Preprints are preliminary reports that have not undergone peer review.

6 Research Sq uare They should not be considered conclusive, used to inform clinical practice,

or referenced by the media as validated information.

Structural, optoelectronic, and thermoelectronic
properties of transition-metal-based
dichalcogenides MoX2 (X = S, Se, Te) as 2D
semiconductors for photoelectronic applications

M. Musa Saad H.-E.
141261 R0qu . edu, sa

Qassim University

B. O. Alsobhi
Taibah University

A. Almeshal
Qassim University

Article

Keywords: 2D transition-metals MoX2, Semiconductors, Direct band-gap, Optical responses, GGA-mBJ
Posted Date: September 14th, 2026

DOI: https://doi.org/10.21203/rs.3.rs-10710050/v1

License: € ® This work is licensed under a Creative Commons Attribution 4.0 International License.
Read Full License

Additional Declarations: No competing interests reported.


https://doi.org/10.21203/rs.3.rs-10710050/v1
https://doi.org/10.21203/rs.3.rs-10710050/v1
https://doi.org/10.21203/rs.3.rs-10710050/v1
https://creativecommons.org/licenses/by/4.0/

Structural, optoelectronic, and thermoelectronic properties of transition-metal-based

dichalcogenides MoX:z (X =S, Se, Te) as 2D semiconductors for photoelectronic applications

M. Musa Saad H.-E.2* B. O. Alsobhib, and A. Almeshal
a Department of Physics, College of Science, Qassim University, Buridah, 51452, Saudi Arabia

b Physics Department, Faculty of Science, Taibah University, Al-Madinah al-Munawarah, Saudi Arabia

* Corresponding Author: Email: 141261@qu.edu.sa; ORCID: 0000-0002-6338-0915

Abstract

Two-dimensional (2D) transition-metal dichalcogenides (TMDs) MoX2 with (X =S, Se, Te) are
systematically investigated using density functional theory (DFT) combined with Boltzmann
transport theory within the relaxation-time approximation. The structural, optoelectronic, and
thermoelectronic properties are analyzed using the generalized gradient approximation (GGA)
and GGA-modified Becke-Johnson (GGA-mB]J]) potential. The optimized structures and
formation energies confirm that all MoX2 compounds are thermodynamically stable in the
hexagonal symmetry with P63/mmc phase. Electronic band-structures and density of states
calculations reveal semiconducting characteristics, with direct band gaps decreasing from (X =
S to Te) as the chalcogen atomic size increases. The calculated optical parameters, including
dielectric function, absorption coefficient, optical conductivity, refractive index, reflectivity,
and energy-loss function, show pronounced optical absorption in the visible-ultraviolet region,
suggesting that MoXz monolayers may have potential for photoelectronic, photovoltaic, and
photodetection applications. Thermoelectronic analysis further reveals that chalcogen
substitution strongly affects the charge-carrier transport and thermoelectronic efficiency. The
studied MoX2 monolayers exhibit low thermal conductivity and enhanced electrical transport
properties, leading to favorable thermoelectronic figure of merit (ZT = 1.083, 0.991, and 0.988)
for MoS2, MoSe2, and MoTez, respectively. The present findings highlight the potential of these
layered MoX2 compounds for future photoelectronic, thermoelectronic, and energy-conversion

technologies.
Keywords: 2D transition-metals MoXz; Semiconductors; Direct band-gap; Optical responses; GGA-mB].
1. Introduction

Low-dimensional materials, particularly two-dimensional (2D) layered systems, have attracted
widespread interest due to their distinct physical and chemical properties compared with their

bulk counterparts. The reduction in dimensionality leads to quantum confinement effects,



altered electronic band structures, and enhanced surface-to-volume ratios, which collectively
enable novel functionalities not accessible in three-dimensional (3D) materials. Since the
successful isolation of graphene [1], research in this field has expanded rapidly to include a
broad spectrum of 2D materials with diverse composition and bonding characteristics [1-5].
Among these, elemental monolayers such as silicene, germanene, phosphorene, arsenene, and
antimonene have demonstrated tunable electronic properties ranging from metallic to
semiconducting behavior, making them promising for nanoelectronics applications [6-8].
Beyond elemental systems, binary layered compounds, particularly transition-metal
dichalcogenides (TMDs), have emerged as a central class of semiconducting 2D materials.
Representative examples such as molybdenum disulfide (MoS2) and tungsten diselenide
(WSez) exhibit sizeable band gaps, strong spin-orbit coupling, and pronounced light-matter
interactions, which are highly desirable for optoelectronic and photonic devices [9-12].
Furthermore, recent theoretical studies have demonstrated that compositional tuning and
defect engineering can significantly modify the structural, electronic, and optical properties of

such materials [13,14].

Figure 1. Schematic classification of two-dimensional (2D) layered materials along with their principal chemical
and physical characteristics. The materials are broadly grouped into five categories: (1) elemental monolayers,
(2) binary compounds, including transition-metal dichalcogenides (TMDs), hexagonal systems (h-BN), and III-
V/IV-VI materials, (3) ternary and multicomponent structures, (4) ionic layered compounds, and (5) van der
Waals heterostructures. These classes exhibit a wide spectrum of physical properties, supporting diverse

applications in electronics, energy storage, catalysis, and optoelectronics technologies.
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In addition, insulating layered materials such as hexagonal boron nitride (h-BN) play a crucial
role as dielectric substrates and encapsulation layers due to their chemical stability and
atomically smooth surfaces [15]. More complex families, including MXenes, further extend the
functionality of 2D systems through their rich surface chemistry and tunable electronic
properties, enabling applications in energy storage, catalysis, and sensing [16]. Recently, ionic
2D compounds, particularly alkali chalcogenides (M2X), have also gained attention due to their
strong charge transfer and notable optical responses [17]. Collectively, these classes highlight
the diversity of the 2D materials landscape and their significant potential for next-generation
electronic, energy, and optoelectronic technologies. A general classification of 2D layered

materials, along with their key chemical and physical characteristics, is presented in Figure 1.

Transition-metal dichalcogenides (TMDs) represent one of the most extensively studied
categories within this family. These materials generally adopt the chemical formula MXz (M =
transition metal; X = chalcogen) and exhibit layered structures composed of a transition-metal
(M) plane sandwiched between two chalcogen (X) layers. Strong covalent bonding within the
layers and weak van der Waals (vdW) interactions between them enable mechanical exfoliation
and the formation of stable monolayers [9,18,19]. Importantly, their physical properties can be
effectively tuned through variations in chemical composition, layer thickness, strain, and
external conditions such as temperature, pressure or chemical intercalation [20,21].
Intercalation processes, involving species such as alkali metals, halogens, or organic molecules,
can significantly modify the structural, electronic, optical, and magnetic properties of these

systems and may also facilitate exfoliation into single-layer sheets [21].

Moreover, TMD-based heterostructures and Janus materials have recently attracted significant
attention due to their enhanced electronic and optical performance, offering additional
flexibility in device design [22]. These materials also exhibit potential in emerging fields such
as biomedical applications and sensing technologies [23]. Extensive experimental and
theoretical studies have demonstrated the versatility of TMDs across a wide range of
applications, including nanoelectronics, catalysis, and energy storage [23-26]. Among TMDs,
compounds based on molybdenum and tungsten have attracted particular attention due to
their favorable semiconducting characteristics and strong optical absorption in the visible
range. Materials such as MoSz, MoSez2, WSz, and WSe: exhibit layer-dependent band gaps and
robust excitonic effects, making them suitable for applications in photovoltaics, photodetectors,

and flexible optoelectronics [10,12]. Furthermore, related 2D systems such as Pt-based



dichalcogenides, e.g., PtS2 and PtSez, have been reported to display high optical conductivity

and efficient light absorption spanning the visible to ultraviolet regions [13,19,23,24].

Motivated by these promising properties, the present study systematically investigates the
influence of transition-metal (M) and chalcogen (X) constituents on the structural,
optoelectronic, and thermoelectronic behavior of 2D TMCs with the general chemical formula
MoXz (X =S, Se, Te). Different crystallographic phases of these molybdenum sulfides, selenides,
and tellurides monolayer MoX: are considered, and their stability is evaluated through
structural optimization and formation energies analysis. The electronic band structures and
densities of states are analyzed to determine their suitability for semiconducting applications.
In addition, optical properties are explored to evaluate light absorption and optical transitions,
and thermoelectronic performance is investigated based on calculated transport parameters.
The remainder of this paper is organized as follows. First, the computational methodology is
described. Next, the optimized structures and stability are presented and discussed. This is
followed by an analysis of formation energies and thermodynamic properties. Subsequently,
the electronic and optical properties are examined in detail. Finally, the thermoelectronic and

transport characteristics are evaluated, and key conclusions are drawn.
2. Computational methodology

The present first-principles density functional theory (DFT) calculations were performed by
using the full-potential linearized augmented plane wave (FP-LAPW) method as implemented
in the WienZ2k computational package [27,28]. These DFT calculations were carried out to
evaluate the structural and different physical properties of the studied materials MoXz (X = S,
Se, Te). In this study, the exchange-correlation energy was treated using the generalized
gradient approximation (GGA) [28,29]. The structural optimization of the total energy with
respect to different values of unit cell volume has been performed using the GGA calculations
based on the Perdew-Burke-Ernzerhof (GGA-PBE) potential [30]. Moreover, the electronic and
optical properties were investigated by employing the modified Becke-Johnson potential
(GGA-mB]J) [31], which gives more accurate description of electronic structures and band gaps

that the conventional GGA-PBE approach.

In FP-LAPW method, the space of MoXz crystals is divided into non-overlapping atomic muffin-
tin spheres (MTSs) which are separated by an interstitial region (IR). Thus, the basis functions
inside MTSs are expanded into spherical harmonic function, while the Fourier series are
expanded in the IR [32]. In current calculations, the basis functions inside MTSs are expanded

up to (RyrKyax = 7)- Here, Ry denotes the smallest atomic radius of MTSs, and K, is the
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largest reciprocal lattice vector used in the plane wave (PLW) expansion [28]. The smallest
atomic radii Ry of MTSs are input as 2.32/1.99 a.u. for Mo/S, 2.26/2.26 a.u. for Mo/Se, and
2.37/2.50 a.u. for Mo/Te atoms in all these FP-LAPW calculations. Also, the maximum quantum
orbital number for the plane wave PLW expansion inside these atomic MT spheres is designated
as (Lymax = 10). The cutoff energy is input as (Eyorf = -7 Ry), which refers to separation
energy between the core and valence electrons in the crystal structure of MoXz. To describe the
limits of the largest vector in plane wave PLW expansion, the Fourier expansion parameter is
chosen as (G, = 12) for the charge density. In addition, the energy and charge convergences
are input as 0.0001 Ry and 0.001e, respectively, in the self-consistent (scf) calculations. For the
Brillouin zone (BZ) integration, the scf and GGA calculations for all structural, electronic, and
optical properties were carried out by choosing the grid as (12x10x22) with a total number of

k points (Kpoines = 3000) in first BZ. Furthermore, the thermoelectric and transport properties

are evaluated using the BoltzTraP program, which is interfaced with the Wien2k code [33].
3. Results and discussion
3.1. 2D crystal structure and stability properties

Although the individual structural, electronic, or optical properties of MoS2, MoSe2, and MoTe:
compounds have been reported previously, comprehensive investigations that consistently
combine structural optimization, electronic structure, optical response, and thermoelectric
transport within a unified first-principles framework remain relatively limited. In the present
work, all members of the 2D MoXz: (X = S, Se, Te) family are examined using identical
computational parameters, allowing direct comparison of the influence of chalcogen
substitution on multiple physical properties. This unified approach reveals systematic
correlations between lattice expansion, band-gap reduction, dielectric response, optical
absorption, carrier transport, and thermoelectric efficiently, thereby providing a coherent
understanding of composition-dependent property evolution. Such comparative analysis offers
useful design guidelines for selecting appropriate MoX2 compounds for future optoelectronic,

photovoltaic, and thermoelectric applications.

The 2D transition-metal dichalcogenides (TMDs) MoXz (X = S, Se, Te) crystallize in the
hexagonal structure with space group P63/mmc (No. 194), which is commonly observed in both
bulk and layered phases. The corresponding 2D crystal structures for the MoX2 compounds are
illustrated in Figure 2. In this structure, the Wyckoff sites and atomic positions in the P63/mmc

unit cell of these compounds are as follows: the transition metal Mo atoms sit at 2d with



fractional coordinates (V3, %3, 34) and (%3, 13, %), whereas the chalcogen atoms X (X =S, Se, Te)
occupy the 4f site with coordinates (%, %4, z), (%5, Y3, Y2+2), (%3, Y5, 1-z), and (%, %4, ¥2-7)
positions. The optimized internal parameter z is listed in Table 1. In addition, the lattice
constants per the essential unit cell of these P63/mmc crystal structures in all MoX2 systems

satisfy the relationa = b # c witha = f = 90°, and y = 120°.

Before the scheming the physical properties of the 2D-TMCs monolayer MoXz (X = S, Se, Te),
structural optimization was carried out to determine the ground-state energy (Ej), equilibrium
lattice parameters, and unit-cell volumes. The structural optimization calculations were
performed using the FP-LAPW method implemented in the Wien2k computational package.
The variation of total energy (F) as a function of the unit-cell volume (V) is shown in Figure 3,
where the obtained E —V data were fitted using the Birch-Murnaghan equation of state
[27,28,34]. The optimized structural parameters of the investigated systems, including the
ground-state energy (Ej), equilibrium volume (Vy), lattice constants (ay, by, ¢g), bulk modulus

(By), and pressure derivative of the bulk modulus (B"), are summarized in Table 1.

Figure 2. Side view (left) and top view (right) of the molybdenum dichalcogenide monolayers MoXz (X =, Se, Te).

Mo atoms are represented by blue spheres, and X atoms are sketched by red spheres.

Table 1. The optimized unit-cell parameters, lattice constants (a,, by, ¢y), equilibrium volumes (V,), fractional
coordinates (z), ground-state energy (E,), and bulk modulus (B,), for the 2D monolayer MoXz (X = S, Se, Te)

together with available experimental and theoretical values.

MoS:  3.191 13.28 4162 117.1 133.3 -19392.3  0.633
3161 [35], 1230 [35],  3.892 [35],
3162 [36], 1231 [36],  3.894 [36],
3.210 [42] 12.44 [42] 3.875 [42]

MoSez  3.320 13.54 4.078 129.3 114.5 -35640.5 0.872
3294 [36], 13.00 [36],  3.894 [36],
3283 [37], , 1292 [37], 3.935 [37],
3.330 [42] 13.05 [42] 3.919 [42]

MoTez  3.571 14.65 4.102 161.8 88.31 -70573.7  0.628



3518  [36], 14.07 [36], 3.999 [36],
3552 [37], 1397 [37], 3.933 [38],
3550 [38], 13.88 [38], 3.910 [38],
3.540 [42] 14.01 [42] 3.958 [42]

The optimized magnitudes show that the ground-state energy E, of MoXz regularly increases
when the halogen X-site changes from X = S to Se and then to Te. This behavior can be attributed
to the increase in total energy per unit cell as well as the larger atomic radius of the substituted
halogen atom. From the E —V curves shown in Figure 3, the equilibrium hexagonal lattice
constants (ag, by, ¢o) for each monolayer MoX2 were determined from the corresponding
ground-state parameters. It is observed that replacing S with Se and Te at the X-site leads to a
noticeable increase in both the lattice constants and the equilibrium unit-cell volume V,,. This
trend is consistent with the periodic variation in atomic size of the X atoms (X = S, Se, Te)
forming these TMCs. The hexagonal crystal structures and optimized parameters for these 2D
systems agrees well with the previously reported results [35-43]. In contrast, the bulk modulus
B, values show a decreasing trend from S to Te, which can be mainly explained by the gradual
increase in atomic radius that weakens the bonding strength within the crystal lattice of MoXa.

Moreover, the three MoXz2 compounds show equal B value of 5.0.
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Figure 3. The structural optimization curves of 2D monolayer MoXz (X =S, Se, Te) in a bulk phase.
The calculated atomic bond distances of Mo-X are 2.464, 2.532, and 2.730 A, and for X-X bonds
are 3.190, 3.310, and 3.580 A, respectively. Whereas, the bond angles X-Mo-X are 80.7°, 81.6°,
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and 81.9°. The chemical bonding in MoXz is characterized by a dual nature; strong intralayer
covalent bonding between molybdenum and chalcogen atoms (Mo-X) within the molecular
sandwiches (X-Mo-X) and weak intermolecular vdW forces between the adjacent chalcogen
layers (X-X). This structural feature makes easily to produce out 2D layers forms from the
corresponding TMCs systems [41,44]. The unit cell of MoX2 compounds contains two chalcogen
atoms X site at the same position in the hexagonal lattice, whereas the molybdenum atoms Mo
occupy the opposite sites. Thermodynamic stability is a key factor governing the applicability
of organic and inorganic materials in energy-related devices, particularly, solar-energy
conversion systems [32]. To evaluate the stability of investigated MoXz compounds, the
formation energy (Ef) was calculated using: E; = E(MoX,) — E(Mo) — 2E(X). The obtained
negative formation energies confirm that all MoX2 compounds are thermodynamically stable
and experimentally synthesizable [45]. The calculated values of Er per formula unit MoXz are -
2.245,-1.305, and -1.115 eV for X = S, Se, and Te, respectively. These negative values indicate
that the crystal structures of molybdenite MoX: are energetically more stable than their
constituent atoms at zero temperature. Moreover, tellurides, MoTez, exhibits relatively higher
structural stability than the corresponding sulfides and selenides compounds, and MoS2 and

MoSez, respectively.
3.2. Electronic properties

A detailed and deep understanding of the electronic properties is essential aspect for well
describing the physical behavior of complex materials because the optoelectronic,
thermoelectronic and charge-carrier transport properties are strongly governed by their
electronic structures. In particular, efficient optoelectronic and thermoelectronic materials
require suitable electronic band gaps to achieve strong optical absorption together with
favorable power factor and electrical conductivity. Therefore, the electronic structures and
semiconducting characteristics of the investigated 2D-TMCs MoXz (X = S, Se, Te) are analyzed
in detail in this part. Figures 4-6 show the calculated density of states (DOS) and electronic band
structures of MoX2 monolayers obtained using the GGA-mB] exchange-correlation approach,
which provides improved prediction of the electronic structures and band-gap values. Our GGA-
mB]J calculations results confirm that all investigated 2D- MoX2 monolayers exhibit direct

semiconducting behavior. Table 2 summarizes the electronic band gap (Ej) values of studied

monolayers MoXz together with the previous experimental and theoretical results.

The theoretical electronic band-structures are plotted in Figure 4 along the high-symmetry

directions '-M-K-I'-A. The obtained results reveal that all investigated monolayer MoX:
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materials exhibit similar semiconducting behavior with direct band gaps. We can clearly see
that the valence band maximum (VBM) and conduction band minimum (CBM) limit the extent
of this band gap. The positions of VBM and CBM confirm the corresponding wave-vector values
for these hexagonal crystal structures. Both the VBM and CBM in these MoX2 compounds are
located at the K point. Because of the similar electronic configuration of the constituent atoms,
the three compounds display comparable band-dispersion features, although MoTe2 system
exhibits relatively dense electronic bands due to the heavier Te atom. We know that the
electronic configuration of constituent atoms of the MoXz systems are as follows: Mo: [Kr]36 5s1
4d5, S: [Ne]10 3s2 3p#4, Se: [Ar]18 4s2 3d10 4p4, and Te: [Kr]3¢ 5s2 4d10 5p#. These configurations

govern the electronic structures of MoXa.
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Figure 4. GGA-mB]J calculations of the electronic band structures of MoXz (X =S, Se, Te), along the high symmetry

directions. The horizontal dashed line represents the Fermi level (Er = 0 eV).



Figures 5. The GGA-mB]J calculation of the electronic total density of states (TDOS) of MoXz, Mo, and X (X =S, Se,
Te). The vertical dashed line characterises the Fermi level (Er = 0 eV).

Table 2 shows that the calculated band gap E, values of MoXz are about 1.196/1.295 eV for X =
S, 1.030/1.235 eV for X = Se, and 0.930/1.039 eV for X = Te, from GGA-PBE/GGA-mBJ. The

direct nature and E; values obtained using the GGA-mB] potential show better agreement with
the experimental measurements using the photoacoustic spectroscopy technique; 1.230/1.370,
1.090/1.250,and 1.000/0.890 eV, respectively [43,44]. In addition, the values and direct nature
of band gaps E are consistent with the earlier theoretical studies on these 2D materials [37,41].
Here, we observe that the GGA-PBE calculations, 1.196, 1.030, and 0.930 eV, usually
underestimate the band-gap E; values compared with experiments and more accurate
theoretically methods. The present results indicate that the E; values of MoXz are strongly
affected by both the ionic radius of the X-site and the choice of GGA functional, demonstrating
the sensitivity of electronic structure to structural and computational parameters. The
existence of narrow band gap is a key requirement for determining the suitability of these 2D-

MoX2 materials for photoelectronic and related semiconductor applications.
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Figures 6. The projected partial densities of states (PDOS) of Mo and X (X = S, Se, Te). The vertical dashed line

characterises the Fermi level (Er = 0 eV).

Moreover, the calculated total density of states (TDOS) shown in Figure 5 is fully consistent
with the electronic band structures presented in Figure 4 for all investigated 2D-MoX:
monolayers. As illustrated in the figure, all monolayers MoX: exhibit a clear semiconducting
behavior with relatively narrow energy gaps E; beyond the Fermi level (Ex = 0 eV), as
summarized in Table 2. To further identify the atomic orbitals responsible for the formation of
band edges, the partial densities of states (PDOSs) were also analyzed. Figure 6 shows the
calculated different PDOS spectra of s, p, and d orbitals near the Er. From the projected PDOSs
of MoXz, the VBM mostly originated from the orbital hybridization of the states Mo-4d-X-p (S-
3p, Se-4p, and Te-5p). Similarly, these d-p states primely form the CBM but by high
contributions in front of Er. Therefore, the partial contributions of X-site around the E remains
relatively small, as reflected by the low atomic TDOS intensity in this energy region.
Nevertheless, the chalcogen X atoms play an essential role in stabilizing the crystal structure
and maintaining charge balance within the MoX2 monolayers. The obtained TDOS and PDOS
features and corresponding electronic behavior are consistent with previously reported DFT
studies on layered MoX: systems [36,41,42]. The overall similarity in the shape and
distributions of TDOSs and PDOSs among the three MoX2 monolayers is mainly attributed to

11



the substitutions of chalcogen S, Se, and Te at the chalcogen site, which does not significantly

alter the electronic states near the band edges of the parent structure.

Table 2. The calculated band-gap energy E; and basic optoelectronic parameters, including the static values of
dielectric constant &, (0), refractive index n(0), and reflectively R(0), and the maximum absorption a,,,, (w) at

low/high energies E (@4, ), of MoX2 (X = S, Se, Te) with their previous experimental and theoretical results.

GGA-PBE  GGA-mBJ

MoS: 1.196 1.295 14.40 3.793 0.337 109.6/203.8 | 2.81/12.0
1.590 [42], 1.230 [43]

MoSez 1.030 1.235 15.61 4.008 0.361 153.7/201.1 | 5.94/11.5
1.330 [42], 1.090 [43]

MoTe; 0.930 1.039 18.91 4.365 0.395 156.4/190.1 | 5.22/10.0

0.930 [42], 1.00 [38,43]

3.3. Optoelectronic properties

Highly efficient optoelectronic materials need strong interactions with electromagnetic energy
to achieve effective light absorption and high charge-carrier transport properties. The main
optoelectronic properties of the studied molybdenum monolayers MoXz (X = S, Se, Te) were
analyzed and investigated based on their dielectric function e(w) = & (w) + ie,(w). Her, the
real part €, (w) describes the energy storage, while the imaginary part &, (w) represents optical
absorption arising from the electronic intraband transitions [32,45]. The optical properties
were calculated using the GGA-mB] approach, which provides improved electronic-band-gap

predictions. According to the Penn model, the static dielectric constant, 14.40, 15.61, and 18.91,

is inversely related to the band gap: &(0) =1+ (FLa)p/Eg)2 [32]. The calculated dielectric
spectra of &; (w) and &,(w) shown in Figure 7(a,b) reveal strong optical activity of MoXz in the
visible and near-infrared regions, with pronounced peaks originating from transitions between
the valence and conduction bands [46-48]. The calculated &; (w) peaks are 26.17 at 2.46 €V,
22.65at 2.22 eV, and 25.30 at 1.02 eV for MoXz, respectively. Whereas the corresponding €, (w)
peaks are 31.91, 23.57, and 20.68 emerge at 2.56, 2.80, and 2.75 eV, respectively. The
absorption edge shifts systematically from MoS2 to MoTez due to the reduction in band gap with
increasing chalcogen atomic size. The enhanced dielectric response and strong low-energy
absorption suggest that these layered materials may have potential for optoelectronic,

photovoltaic, and photodetection applications.

The optical conductivity spectra o(w) of MoX2 (X = S, Se, Te) were calculated using the GGA-

mBJ] method are presented in Figure 7(c). Optical conductivity is directly related to the

12



imaginary part of the dielectric constant &, (w): o(w) = ﬁez (w). Since &,(w) originates from

interband electronic transitions, o(w) describes the generation of photoexcited charge carriers
under incident electromagnetic radiation [46]. The calculated o(w) spectra show that the
electrical conductivity is nearly zero at low photon energies and increases progressively with
increasing energy, confirming the semiconducting character of MoX2 compounds. The main
conductivity peaks arise from electronic transitions between the valence and conduction bands,
while the enhanced conductivity in the visible and near-infrared regions suggests the suitability
of these layered materials for photoelectronic and photoconductive applications. A strong
optical conductivity peak is observed for the MoX2 compounds in the visible region, between
1.0 and 2.50 eV, indicating efficient interband electronic transitions and charge-carrier
generation under light irradiation. The optical conductivity increases near the absorption edge,
with maximum peaks of approximately 11269, 9112, and 8495 1/Qcm, and decreases gradually
at higher photon energies, consistent with the semiconducting nature and indicating favorable

optical characteristics for potential optoelectronic applications.

The real and imaginary parts of the dielectric function, &; (w) and &,(w), were used to evaluate

the absorption coefficient @(w) and the optical conductivity o (w) [49,50]. This a(w) coefficient

1/2
is given by: a(w) = V2w (\/812 (0) + &2 (w) — & (a))) . Calculated absorption spectra a(w) of

MoXz (X =S, Se, Te) in Figure 7(d) reveal strong absorption extending from visible to ultraviolet
regions, mainly due to interband electronic transitions. The maximum absorption @,,,,(w)
values at low and high energies are summarized in Table 2. The absorption edge shifts towards
lower energies from MoSz to MoTe2 due to the reduction in band gap with increasing chalcogen
atomic size. The pronounced visible-UV absorption and enhanced optical response indicate
that these layered compounds are promising candidates for photovoltaic, solar-energy systems,

and photoelectronic applications.
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Figures 7. The calculated spectra of (a) real part €, (w), (b) imaginary part &,(w), (c) optical conductivity o(w),
and (d) absorption coefficient a(w) for MoXz (X =S, Se, Te) monolayers using the GGA-mB] approach.

Moreover, the refractive index n(w), extinction coefficient k(w), reflectivity R(w), and energy-
loss function L(w) of the investigated MoXz (X = S, Se, Te) compounds were calculated and

plotted in Figure 8. The refractive index n(w) was calculated from the real and imaginary parts

1/2
of the dielectric function: n(w) = % (\/812 (0) + &2 (w)+& (a))) [50]. Figure 8(a) shows that

the obtained n(w) spectra follow the same trend as the real dielectric constant &, (w). As shown

in Table 2, the static refractive index n(0) satisfies the relation n(0) = m [50]. The
refractive index n(w) increases with photon energy, reaches maximum values in the visible
region, 1-2 eV, and then decreases gradually at higher energies. This variation from MoS: to
MoTe2 is mainly associated with changes in band gap and electronic polarizability. The
relatively large n(w) values indicate strong interaction between electromagnetic radiation and
the layered MoX: structures, supporting their potential for photonic and optoelectronic

applications.

The extinction coefficient k(w) in Figure 8(b), which describes the attenuation of

electromagnetic waves inside the MoX2 materials due to optical absorption, was calculated

1/2
using: k(w) = %(\/ef (w) + ezz(w)—el(w)) [49,50]. The calculated k(w) spectra increase

with photon energy, reach prominent peaks in the visible-UV region, 3.829 at 2.76 eV, 3.054 at
14



3.00 eV, and 3.053 at 4.93 eV, for MoXz, respectively. Then k(w) decreases gradually at higher
energies. The strong peaks indicate enhanced interband electronic transitions and efficient
light absorption in the MoXz compounds, whereas the smaller k(w) values at low energies
correspond to higher potential transparency. The optical constants are related to the dielectric
function through: &, (w) = n?(w) — k?(w) and &,(w) = 2n(w)k(w) [32,50]. These relations
demonstrate the strong correlation between the dielectric response and the optical behavior of

the layered MoX2 materials.
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Figures 8. GGA-mBJ calculation spectra of (a) refractive index n(w), (b) extinction coefficient k(w), (c) reflectivity

R(w), and (d) energy-loss function L(w) for MoXz (X = S, Se, Te) monolayers.

The optical reflectively R(w) of the MoXz (X = S, Se, Te) compounds was determined from the

s(w)-1

Je(w)+1

electromagnetic radiation reflected from the material surface and is strongly influenced by

2
dielectric function using: R(w) = ( ) . Reflectively describes the fraction of incident

interband electronic transitions. The calculated R(w) spectra in Figure 8(c) show reflectively
in the visible region, indicating efficient light absorption in the MoX2 materials. The reflectively
reaches its maximum in the visible-UV energy range and then decreases gradually at higher
photon energies. These results are consistent with the high absorption coefficient and optical
conductivity, confirming the suitability of layered MoXz materials for photovoltaic and

optoelectronic applications. The reflectively R(w) can be expressed in terms of the refractive
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(n(w)-1)%+k%(w)
(n(w)+1)2+k?%(w)

index n(w) and extinction coefficient k(w) as: R(w) = [47,48]. In the static limit,

0 eV, where k(0) = 0, the reflectively depends mainly on the static refractive index n(0). The
obtained static reflectivity R(0), 0.340, 0.361, and 0.394, are consistent with those extracted
directly from the calculated R(w) spectra, 0.337, 0.361, and 0.395, respectively, see Table 2,

confirming the reliability of the optical analysis for the MoXz (X =S, Se, Te) compounds.

Among the calculated optical parameters, the energy-loss function L(w) is particularly
important because it describes the energy loss of fast-moving electrons inside the MoXz (X =S,
Se, Te) compounds. When incident photons interact with the crystal surface, electrons undergo
scattering processes that lead to energy dissipation. The calculated L(w) spectra in Figure 8(d)
start from nearly zero and then increase to pronounced peaks in the high-energy region,
corresponding to plasma resonances. MoX2 compounds show maximum L(w) of 4.916 at 21.5
eV, 3.991 at 22.5 eV, and 4.387 at 20 eV. These peaks are associated with plasma frequency
(wp), which can be determined from: E,, = hw, [48,51]. The plasma frequency reflects the
collective oscillation of charge carriers and provides valuable insight into the electronic

response and optical behavior of the layered MoX2 materials.
3.4. Thermoelectronic properties

2D materials, including atomically thin TMCs, VI-based chalcogenides, and other layered van
der Waals systems, exhibit unique electrical and thermal characteristics that differ significantly
from those of their bulk forms [2,52]. Owing to their reduced dimensionality, these materials
often display an enhanced Seebeck coefficient as a result of quantum confinement effects, while
their lattice thermal conductivity is markedly lowered by strong phonon scattering and
interface-induced thermal resistance [53]. In addition, their anisotropic crystal structures and
tunable electronic band gaps provide effective control over carrier transport and heat
conduction, leading to improved thermoelectronic efficiency and higher thermoelectronic
figure of merit (ZT) values [2,54]. Several strategies have been widely employed to regulate
electrical and thermal transport properties of these 2D materials, thereby enhancing overall
thermoelectronic performance [55]. Furthermore, recent progress in interfaces modeling and
engineering and 2D heterostructures has enhanced the development of lightweight and flexible
thermoelectronic devices for applications in waste-heat harvesting, microelectronic cooling,
and wearable energy systems [56]. These advances highlight the important role of 2D materials
in sustainable energy technologies, thermal management, and decentralized power generation

from low-temperature heat sources [2,24,41,44,54].
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Based on the electronic semiconducting of these monolayers MoXz (X =S, Se, Te), we calculated
the thermoelectronic and transport properties using the BoltzTraP software [33]. In this study,
we use the relaxation time approximation with (t = 1.0X10-14 s) to solve the semi-classical
Boltzmann transport equation. Figure 9 shows the plots of Seebeck coefficient (§), electrical
conductivity (a/7), power factor (S?5 /1), thermal conductivity (x/7), figure of merit (ZT), and
heat capacity (Cy), computed as a function of temperature (T) over the range from T = 0 K to
T = 1800 K. It is clear that these transport coefficients exhibit a similar trend as T increasing,
which are in good agreement with previous theoretical studies [57-59]. The S coefficient
(Figure 9(a)) starts from zero and increases rapidly with T to reach it maximum value (S;,4x)
atlow T, of about 2.646 V /T (at T = 200 K) for MoSz, 2.551 V/T (at T = 80 K) for MoSez, and
2578 V/T (at T = 120 K) for MoTez. After the reaching peak, S decreases gradually as T
continuous to increase. It shows 1.830, 0.797, and 1.191 V /T at room temperature (T = 300 K),
which decrease to 0.312, 0.437, and 0.490 V /T, respectively, at higher temperatures such as (T
= 900 K). Accordingly, the present calculations reveal that MoS2 has the highest S coefficient at
300 K among this series. The S coefficient, which measures the voltage generated as a result of
the T gradient S = —AV /AT, is a vital transport quantity used to evaluate the thermoelectric
performance. Large S values indicate strong ability to convert thermal energy into electrical
energy. The calculated S coefficient for MoXz structures agrees well with the previously

reported results [57,59].

Figures 9(b) and 9(c) display the T-dependent electrical o/t and thermal k/7 conductivities
per relaxation time for MoX2, which show similar behavior with T. At (T = 300 K), the calculated
o/t values are about 4.872x1011 1/Qms (MoS2), 2.265x1012 1/Qms (MoSez), and 7.396x1014
1/Qms (MoTez). At higher temperatures (T = 900 K), these values rise significantly to
1.026x1017,1.785x1017, and 1.214x1018 1 /Qms, respectively. The observed increase in g /7 at
elevated T is related to relatively narrow band-gap E; of these 2D structures, which reduces
carrier freeze-out and increases the carrier concentration n as T rises. The results of T-
dependent k/t per relaxation time, shown in Figure 9(c), originate from the transport of
electronic charge carriers through the material. All three 2D compounds exhibit very similar
behavior with increasing T, where, it is zero at (T = 300 K), and then increases rapidly as T
rises. At (T = 300 K), the calculated x /7 values are approximately 3.837x108 W /mKs for MoSz,
1.446x10° W /mKs for MoSe2, and 2.168x1011 W /mKs for MoTe2. These results indicate that
the minimum k /7 occurs near room temperature, which coincides with the region where the S
coefficient reaches its maximum value. This correlation supports the strong thermoelectronic

performance of the our 2D systems. At higher temperatures, such as (T = 900 K), k/7 increases
17



significantly, reaching about 4.077x1013, 6.547x1013, and 2.336x10* W /mKs, respectively.
Among these 2D-MoXz materials, MoTez shows the largest k/t at elevated temperatures.
Moreover, due to its narrow electronic band-gap (0.860 eV), the MoTe2 shows highest electrical
o/t and thermal « /7 conductivities compared to MoSe2 and MoSz. Our results indicate that the
electronic contribution of thermal conductivity x /7 in all these monolayers MoXz (X =S, Se, Te)
exhibits similar behavior as for the electrical conductivity o /. This implies that the 2D systems

satisfy the Wiedemann-Franz, which states that the ratio of /7 to ¢/t is directly proportional

to their absolute T (g = LT; the Lorenz Number L = (nkB/\/ge)z ~ 2.44%x108 WQ/T?) [57].

Figures 9. (a) Seebeck coefficient (S), (b) electrical conductivity (¢/t), and (c) thermal conductivity (k/t) as a

function of temperature (7)) for MoXz (X = S, Se, Te) monolayers.

The results of thermoelectronic power factor (S2¢/7) signify the ability of MoXz materials to
convert heat into electrical energy; therefore, evaluate the thermoelectric efficiency. This
parameter depends on electrical conductivity o/t and Seebeck coefficient S. In all systems, it
starts from zero at (T = 0 K) and increases as the T rises (see Figure 10(a)). At (T = 300 K),
MoX:z show S%0/t of about 1.386x106, 4.773%x106, and 7.141x107 W /K?ms, respectively,
which increase to approximately 4.597x101° W /K?ms for MoSz, 6.802x101° W /K?ms for
MoSez, and 2.448x1011 W /K?ms for MoTe:z at higher temperatures (T = 900 K). The obtained
values indicates that 2D materials possess promising transport features suitable for advanced

thermoelectronic devices.
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Figures 10. (a) Power factor (S%a/7), (b) figure of merit (ZT), and (c) heat capacity (Cy), as a function of

temperature (T) for MoXz (X =S, Se, Te) monolayers.

Furthermore, the overall thermoelectronic efficient of MoX: is usually evaluated using the
dimensionless figure of merit ZT. It depends mainly on electrical conductivity o, Seebeck
coefficient S is the, thermal conductivity k, and absolute temperature T (ZT = ST /x) [60].
The ZT plots in (Figure 10(b)) show that parameter starts greater than unity at low
temperatures and vary with increasing T. At (T = 300 K), the highest value is obtained for MoX2
with ZT = 1.083 (MoSz2), ZT = 0.991 (MoSez), and ZT =~ 0.988 (MoTez). The higher ZT value of
MoS2 monolayer is mainly due to its lower thermal conductivity k, consistent with the inverse
dependence of ZT on k. At higher temperatures (T = 900 K), these ZT values gradually
decrease, reaching approximately 1.015 for (X = S), 0.935 for (X = Se), and 0.943 for (X = Te).
The higher thermoelectronic figure of merit shown by MoS2 among the other two systems
confirm the observed trend for both S and S?0 /7 parameters. Also, despite having the lowest S,
its high o and low k help to enhance this ZT. The variation of molar specific heat capacity at
constant volume Cy, with the T for the studied 2D materials (Figure 10(c)) was calculated from
the change in internal energy via (C, = AU /nAT). Atlow temperatures (T = 300 K), C, remains
very small, approximately zero, and then increases rapidly to 0.226 J/mol.K (MoSz), 0.314
J/mol.K (MoSez), and 1.596 J/mol.K (MoTez) at (T = 900 K). These values indicate that the
studied 2D materials can absorb significant thermal energy over a wide T range, which supports

their potential use in thermoelectronic applications.
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4. Conclusion

First-principles density functional theory (DFT) calculations were performed to systematically
investigate the structural, optoelectronic, and thermoelectronic properties of the 2D transition-
metal dichalcogenides (TMDs) MoXz (X =S, Se, Te). The simulations, carried out using the FP-
LAPW approach within the Wien2k package, confirm the structural stability of these 2D-MoXz
compounds. The results of optimized structures and formation energies confirm that all bulk
MoX2 compounds are thermodynamically stable in the hexagonal symmetry with P63/mmc
phase. Electronic structure calculations using the generalized gradient approximation (GGA)
and GGA-modified Becke-Johnson (GGA-mB]J) potential reveal that MoX2 monolayers exhibit
semiconducting behavior with narrow band-gaps E,. The calculated direct band-gap ranges are
1.196-1.295 eV for MoSz, 1.030-1.235 eV for MoSez, and 0.930-1.039 eV for MoTez. The GGA-
mB]J calculations provide improved direct band gaps estimates and improved the description
of optoelectronic properties. The obtained band-gap values indicate strong absorption in the
visible region, highlighting the suitability of these 2D-MoX2 materials for photoelectronic
applications. The optical parameters analysis, including dielectric function, absorption
coefficient, optical conductivity, refractive index, reflectivity, and energy-loss function, shows
strong optical absorption and significant photoresponse in the visible-ultraviolet region,
indicating their promising optoelectronic for solar-energy, photovoltaic, and photodetection
applications. Thermoelectric parameters of MoX2 compounds, evaluated using the BoltzTraP
package, demonstrate a clear dependence on the X-site, which strongly affects the charge-
carrier transport and thermoelectronic efficiency. The investigated monolayers MoXz exhibit
low thermal conductivity and enhanced electrical transport properties, leading to favorable
thermoelectronic figure of merit of about ZT = 1.083, 0.991, and 0.988 for MoS2, MoSez, and
MoTez, respectively, under the adopted computational conditions. Overall, the present first-
principles DFT calculations indicate that the 2D-MoX2 compounds possess interesting direct
band-gap semiconducting, optoelectronic, and thermoelectric properties. These characteristics
suggest potential for future photoelectronic, thermoelectronic, and energy-conversion
technologies. Further experimental investigations are required to validate the calculated

properties and assess the practical applicability of these materials.
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