained equilibrium volume
calculated within PBE and rVV10 functionals is in decent
agreement with other experimental results,*"*>*° whereas an
excellent agreement is obtained with PAW-based calculations.
The structural parameters were calculated for bulk MoS, and
monolayer MoS,. The obtained results are also provided in
Table 1. The results obtained herein indicate that the inclusion
of the van der Waals effect trains a systematic enhancement of
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Figure 2. (a—d) Calculated band structure and density of state for (a) and (b) bulk MoS, within PBE and (c, d) monolayer within PBE.

the performance of the calculation, which significantly
replicates the experimental findings.

3.2. Density of States and Electronic Band Structure.
The bulk MoS, and the monolayer MoS, density of states and
its corresponding electronic band structure, determined within
the framework of the PBE, rVV10, and vdW-DF2 density
functionals, and calculated in the first Brillouin zone at the high
symmetry points '=-K—M-TI, are illustrated in Figures 2—3.
The figures also show the total state density and the partial
state density of the functionals. The band gap of the bulk MoS,
corresponding to the energy separated between the conduction
band (minima) and the valence band (maximum) that occurs
between K—I' and determined within the same density
functionals, namely, PBE, rVV10, and vdW-DF2, takes the
value of 0.84, 0.85, and 1.05 eV, respectively, as can be
depicted in Table 1. Moreover, the results provided herein
suggested that bulk MoS, is an indirect band-gap material. The
obtained band gap is in excellent agreement with the results
reported by Ataca et al.”” These authors managed to reliably
determine band gaps of 0.72 and 0.85 eV evaluated,
respectively, by the use of the (LDA + PAW) and (GGA +
PAW) pseudopotentials. We should emphasize herein that our
calculated 1.05 eV band gap is similar to the value of 1.05 eV
reported by Kumar et al.”® using the (GGA + lo method). A

band gap of 0.89 eV obtained using the rVV10 dispersion
correction agrees with the result obtained by Ahmad et al.'®
who reported a value of 0.89 eV within GGA. For the
monolayer MoS,, the analysis of the position of the lowest
point of the conduction band and the highest point of the
valence band indicates a direct band-gap energy for this
material. Our obtained energy gaps of 1.68, 1.62, and 1.55 eV
evaluated within the use of PBE, rVV10, and vdW-DF2,
respectively, show a pronounced effect of the vdW-DF2
functional.

Let us now discuss the density of bulk MoS, and monolayer
states. These densities of states, which are specifically
composed of four groups of states and bands in the occupied
and unoccupied characterizing, respectively, the valence band
maximum and the conduction band minimum states, are
separated by the Fermi level at zero point energy. In the first
group, the bands observed in the structure of the electronic
band as well as the density of states ranging from —7 to —0.26
eV are primarily owing to the contribution of the 4d and 3p
orbitals of the Mo and S atoms, respectively. The second group
is located below the Fermi energy in the energy range from
—0.26 to 0.49 eV, to which the 4d orbital of Mo and the 3p
orbital of S are mostly contributing. In the third group located
above the Fermi energy and for which the energy ranges

45722 https://doi.org/10.1021/acsomega.2c07030
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Figure 3. (a—d) Calculated band structure and density for (a) and (b) bulk MoS, within rVV10 and (¢, d) monolayer within rVV10.

between 5.04 and 7 eV, the main contribution to the density of
states and the electronic band structure is owing to the 4d
orbitals of Mo and 3p orbitals of S, mainly contributing and
showing strong hybridization. The fourth group located above
5.04 eV contributes to the lowest conduction bands, mostly
from Ss and 3p of Mo and S orbitals. We should emphasize
herein that on each side of the band gap, the observed bands
are derived primarily from 3s of S and the 4d state of Mo in the
MoS, bulk and the MoS, monolayer.’”*’ The bands located in
the neighborhood of the band gap are quite flat. This is an
encouraging result since this elucidation is primarily owing to
the fact that the electron states at these energies possess a “d”
character. Our results show that the reduction in the
dimension of bulk MoS, to monolayer MoS, remains
nonmagnetic (Table 2).

Compared to the previously published papers that are
interesting,“_44 the two structures of MoS, have been
considered for the first time: the first one with the hole as
no atom is present in the center of the hexagonal cage termed
as 1H-MoS, and the second one with the presence of an atom
at the center of the hexagonal cage termed as 1T-MoS,. We
started the calculation by employing generalized gradient
approximation (GGA) and modified Becke—Johnson (mB]J)
within a framework of density functional theory (DFT) with
less computationally low-cost functional (van der Waals).
Interestingly, both GGA and mBJ have given the same low
value of band gaps. Therefore, a further calculation has
proceeded with the computationally more expensive hybrid

functionals like Heyd—Scuseria—Ernzerhof (HSE) and Becke—
Lee—Yang—Par (BLYP) within the LCAO-DFT approach.
The calculated value of band gap from HSE is found to be 2.35
eV, compared with the previously reported band gap from the
GW method. However, the direct band gap calculated by the
BLYP method is 1.83 eV, which is consistent with some of the
experimental results. The presence of the direct band gap along
the K—K symmetry in a UV—vis range predicts that 1H-MoS,
is a potential candidate for optoelectronic applications.

3.3. Mechanical Properties. Many important solid-state
properties are associated with elastic properties, such as the
equation of states and Debye temperature. Elastic modulus and
elastic constants provide a complete understanding of the
elastic behavior of a crystalline solid such as the hardness,
brittleness, stability of a material, ductility, and other
mechanical constants.

3.4. Elastic Constant. The crystal’s response to an
externally imposed stress or strain is determined by its elastic
stiffness, revealing thereby details regarding the structural
stability, the bonding properties, and the mechanical stability.
Generally, it is challenging to estimate the elastic constants
from ab initio calculations because of the need to employ
precise methods to determine the total stress complementary
strain. For bulk, molybdenum sulfide exists in hexagonal space
groups and has six elastic constants: five independent
constants, namely, C,;, Cj,, Cy3, C;3, and C,4 and the sixth
one, namely, Cg, are determined by the following equation

https://doi.org/10.1021/acsomega.2c07030
ACS Omega 2022, 7, 45719-45731


https://pubs.acs.org/doi/10.1021/acsomega.2c07030?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07030?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07030?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07030?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07030?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Energy (eV)
e

2
44
64
l—\l
r M K T
K-Points
B
44
/\2-
>
A
P L I I e I
o
0] W
-2
44
64
T T T
T M K r

K-Points

1
I —
124 | TDOS
84 |
|
44 |
! 1 1 i 1 1
12_ T “Mo_4d
! —— Mo_4p
8 8 | ——Mo_4s
g 4"MI T
I
0+ +—— 4 +
12 .' S_3p)
—S_3s
8 ! -
I
4 4 |
0 4oy ,

Energy (eV)
d) ——
129 | TDOS
8 |
1
4 |
12: | '——Mo_4d
» | —— Mo_4p
8 8 | ——Mo_4s
a4 ! — Mo_5bs
1(2)- S-3p
1 ! ——5S.3s
8 ! -
1
44 |
0 L} _‘l‘ L} II L} ‘l L}
6 4 -2 0 2 4 6
Energy (eV)

Figure 4. (a—d) Calculated band structure and density for (a) and (b) bulk MoS, within vdW-DF2 and (c, d) monolayer within vdW-DF2.

Ces = (Cy; — Cu)z (1)

Generalized for monolayer, there are three independent
elastic constants given by o, = C;¢;;: the first elastic constant is
given by C,; and is due to 0, to €; likewise, for C,, and C,,
the values for C; are correlated to the equal volume of the
MoS, unit cell.”” Both the bulk and the monolayer were
thoroughly tuned. The calculated elastic constants for both
bulk and monolayer within the framework of PBE, rVV10, and
vdW-DF2 functionals are reported in Table 3. These results are
compared with the available theoretical and experimental
3% Under isotropic pressure, the mechanical
stability of bulk and monolayer lattices must be carried out
under the condition of Born criteria.*” Mattheiss et al.*'
investigated the electronic structures and elastic properties of
molybdenum disulfide using first-principles calculations. They
reported an elastic constant (Cij) of MoS, as a function of
pressure that is ranging between 0 and 40 GPa. In another
interesting work, Itas et al.** studied the hexagonal layered
crystals’ electronic and elastic properties using DFT+PBE
+VdW. The authors reported that MoS, increased monotoni-
cally, and the increase in pressure trains an increase of the
anisotropies. The macroscopic stability is always independent
of the positive definiteness of the stiffness matrix.*” The
structural and elastic properties of MoS, are also studied in
many interesting previous papers (for instance, see refs
50—52). The well-known Born stability criteria must satisfy a

measurements.

hexagonal structure with five independent elastic constants, as
shown below

Cy >0; > Cyy >0, Cy >0 (2)
(Ch—=Cp) >0 (3)
(Ci+Cp) > Cy3—2x (C13)2 >0 4)

Table 3 demonstrates that both bulk and monolayer elastic
constants are positive, indicating that the two systems are
stable and that both the bulk and monolayer satisfy the Born
mechanical stability limitation. As can be depicted in Table 3,
our findings are in good accord with the measurements that
have been reported in.>>” Furthermore, an improvement in
the result spresented herein compared to those reported by
Yuan et al.” is elucidated. It can also be seen from Table 4 that
Ciy Ci3 Ci3 and C,, increase within the use of PBE, rVV10,
and vdW-DF2 functionals. Interestingly, the use of the vdW-
DF2 functional favors obtaining a better result. Generally, our
results show that the inclusion of the van der Waals interaction
is susceptible to producing better results that are close to the
experimental results. The small value C;;/C,; ratio and the big
C,3/Cy, ratio reveal that the atomic bonding along the x-
direction is stronger than in the corresponding z-direction for
both hexagonal atoms, indicating that the layered type with the
layer perpendicular to the c-direction is correct.>®

3.5. Elastic Modulus and Hardness. The mechanical
properties of a hexagonal system can be computed using five
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Figure S. (a—d) Calculated real, imaginary, refractive index, and extinction coefficient of bulk and monolayer within PBE.

Table 2. Calculated Band Gap of Bulk and Monolayer of MoS,

phase PBE PBE + rVV10 VdW-DF2 GGA LDA + Lo APW + Lo GGA + Lo others exp
bulk MoS, 0.86 0.89 1.05 0.89"° 0.75" 123 105" 1.90% 123"
118"
monolayer Mo$, 1.68 1.62 1.55 1.57** 1.89"7 1.7 1.55"7 1.78% 1.80"%
170"
Table 3. Elastic Constant of Bulk and Monolayer of MoS, within Different Functionals
bulk PBE fVVI0O  VAW-DF2  exp.”  others GGA” others GGA® monolayered PBE rVV10 VAW-DF2  others”  others®
Cl1 216.0 219.7 207.42 238 240.69 211 Cl1 112.50 99.82 94.82 149.42 130.4
c12 5630 57.88 60.75 —54 53.64 49 c22 11250 99.82 94.82 14942 1304
C13 11.20 16.63 20.49 23 8.5 3 C12 30.50 24.84 25.08 52.29 26.5
C33 3830 63.33 68.87 52 56.11 37
C44 26.50 31.12 28.17 19 26.10 30
“Reference 53. “Reference 54. “Reference S5.
elastic constants C,;, C},, C}3, Cs3, and C,,. The machinability ductile. If the ratio (G/B) is superior to 0.57, then the material
index, which determines the machinability of the system, can shown is ductile; else, it behaves as brittle.”® In the present
be obtained by dividing the bulk modulus B by the constant study, the calculated value of the ratio (G/B) of bulk and
C,4. We should underline herein that usually higher the value monolayer of MoS, shows a ductile nature of both forms. Du
of the ratio (B/C,,), the better the machinability. In this work, et al® reported that the material properties can also be
we have estimated the bulk modulus (B), the shear modulus distinguished in terms of Poisson’s ratio, suggesting that
(G), and Young’s modulus (Y) for the individual Cj; for both Poisson’s ratio larger than 0.25 characterizes a ductile material;
bulk and monolayer structures to evaluate their effect on the otherwise, it is a brittle material. In the study cases, Young’s
physical quality of the materials. Pugh’s rule suggested a modulus is positive, which indicates that the atoms are
parameter used to estimate whether the MoS, will be brittle or compressed instead of being stretched.
45725 https://doi.org/10.1021/acsomega.2c07030
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Table 4. Calculated Bulk Modulus (B), Young’s Modulus (E), Pugh’s Ratio G/B, and the Poisson Ratio at Zero Pressure within

Different Functionals

phase XC B (GPa)
bulk (MoS,) PBE 50.1
rVV10 63.40
VdW-DF2 65.56
exp 47.65°
53.4
others 50.86"
monolayer (MoS,) PBE 17.13
rvV10 13.17
VdW-DF2 9.05

“Reference 59. “Reference 54.

E (GPa) G (GPa) A n G/B
102.4 44.5 0.46 0.15 0.89
11825 49.65 0.49 0.19 0.78
111.51 45.84 0.48 0.21 0.69
107.387 46.76" 1.097

29.48 12.30 0.00 0.20 0.72
22.38 7.81 0.00 0.43 0.59
25.19 9.99 0.00 0.26 1.10

For the hexagonal structure of MoS,, the bulk and the shear
modulus can be deduced from the following equations

B

v

1
—[(2C,; + C;,) + C,; + 4C,.]
9 ( 11 12) 33 13 (5)

1
= 3—0(C11 + Cj, — 2C43 + 4C5 + 12C,, + 12C)
(6)

Meanwhile, most of the experimental and synthesized systems
are investigated in the form of ceramic polycrystalline;
therefore, it is essential to determine the elastic parameters
of the MoS, system in its polycrystalline state. To do so, we
use herein the approximation of Voigt—Reuss—Hill, according
to which two other important approximations are used,
namely, the Voigt and Reuss approximations. The expressions
of the shear and bulk moduli, provided in the pioneering Reuss
model, are given by the following equations” "

B. = (C;i+ Ci3) Cy5 = 2(Cls)2
R C+Cp, + 2C,, — 4Cy5

)

S
GR = E
[(Cui + Ciy) Cs3 = 2(C13)*1C44Ces
[3B,Cy4Cos + {(Cyy + Cpy) Ca3 = 2(C13)*}(Cyy + Ceo)]
(8)
The bulk modulus and the shear modulus, as approximated by

Hill,** are used to calculate the effective modulus of
anisotropic polycrystalline crystals, which is as follows

1
G= E(GR + G,)

€)

1
B = E(BR + B,)

(10)

Then, the obtained bulk and shear moduli by Voigt—Reuss—
Hill can be estimated by the average and the actual effective
moduli, as seen in the following equation

9BG
E=—
3B+ G ()
The polycrystalline species of MoS, obtained from B, G, and Y

are represented by Poisson’s ratio (v), as shown in the
following equation

_ 3B-2G

" 3GB+0) (12)
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3.6. Anisotropy Factor. The study of elastic anisotropy in
the design of crystals, especially layered materials, is important
in science and engineering. The orientation dependency of the
elastic moduli or sound velocities is known as crystal elastic
anisotropy.””® Because of its importance, a considerable effort
has been made by researchers to provide a suitable elastic
anisotropy index approach for layered materials, especially
hexagonal structures. Zener and Siegel®* measured cubic
crystal anisotropy. However, this strategy only applies to cubic
systems and cannot be applied to other systems; therefore, Itas
et al® (also see ref 66) suggested a scale for measuring the
elastic anisotropy of a hexagonal system. Li et al.®’ studied the
elastic anisotropy for 2D systems, and they found that, for
hexagonal systems, the bounds are lattice-independent except
for the highest symmetry lattice. In the present work, the
anisotropy was calculated using eqs 13 and 14. As can be
depicted in Table 3, only the bulk and monolayer shear
anisotropic factors that can be estimated are presented. A
equals 1 indicates an isotropic crystal, but any value less than 1
or more than 1 indicates anisotropy. The degree of the elastic
anisotropy possessed by the crystal is usually indicated by
deviation magnitude from the unity. Our calculated data
provided in Table 4 show that the bulk of MoS, is anisotropy
while the monolayer is zero, suggesting that it is isotropy by
nature

ke _ (C; + Cpp +2C3)
k, Cy3 —Cg5 (13)
4C
A, = T
Cy+Cy+Cy (14)
K’ : G¥ ’
Aan = _R — 1 + 2 _R - 1
K G (15)

The physical significance of A,, is the degree of distance
between the normalized averaged stiffness tensor.

3.7. Optical Properties. The optical properties of the
material clarify the material’s behavior when exposed to
electromagnetic radiation.”® Light interaction with semi-
conductors must be well studied for optoelectronic technology
applications. Electric vector E can be either perpendicular or
parallel to the c-axis when calculating the dielectric character-
istics of a compound with hexagonal symmetry. Using the
Sternheimer approach, the complex dielectric constant of
MoS, within the bounds of the independent particle
approximation is determined. The proprietary branch of the
Quantum Espresso project, Thermo_P.W. code,” applies the

https://doi.org/10.1021/acsomega.2c07030
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Figure 6. (a—d) Calculated real, imaginary, refractive index, and extinction coefficient of bulk and monolayer within rVV10.

Sternheimer method within time-dependent density functional
theory (TDDFT).* One benefit of the Sternheimer technique
is the ability to avoid computing the (many) empty states by
introducing the projector to the empty states.”’ As a result, less
time is spent idle on the CPU and RAM. The calculation will
consume much CPU time across a wide frequency range.
The optical properties have been calculated in the energy
range from 0 to 21 eV for both bulk and monolayer MoS,. The
calculated real and imaginary parts, refractive index, and
extinction coefficient of the independent particle approxima-
tion are plotted in Figures Sa—d, 6a—d, and 7a—d, respectively.
The amount of material polarization is typically determined by
the real part of the macroscopic dielectric function. This
polarization is primarily owing to the creation of electric
dipoles generated by the external field. The static dielectric
permittivity tensor &(0) principally describes the ionic
contributions of a nonpolar system and enables the elucidation
of the electronic contributions at high frequency. At high
frequencies, the obtained dielectric constants (@) have two
contributions, namely, the interband (¢;(w)) and intraband
(e,(w)). The interband transition consists of direct and
indirect transitions. We have shown in Figures 5—7 how the
complex dielectric functions of the bulk and monolayer MoS,,
e(w) and &,(w), varied with the energy (E) are entirely
different. For the corresponding value & at w = 0, the
magnitude of &;(@) starts to increase with increasing the
energy at the equilibrium position. The dielectric constant in

the parallel and perpendicular directions evaluated with the
three functionals is shown in Table 5 for both bulk and
monolayer. Moreover, the values of &,(w), evaluated with the
three functionals, where the peaks occur and the corresponding
photon energy values for the bulk and monolayer, are
presented in Table 5.

The refractive index is a phenomenon that describes the
bending of the incident light when it changes a medium. The
refractive and extinction indices in parallel and perpendicular
directions determined within the (DFT + PBE) approxima-
tions are similar to Yamusa et al.”' These authors found the
refractive index at zero frequency using a hexagonal structure
for both bulk and monolayer. In the present work, a high index
is observed for the studied material within the visible and
infrared wavelength ranges and an index decreases at a higher
energy in the UV region. The maximum peaks of the extinction
coefficient for bulk and monolayer are shown in Table S.

A variety of optical techniques, including absorbance,
photoluminescence, and microreflectance spectroscopies, are
now used to describe atomically thin TMDCs. However,
spectroscopic ellipsometry (SE) is the best method for
precisely determining the optical constant since it enables
direct separation of the dielectric function across a large
wavelength range from the raw data. SE has previously been
used successfully to describe TMDCs. Although the data show
a similar trend for a dielectric function (¢), its real (g,) and
imaginary (g&,) fundamental values can vary by up to 50%
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between various tests. These distinctions are brought about by
optically energetic defects, the synthesis method, and the
sensitivity of the physical properties of TMDCs to their
dielectric surroundings. As a result, it is unclear which data
should be used for the TMDC-based device model; therefore,
to prevent errors, one must measure the optical constants for
each sample. Therefore, the need for a reliable and repeatable
method for determining the dielectric function of TMDCs is
predominant. The growing interest in atomically thin layers of
TMDC:s and their potential uses and tasks, notably in sensing
and optoelectronic devices, must be conveniently convoked by
the expansion of theoretical tools. With the aid of such
industrialists, researchers and tools may effectively link
theoretical and experimental findings to create materials that
are better suited for optoelectronic, sensing, and high-tech
applications. The current study forms a part of such a method.

Remarkably, transition-metal dichalcogenide (TMDC)
structures in bulk as well as monolayer exhibit an excitonic
response; as result, substantial excitonic absorption is caused
by the extreme refractive index in the near- and mid-infrared
spectral intervals and the Kramers—Kronig relations. Fur-
thermore, even at ambient temperature, excitons dominate
optical absorption, photoluminescence, and spin-valley dy-

45728

namics in TMDCs, enabling the development of room-
temperature excitonic devices; i.e., as found in the current
study, the real and imaginary components of the dielectric
permittivity are &£, and €, respectively, as shown in Figures 5
and 6. The electronic and optical properties of MoS, are also
studied in many interesting previous papers (for instance, see
refs 72—78).

4. CONCLUDING REMARKS

In this paper, we report a detailed computational description of
structural, elastic, and optoelectronic characteristics of MoS,
bulk and MoS,-2D layered systems using DFT calculations.
We performed numerical experiments using first-principles
calculations for which the Perdew—Burke—Ernzerhof (PBE)
variant of the generalized gradient approximation (GGA)
scheme, as implemented in the Quantum Espresso package, is
employed. Van der Waals density functional effects, involving
the nonlocal correlation part from the rVV10 and vdW-DF2
methods, were also considered in this approach to remedy the
lack of the long-range vdW interaction. Moreover, we
employed the Born stability criteria to assess the structural
stability. An elucidation of the performance of both rVV10 and

https://doi.org/10.1021/acsomega.2c07030
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Table 5. Calculating the Real £,(®), Imaginary &,(®),
Refractive Index n(w), and Extinction Coefficient k(w) of
Bulk and Monolayer MoS, within Three Functionals (PBE,
rVV10, and vdW-DF2)

& (o),
system functionals £,(0) eV n(w) k(w)
bulk PBE Ellc 10.02 2.19 3.18 3.11
Elc 10.02 4.77 4.11 3.12
rVV10 Ellc 10.85 2.19 3.29 3.22
Elc 17.02 1.86 4.16 3.00
vdW-DF2  Ellc 1112 199 332 333
Elc 17.68 1.59 4.22 3.08
exp. 2.7%
others Elc 15.01% 3.88
Elc 3.927 2.96"
monolayer ~ PBE Elc 4.77 2.18 2.18 2.25
Elc 8.69 4.77 2.96 2.41
fVV10 Ellc 488 267 221 231
Elc 8.96 4.57 2.99 2.27
vdW-DE2  E|c 4.96 191 222 258
Elc 9.18 4.39 3.02 2.33
exp.
others Elc 4.92 2.15¢
Elc 2.92 1.08

“Reference 6. "Reference 7.

vdW-DF2 functionalities with the popular PBE correlations
was carried out. The results presented in this paper, dealing
with MoS, bulk and MoS,-2D layered systems using the above
theoretical considerations, enable the pursuant conclusions and
observations:

(i) The obtained results reveal excellent stability of both
systems.

(ii) The theoretical results show that band-gap energy is in
excellent agreement with experimental and theoretical
data.

(iii) Pugh’s rule suggested that both the bulk and MoS,-2D
layered are ductile materials.

(iv) The refractive indices obtained herein are in good
agreement with the available theoretical data.

(v) The theoretical results performed with the present
approach demonstrate the ductility of both systems.

Finally, it is crucial to note that the inclusion of the van der
Waals interaction in the monolayer reveals a result that is
closer to the experimental value than the bulk system. We are
convinced that the enlargement of theoretical tools must
conveniently convoy the growing interest in atomically thin
layers of transition-metal dichalcogenides as well as their
potential advantages and challenges, especially in sensing and
optoelectronic devices. Using such tools, academics and
industrialists will be able to associate both experimental results
and theoretical findings in a viable way to conceive more
suitable materials for optoelectronic, sensing, and high-tech
applications. The present study constitutes a fragment of such
a strategy.
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