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In this work, the electronic properties of monolayer molybdenum disulfide (MoS;) were investigated using density functional theory
(DFT) within the QuantumATK simulation environment. The band structure and density of states (DOS) calculations reveal that MoS;
possesses a direct band gap of 1.74 eV and an indirect band gap of 1.27 eV. Further analysis including partial DOS and charge density
distribution was performed to examine the orbital contributions and bonding characteristics. The influence of biaxial strain (+3%) on
the electronic structure was also studied, showing a tunable band gap behavior. These results provide valuable insight into the electronic
characteristics of MoS; and support its potential applications in nanoelectronic and flexible device technologies.
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1. INTRODUCTION

Two-dimensional (2D) transition metal dichalcogenide monolayers, particularly molybdenum disulfide (MoS,), have
emerged as promising semiconducting materials due to their unique electronic properties and potential applications in
nanoelectronics and optoelectronic devices [1]. Unlike bulk MoS,, which exhibits an indirect band gap of approximately
1.2 eV [2], monolayer MoS; transitions to a direct band gap semiconductor with typical values around 1.8—1.9 eV at the
K point of the Brillouin zone [3]. This direct gap offers significant advantages in optoelectronics, such as efficient light
emission and detection [4].

Several first-principles DFT studies have focused on the electronic structure of monolayer MoS,. Most report a direct
band gap in the range of 1.8-1.9 eV within the PBE-GGA approximation, whereas many-body GW or hybrid functional
calculations predict higher values (up to ~ 2.3 eV) [5]. Moreover, the effects of biaxial strain on the band gap have been
widely explored; in particular, a tensile strain typically reduces the gap by 60-90 meV per percent [6].

In addition to band gap modulation, orbital-resolved analyses such as partial density of states (PDOS) and electron
density distribution have been used to understand bonding characteristics in MoS; [7, 8]. These tools offer insight into
the contribution of Mo-d and S-p orbitals, and into the spatial distribution of electron localization, which are important
for understanding electronic transport and material interactions.

While previous works have provided valuable data on the electronic properties of MoS,, many are limited to band
structure and DOS analyses, lacking complementary studies on charge density or strain-dependent electronic descriptors.

In this context, our study presents a comprehensive first-principles analysis of pristine monolayer MoS,. Using DFT-
based QuantumATK simulations, we investigate the band structure, total and partial DOS, electron density distribution,
and the effect of +3% biaxial strain on the band gap. Our findings aim to deepen the understanding of how structural
deformation influences the electronic behavior of MoS,, thus supporting future applications in flexible nanoelectronic
devices.

2. COMPUTATIONAL METHOD

The structural and electronic properties of monolayer molybdenum disulfide (MoS;) were investigated using first-
principles calculations within the framework of density functional theory (DFT), as implemented in the QuantumATK
simulation package. The Localized Atomic Orbital (LCAO) method was employed with the Medium basis set and
norm-conserving pseudopotentials. Exchange-correlation interactions were treated using the Generalized Gradient Ap-
proximation (GGA) in the form of the Perdew—Burke—Ernzerhof (PBE) functional [9].

The initial structure of monolayer MoS, was constructed based on experimental lattice constants and relaxed by
geometry optimization using the Quasi-Newton minimization algorithm until the maximum force on atoms was less than
0.01 eV/A. A vacuum spacing of 20 A was introduced along the z-direction to eliminate interlayer interactions due to
periodic boundary conditions. The final optimized structure is shown in Fig. 1.
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Figure 1. Relaxed atomic structure of monolayer MoS;

The self-consistent field (SCF) procedure was enabled with a maximum of 100 iterations and energy tolerance of
1073 eV. The Poisson equation for electrostatic potential was solved using the Fast Fourier Transform (FFT) solver. The
k-point sampling of the Brillouin zone was performed using the Monkhorst—Pack scheme with a grid of 15x15x1 for the
2D periodic system. The mesh cutoff energy was set to 150 Hartree to ensure high numerical accuracy.

3. RESULTS AND DISCUSSION
3.1. Band Structure Analysis

The calculated electronic band structure of monolayer MoS, is presented in Fig. 2, where both direct and indirect
band gap transitions are indicated with arrows. The results show that monolayer MoS; exhibits a direct band gap of 1.74 eV
at the K-point, which aligns with many DFT-based predictions using the GGA-PBE approximation [9, 10]. Additionally,
an indirect band gap of 1.27 eV was observed between the I'-point (valence band maximum) and the K-point (conduction
band minimum). These results demonstrate the quasi-direct nature of the band structure of monolayer MoS,, and are in
good agreement with previously reported theoretical values ranging from 1.7 to 1.9 eV [11, 12].
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Figure 2. Calculated band structure of monolayer MoS; showing both direct (1.74 eV) and indirect (1.27 eV) band gaps

To support these values, the valence band maximum (VBM) and conduction band minimum (CBM) were extracted
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from the band structure. The VBM is located at —0.56045 eV, and the CBM is at +0.71831 eV relative to the Fermi
level, yielding a calculated gap of 1.2787 eV, which corresponds to the indirect transition. This supports the existence
of a strong direct transition while also revealing possible indirect behavior, depending on external factors like strain or
substrate effects.

Fig. 2. Electronic band structure of monolayer MoS,. Both direct (1.74 eV) and indirect (1.27 eV) band gaps are
marked with arrows.

3.2. Total Density of States (DOS)

The total density of states (DOS) of monolayer MoS; is shown in Fig. 3, where the Fermi level is aligned at 0 eV.
The DOS plot clearly confirms the presence of a band gap around the Fermi level, with no electronic states in the energy
range between the valence and conduction bands. The band gap value inferred from the DOS plot is approximately 1.27
eV, which is consistent with the band structure analysis discussed above.

Both spin-up and spin-down components were calculated within a spin-polarized framework. The two spin channels
fully overlap, indicating the absence of exchange-induced spin polarization and confirming a non-magnetic ground state.
Spin—orbit coupling (SOC) effects were not included in the present calculations; therefore, possible SOC-induced band
splittings, known to occur in monolayer MoS;, are beyond the scope of this work.

Although only the total DOS is discussed here, future analysis of the partial DOS (PDOS) will help identify the
orbital contributions of the Mo (d-orbitals) and S (p-orbitals) atoms. Preliminary expectations suggest dominant Mo-4d
and S-3p contributions near the band edges [13, 14].

Fig. 3. Total density of states (DOS) of monolayer MoS;. The band gap of ~ 1.27 €V is indicated with an arrow.
Fermi level is set at 0 eV.
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Figure 3. Total density of states (DOS) of monolayer MoS,. The band gap of 1.27 eV is indicated

3.3. Partial Density of States (PDOS) Analysis

To gain deeper insight into the electronic structure of monolayer MoS,, the projected density of states (PDOS) was
computed and is shown in Fig. 4. The graph highlights the orbital contributions from Mo d-orbitals and S s+p orbitals.
The Fermi level (ef) is set to 0 eV, and the calculated band gap (Eg) is clearly visible, measuring approximately 1.27 eV,
consistent with previous band structure and total DOS results.

As evident from Fig. 4, the valence band maximum (VBM) is primarily composed of S 3p states, while the conduction
band minimum (CBM) is dominated by Mo 4d states. This is in agreement with earlier theoretical findings, where Mo-d
orbitals govern the conduction characteristics and S-p orbitals contribute to valence behavior [15, 16].

The strong contribution of Mo d-states near the conduction band edge suggests that the conduction mechanism in MoS;
is primarily controlled by the transition metal atom. Conversely, the sulfur atoms influence the valence characteristics,
which is vital for tuning optical and electronic transitions in device applications.
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Figure 4. PDOS of monolayer MoS, showing total DOS, Mo d- and S s+p orbital contributions. The Fermi level (er =0
€V) and band gap (E, ~ 1.27 €V) are indicated.

These orbital insights provide important guidelines for future work involving doping, strain engineering, or het-
erostructure design, where band alignment and charge transfer are sensitive to atomic orbitals.

Fig. 4. Partial density of states (PDOS) of monolayer MoS, showing contributions from Mo-d, S-sp orbitals. The
band gap (E, ~ 1.27 eV) and Fermi level (¢r) are indicated. Color shading marks valence (Ey) and conduction (Ec)
regions.

3.4. Electron Charge Density Distribution

To analyze the spatial distribution of electrons in the MoS, monolayer, the total electron charge density was calculated
based on the self-consistent field (SCF) results. The charge density map is visualized in Fig. 5, showing a cross-sectional
view along the XZ plane of the relaxed atomic structure. As observed in Fig. 5, the electron density is strongly localized
around the Mo-S bonds, indicating a high degree of covalent bonding between molybdenum and sulfur atoms. The central
regions of high density (colored red and green) represent the bonding areas, while the outer blue regions correspond to
low-density vacuum or interlayer spacing.
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Figure 5. Electron charge density distribution of monolayer MoS, plotted along the XZ plane. The red and green regions
indicate high electron accumulation, particularly around the Mo—S bonds, while blue areas correspond to low electron
density. The color scale represents the charge density in A~3

This distribution aligns well with the partial density of states (PDOS) results, where Mo-d and S-p orbitals are the
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dominant contributors near the valence and conduction band edges. The symmetry and uniformity of the electron cloud
also indicate structural relaxation and convergence of the optimized geometry.

Understanding the electron density map is crucial for identifying chemical reactivity zones, adsorption behavior, and
defect sensitivity, which are significant in the design of optoelectronic and sensing devices based on MoS, and other 2D
materials.

3.5. Strain Effect on the Electronic Properties

To understand the influence of biaxial mechanical deformation on the electronic properties of monolayer MoS,, a
series of calculations were performed by applying strain in the range of —3% to +3%. At each strain level, the lattice
constant a was adjusted according to the equation (1):

a=agX(l+¢) (1)

where ag=3.1604 A and ¢ is the applied strain in percentage.

For each applied biaxial strain value, the in-plane lattice parameters were modified according to Eq. (1), while all
internal atomic coordinates were fully relaxed under fixed strained lattice constants until the force convergence criterion
(0.01 eV/A) was satisfied. The vacuum spacing (20 A), k-point mesh (15x15x1), mesh cutoff energy (150 Hartree), and
SCF convergence parameters were kept unchanged for all strain configurations to ensure methodological consistency and
reliable comparison of the calculated electronic properties.

The computed direct and indirect band gap values under various strain conditions are presented in Fig. 6 and
summarized in Table 1. The results indicate that the band gap decreases almost linearly with increasing tensile strain,
while compressive strain slightly enhances the band gap.

Table 1. Calculated direct and indirect band gaps of monolayer MoS, under various biaxial strain levels.

Strain (%) Direct Band Gap (¢V) Indirect Band Gap (eV)

-3 2.1169 1.4879
-2 1.9853 1.5209
-1 1.8476 1.3042
0 1.7364 1.2787
+1 1.6286 1.1425
+2 1.5289 0.9527
+3 1.4366 0.7747
2,2
—&— Direct Band gap
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Figure 6. Variation of direct and indirect band gaps of monolayer MoS; under biaxial strain from —3% to +3%. The band
gaps were extracted from calculated band structures at each strain level.

Specifically, the direct band gap decreased from 2.12 eV (—=3%) to 1.44 eV (+3%), and the indirect band gap reduced
from 1.49 eV to 0.77 eV. At 0% strain, the direct gap is 1.7364 eV and the indirect gap is 1.2787 eV, consistent with the
earlier band structure results. This trend agrees with previous theoretical studies [1, 2], which report that tensile strain
weakens interatomic interactions, narrowing the band gap. Furthermore, the transition from indirect to more pronounced
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indirect band gap under large tensile strain suggests strain-induced electronic phase tunability, making MoS; a promising
material for flexible electronics and strain-engineered devices.

4. CONCLUSIONS

In this study, the electronic properties of monolayer MoS, were systematically investigated using the density functional
theory (DFT) approach implemented in QuantumATK with the LCAO basis set. The structural optimization was followed
by calculations of the band structure, density of states (DOS), projected density of states (PDOS), charge density, and the
effects of biaxial strain on the band gap.

The calculated band structure revealed that monolayer MoS; possesses a direct band gap of 1.74 eV and an indirect
band gap of 1.27 eV, which is in good agreement with previously reported theoretical values. The total and partial DOS
analysis showed that the Mo-d and S-p orbitals are the dominant contributors near the Fermi level, confirming the strong
covalent interaction between the atoms. The charge density distribution further illustrated the bonding characteristics and
electron localization along the Mo—S bonds.

The influence of biaxial strain on the electronic structure was also explored. It was found that increasing tensile
strain led to a gradual decrease in both direct and indirect band gaps, with values ranging from 2.12 eV to 1.44 eV (direct)
and 1.49 eV to 0.77 eV (indirect) over a strain range of —3% to +3%. These findings demonstrate the potential of strain
engineering for tuning the electronic properties of 2D materials such as MoS,.

Overall, the results confirm that monolayer MoS; exhibits tunable electronic behavior, making it a promising candidate
for future applications in nanoelectronics, optoelectronics, and flexible device technologies.
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JOCJ/IIKEHHA EJIEKTPOHHUX BJIACTUBOCTE MOHOIIIAPY MoS; 3 IEPHIUX ITPUHITUIIIB 3A
JOIMOMOTI'OIO DFT-MOIEJIOBAHHA B QuantumATK
Maxkam Xauioes', Baxop /Ixxa66aposa’, Acpop Xacanos!, Iaiipar I6oayanaes’, ATadexk ATaMypaToB
YKagpedpa ¢pizuxu, Ypeenucorkuii depacasnuii ynisepcumem, sya. X. Animoocana, 14, m. Ypeenu, 220100, Vsbexucman
2Kagpedpa pisuku ma mamemamuxu, YpzeHybkutl 0epicasHuti nedazoziuHusi iHcmumym,
eyn. lypaan, 1-A, Ypeenu, 220100, Y3o6exucman

1

V wiit po6oTi e1eKTPOHHI BIaCTHBOCTI MOHOIIAPY AUCYIbdiny MomioaeHy (MoS2) JOCIiIKyBaJICs 3 BUKOPUCTAHHSIM Teopii (hyHKILiO-
Hany ryctunn (DFT) y cepenosumii mopemobanas QuantumATK. Po3paxyHku 30HHOT cTpyKTypH Ta ryctunu ctaHiB (DOS) nokazanm,
o MoS; mae npsiMuii 3a00pOHEHHI 30HHUIA MPOMiIKOK Immputoio 1,75 eB ta Henmpsimuit — 1,44 eB. ogatkoBo Oy/o mMpoBeaeHO
aHauti3 4acTkoBoi ryctunu craniB (PDOS) Ta po3mnofisly rycTHHH 3apsily 3 METOI0 BUBYEHHsI BHECKY OpOiTasieil Ta XapaKTepUCTHUK Xi-
MiYHOTO 3B’ s13yBaHHs1. Takox OyJI0 JOCIIi)KEHO BIUIMB GiaKkCiaIbHOro MeXaHi4HOro HarpyxeHHs (£3%) Ha eJISKTPOHHY CTPYKTYpY, IO
MPOIEMOHCTPYBAJIO MOXJIMBICTh KEPYBaHHs IMPUHOIO 3a00poHeHOo1 30HM. OTprMaHi pe3y/IbTaTi HaJaloTh LiHHY iH(OpMaLilo Ipo eJie-
KTPOHHI BJIACTUBOCTi M0S; Ta IiATBEpIXYIOTh HOr0 epCHEKTUBHICTD 11 3aCTOCYBAHHS B HAHOEJIEKTPOHILli Ta THYUKUX €JIeKTPOHHUX
MPUCTPOSIX.

KuarouoBi cioBa: meopis gpynxyionana eycmunu; QuantumATK; 30HHa cmpykmypa; eycmuna cmauis; 0808UMIpHI mamepianu
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