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Abstract:

Two-dimensional (2D) transition metal dichalcogenides (TMDCs) have emerged as a
transformative class of materials in the field of nanoelectronics and optoelectronics. This article
investigates the electronic and optical properties of molybdenum disulfide (MoS.), focusing on
the transition from an indirect bandgap in bulk form to a direct bandgap in a monolayer structure.
The influence of quantum confinement on charge carrier mobility and exciton binding energy is
analyzed through recent theoretical and experimental data. Our study highlights how the unique
band structure of monolayer MoS; enhances light-matter interactions, providing a significant
advantage for next-generation field-effect transistors (FETs) and high-efficiency photodetectors.
Furthermore, the challenges of integrating 2D materials into current semiconductor
manufacturing processes are discussed, alongside potential solutions for enhancing device
stability and performance.
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Introduction

The discovery of graphene has opened a new era in condensed matter physics, leading to
the emergence of a broad family of two-dimensional (2D) materials. Among these, transition
metal dichalcogenides (TMDCs), such as molybdenum disulfide (MoS 2) and tungsten
diselenide (WSe), have gained significant attention due to their unique semiconducting
properties. Unlike graphene, which is a zero-bandgap semimetal, monolayer TMDCs possess a
direct energy bandgap, typically in the visible to near-infrared range.

The transition from a bulk crystal to a single layer induces a fundamental shift in the
electronic structure. In bulk form, TMDCs are indirect bandgap semiconductors; however, when
thinned down to a monolayer, they exhibit a direct bandgap due to the quantum confinement
effect. This transformation is crucial for optoelectronic applications, including light-emitting
diodes (LEDs), photodetectors, and high-efficiency solar cells.

Furthermore, 2D semiconductors provide excellent electrostatic control over the channel,
which is essential for suppressing short-channel effects in field-effect transistors (FETs). The
high carrier mobility and atomic-scale thickness make these materials promising candidates to
replace or supplement silicon in future integrated circuits. This article explores the fundamental
physical mechanisms governing the charge transport and light-matter interactions in 2D TMDCs.
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Crystal Structure and Electronic Properties

The fundamental appeal of transition metal dichalcogenides (TMDCs) lies in their unique
structural symmetry and the resulting electronic phenomena. TMDCs, represented by the
chemical formula MX, (where M = Mo, W and X = S, Se, Te), typically crystallize in the
hexagonal system.

1.1 Lattice Geometry

In its monolayer form, a TMDC consists of a plane of transition metal atoms sandwiched
between two layers of chalcogen atoms. The atoms are covalently bonded in a trigonal prismatic
coordination. The most common polymorph for optoelectronic applications is the 2H phase,
which belongs to the Ps space group. In this configuration, the lack of inversion symmetry in the
monolayer is a crucial factor, as it leads to valley-dependent physics and non-zero Berry
curvature.

1.2 The Indirect-to-Direct Bandgap Transition

The most striking electronic feature of TMDCs is the evolution of their energy band
structure as a function of thickness.

e Bulk Form: In their bulk or multi-layer state, TMDCs are indirect bandgap
semiconductors. The valence band maximum (VBM) is located at the Gamma-point,
while the conduction band minimum (CBM) lies at a point along the Lambda-path
(between Gamma and K).

e Monolayer Form: As the material is thinned down to a single layer, the quantum
confinement effect and changes in the hybridization of d-orbitals cause the CBM and
VBM to shift simultaneously to the K and K' points (the corners of the hexagonal
Brillouin zone).

Consequently, the monolayer becomes a direct bandgap semiconductor. For example, in
molybdenum disulfide (MoS;), this transition results in a bandgap increase from approximately
1.29 eV (bulk) to 1.8-1.9 eV (monolayer).

2.1 Spin-Orbit Coupling and Valley Physics

Due to the heavy transition metal atoms and the broken inversion symmetry in the
monolayer, TMDCs exhibit strong spin-orbit coupling (SOC). This leads to a significant spin-
splitting of the valence band at the K points (often exceeding 150 meV for MoS, and 400 meV
for WSe»). This coupling locks the spin and valley degrees of freedom, allowing for the electrical
and optical manipulation of "valleytronic" information, which is a cornerstone for next-
generation quantum optoelectronics.
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Material Type Bandgap Gap (EEglne’rE{f]) Mass (Ifllif:ctiv)e glll‘z)\i]t)sslﬁ::t-ing
MoS: Direct ~1.85 0.45 ~150
MoSe; Direct ~1.55 0.55 ~180
WS, Direct ~2.10 0.34 ~430
WSe; Direct ~1.65 0.34 ~460

Table 1. Key electronic and band structure parameters of representative monolayer
transition metal dichalcogenides (TMDCs). The data highlights the direct bandgap energy (E.g),
effective electron mass, and the spin-orbit splitting in the valence band.

"As summarized in Table 1, monolayer TMDCs exhibit a diverse range of electronic
properties that are highly tunable. The bandgap energy (Eg) for these materials typically falls
within the visible to near-infrared spectrum (1.55 eV to 2.10 eV), which is a significant
advantage over graphene for optoelectronic applications.

A critical observation from the data is the variation in spin-orbit splitting. While MoS,
shows a splitting of approximately 150 meV, heavier TMDCs like WSe; exhibit a much larger
splitting, exceeding 450 meV. This enhancement is primarily attributed to the increased atomic
mass of Tungsten (W) compared to Molybdenum (Mo), leading to stronger relativistic effects.

Furthermore, the effective mass of carriers in these monolayers is relatively low from,
which suggests high carrier mobility and potential for high-speed transistor operations. The
combination of a direct bandgap and substantial spin-orbit coupling at the $K$ points makes
these materials uniquely suited for not only traditional optoelectronics but also for emerging
fields like spintronics and valleytronics."
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Figure 1. Comparison of the electronic band structures of bulk and monolayer MoS:. (a)
In bulk form, MoS: exhibits an indirect bandgap where the valence band maximum (VBM) is
located at the Gamma point and the conduction band minimum (CBM) is at the Lambda point. (b)
In the monolayer limit, the material transforms into a direct bandgap semiconductor, with both
VBM and CBM coinciding at the K point of the hexagonal Brillouin zone. The transition is
accompanied by a significant enhancement in photoluminescence
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