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effects of several defects on the electrical, magnetic, and optical properties, including Mo
vacancies, MoS; vacancies, and the substitution of a single Mo atom by two S atoms were
studied in this work. Our first-principles calculations revealed that different types of defects
produced distinct energy states within the band gap, leading to a band gap reduction after the
introduction of various types of defects, which caused a change from semiconducting to metallic
behavior. The spin-up and spin-down states were separated in the case of MoS; vacancy. The
total magnetization was ~ —0.83 yup/cell, and the absolute magnetization was ~ 1.23 p/cell.
Moreover, spin-up states had a 0.45 eV band gap, whereas spin-down states were metallic.
Consequently, it can be promising for spin filter applications. It was disclosed that the broadband
part of the electromagnetic spectrum has a high absorption coefficient, which is necessary for
applications including impurity detection, photodiodes, and solar cells. Designing spintronic and
optoelectronic devices will benefit from the modification of the electrical, optical, and magnetic
properties by defect engineering of MoS, monolayers presented here.

1. Introduction

2D nanomaterials have become extremely popular due to their exciting electrical, optical, and magnetic properties [1-6].
Graphene, which was the very first and one of the most popular 2D materials, has band gap of 0 eV, making it a semi-metal
[7]. Hence, it could not be used in switching or logical devices. Hence, the necessity of exploring other 2D materials increased.
Recently, 2D-TMDs were discovered. TMDs are materials with more diverse physical characteristics than graphene. The band gap of
TMD materials can be modified, providing more extra features to TMDs than graphene [8,9]. Hence, TMDs have diverse applications
such as electronic, optoelectronic, spintronic, sensing, and energy-storing devices due to their promising characteristics [10-16].
Bulk TMDs are indirect band gap materials, and this property limits their application. However, TMD monolayers are direct band
gap materials making them suitable for a variety of applications [17,18]. TMDs have the chemical formula MX,. The letter M depicts
an atom of a transition metal, and the letter X stands for an atom of a chalcogen. The basic unit of the layer is the X-M-X which
consists of exactly 3 atomic layers. In the basic unit, the transition metal (M) layer is in the center layer, sandwiched between two
chalcogen atom layers (X) [19-21]. TMDs are layered materials where the interlayers are attached by a weak force namely Van der
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Waals [22-24]. Consequently, TMDs monolayers can be extracted from the bulk materials by exfoliation, which can be metallic,
semi-metallic, superconducting, semiconducting, or insulating [25].

Typically TMD monolayers are non-magnetic, which limits their magnetic application. To introduce magnetism, defects can be in-
troduced in the monolayers. Moreover, monolayer TMDs have tunable electronic properties and this fine tuning can be accomplished
effectively [26-28] and adequately by defect engineering. The monolayer TMDs have a larger bandgap than the bulk TMDs. The
ratio of surface area to volume in TMDs is quite high. It makes TMDs highly conducive to forming defects. The band gap of TMDs can
be modulated by forming defective monolayers. Electronic, optical, and magnetic properties can be tuned by forming different kinds
of defects, such as substitutional impurities and vacancies [3]. For example, defective monolayers induce magnetism and enhance
the performance of electronic, optoelectronic [27,29] electrocatalytic [30-32] and photonic devices [33].

Defect engineering in TMDs involves intentionally introducing imperfections or modifying the atomic structure of these materials
to enhance their properties or enable new functionalities. Several previous research works have explored numerous types of defects
and their effects on the characteristics of TMDs. Point defects in TMDs include vacancies, substitutional impurities, and interstitials.
Research has shown that these defects can significantly influence the electronic, optical, and magnetic properties of TMDs. Sulfur va-
cancies in TMD monolayers can induce localized electronic states and alter their band structure, affecting their electrical conductivity
[34,35]. Substitutional doping with different elements can also tune the bandgap and electronic properties of TMDs [21,27,36-38].
Grain boundaries form when two TMD domains with different orientations meet. These interfaces can act as defect sites that affect
the structural integrity and electronic properties of TMDs. Previous studies have investigated the effect of grain boundaries on charge
transport, exciton dynamics, and mechanical properties of TMDs [39,40]. Understanding and controlling grain boundary formation
and properties are crucial for achieving high-quality TMD films. Structural defects in TMDs can arise from missing or extra atoms,
dislocations, or stacking faults. These defects have the potential to cause alterations in the structure of the crystal, affecting the
material’s electronic and mechanical properties [41]. For instance, dislocations can act as charge scattering centers, reducing carrier
mobility in TMDs. Stacking faults can modulate the interlayer coupling and optical characteristics of TMDs. TMDs exhibit unique
edge structures due to their two-dimensional nature. Defects at the edges, such as edge dislocations, can significantly impact the
electronic properties and reactivity of TMDs [42]. Research has shown that edge defects can enhance catalytic activity and create lo-
calized states for various chemical reactions. Several studies have focused on passivating defects in TMDs to improve their properties
[43]. Techniques such as chemical functionalization, surface treatments, and defect engineering using atomic layer deposition have
been evaluated to minimize defects and boost the performance of TMD devices. Overall, previous research works on defects in TMDs
have provided valuable insights into the relationship between defect structures and material properties. By understanding and ma-
nipulating defects, researchers aim to tailor the electronic, optical, and catalytic properties [44,45] of TMDs for specific applications,
thereby advancing the evolution of next-generation applications and technologies.

The impacts of vacancies and substitutional impurities in the MoS, monolayer were investigated. The physical properties can
be fine-tuned and optimized by controlling these defects for advancing different devices. Therefore, defect engineering significantly
impacted the modification of the functionalities and improved the performance of the TMD materials-based devices. Defects modified
band structures and other related properties were modified. Ab initio theoretical calculations was performed to determine the band
structures, band gap, density of states (DOS), magnetization, electron localization function (ELF), and charge density difference.
Moreover, Bader charge analysis was conducted and the absorption coefficient spectra was calculated. The modulation of electronic,
magnetic, and optical characteristics we obtained by defect engineering has increased the probability of utilizing TMDs in diverse
applications.

2. Computational details

Using the simulation tool Quantum ESPRESSO [46], which is based on density functional theory (DFT) [47], first-principles cal-
culations were conducted to determine the electronic, optical, and magnetic properties of monolayer pristine and defective MoS,
structures. A plane-waves basis set was used in our DFT calculations. The exchange-correlation functional Perdew-Burke-Ernzerhof
(PBE) was implemented as part of the generalized gradient approximation (GGA). Ultrasoft pseudopotentials were used for molyb-
denum (4s24p®4d*5s?) and sulfur (3s23p*). The kinetic energy cutoff values for wave functions were established as 25 Ry, while the
charge density was maintained at 225 Ry.

Monolayer MoS, with hexagonal symmetry (1H) was considered. A (2 X 2 X 1) supercell of 1H-MoS, was created which consisted
of 12 atoms. The supercell contained four molybdenum (Mo) and eight sulfur (S) atoms, as can be seen in Fig. 1. A vacuum of approx-
imately 18 A above the monolayer along the z direction was maintained in order to prevent interaction among periodic monolayers.
Until the estimated energy error fell below the convergence threshold of 10~* Ry and the forces between atoms converged to 1073
Ry/Bohr, all atoms were relaxed.

In Quantum ESPRESSO, a “vacancy” typically refers to the removal of an atom from a crystal structure, creating a point defect.
After the identification of the atom or species for creating a vacancy, its atomic number or species label in the crystal structure was
determined. After removing an atom, the crystal structure and crystal parameters were adjusted and ensured the total charge of
the system remained neutral by either adding or removing electrons accordingly. To simulate the fabricated MoS, monolayers with
substitutional sulfur atoms and surface sulfur and molybdenum vacancies, a (2 X 2 X 1) supercell was fully relaxed, and its lattice
properties were preserved throughout all the structural relaxations that followed. The Kroger-Vink notation was used throughout
the entire study [48]. Spin-polarized computations were used to examine the molecules occupying those vacancies and substitutions.
Three types of fabrications were considered- (i) vacancy of a single Mo atom, Vy,, (ii) vacancy of one Mo and three S atoms, Vs, ,
and (iii) substitution of one W atom with two S atoms, Sg, . For Vy, and Vyg, calculations, a Mo atom was removed, and one
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Fig. 1. XY views of monolayer (a) pristine MoS,, (b) MoS, with a single Mo vacancy, (c) MoS, with a single Mo and three S vacancy, and (d) MoS, with substitution
of a Mo atom with two S atoms. Perspective views of monolayer (e) pristine MoS,, (f) MoS, with a single Mo vacancy, (g) MoS, with a single Mo and three S vacancy,
and (h) MoS, with substitution of a Mo atom with two S atoms. Here, Mo and S atoms are colored in grey and yellow colors, respectively.

Mo atom and 3 S atoms were removed from the supercell as can be seen in Figs. 1(b) and (c), respectively. For Ss2 calculations,
one Mo atom with 2 S atoms was replaced as shown in Fig. 1(d). After modeling, all the defective structures were optimized until
convergence thresholds were achieved.

The structures were relaxed during optimization until total force and energy convergence thresholds were attained. Self-consistent
field (SCF) and non-self-consistent field (NSCF) [49] calculations were conducted subsequent to relaxation in order to compute
the density of states (DOS) and electronic band structures for monolayer pure and defective MoS,. For SCF calculations (2x2x1)
Monkhorst-Pack k-point grid was utilized. For occupation type, Fermi-Dirac smearing was considered, and the smearing width was
1072 Ry. Spin-polarized calculations were performed to determine magnetization. During DOS and NSCF calculations, a (4x4x1)
k-point grid was used. We chose the paths among the high symmetry points of the Brillouin zone of the hexagonal lattice (I'-M-K-I")
for calculating the band structure of pure and defective monolayers. The orbital projection of bands and estimated atomic orbital
contributions were evaluated in the CBM and VBM. Moreover, it was disclosed which atomic orbitals contributed to the newly created
states in the bandgap. By performing Bader charge analysis, the quantity of charge transfer between Mo and S atoms was calculated.
The code developed by the Henkelman group was employed to perform Bader charge analysis [50,51]. The Bader charge transfer,
ép, is expressed as follows:

6p=px— Py (€))

In this case, p, represents the electrons in the outer shell of the individual atom, and p,, represents the electrons in the outer shell
of one of the atoms in both the pure and defective MoS, monolayers. Moreover, we performed the ELF and charge density difference
calculations to visualize the location of charge, sharing of charge, and charge transfer.

To determine the optical properties of MoS, monolayers containing defects, the complex dielectric constant and absorption
coefficient were evaluated. The dielectric constants’ real and imaginary components were calculated using,

e(w) =€ (w) +iey(w). 2
Here, €, represents the real dielectric function, while e, represents the imaginary dielectric function. The expression for the
imaginary component of the frequency-dependent dielectric function denoted as ¢,, is as follows:
4n2e?
Q

€2(w) = lim iz Z 2wké(eck — €k — ) X <uck+eaq Iuvk><uck+eﬁq |uuk>*‘ 3
=04q° [T

In this context, a and f represent the Cartesian components, while e, and e, signify the unit vectors along these components.
Additionally, v and c correspond to the valence and conduction band states, with e, and e, representing the band-edge energies
of the valence and conduction bands. The cell periodic part of the orbitals at wave vector k is denoted by u . The real part of the
dielectric function, ¢, is expressed as follows:

o
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Here, absorption coefficient spectra, @, were derived for both pristine and defective MoS, monolayers by utilizing the real and
imaginary components of the dielectric functions, as expressed in the equation: [52],

a(w) = @[ €12(0) + &,2(@) — e (w)] /2. (5)
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Table 1
The bond length and the bond angle of defective MoS,
monolayers.

Structure  Mo-S Bond Length (A) £5-Mo-S

Pristine 2.410 82.391°
Vo 2.431 80.189°
ViMos, 2.486 79.983°
Sg 2.413 82.438°

2

Here, the circular frequency is represented by w, where ¢,(®w) and e,(w) denote the frequency-dependent real and imaginary
components of the dielectric functions, respectively. The values ¢,(w) and e,(w) are averages derived from the polarization vectors
along the x, y, and z directions, reflecting the tensor properties of the dielectric functions.

3. Results and discussion
3.1. Effects of defects on physical structure

A (2x2x1) supercell of 1H-MoS, was relaxed and found that the nominal bond length of Mo-S was 2.410 A and the nominal bond
angle of the S-Mo-S bond (£S-Mo-S) was 82.391° which agreed well with previous reports [53,54] as can be seen in Fig. 1. Due
to vacancies, the bond length of the Mo-S bond increased because the number of lone pair electrons had been increased due to the
creation of vacancies compared to the pristine. Lone pairs are electrons that do not participate in bonding and originate from more
fully occupied antibonding orbitals. Filling antibonding orbitals reduces the bond order, leading to a decrease in bond strength and
an increase in bond length. Typically, the presence of more lone pairs results in longer bonds. However, in the case of substitutional
impurities, the bond length decreased as the number of lone pair electrons had decreased compared to the pristine. The £S-Mo-S
decreased in the case of vacancies because the number of lone pair electrons had been increased for creating vacancies compared to
the pure. Consequently, the repulsive forces between those lone electrons also significantly increased and for that reason, the bond
angle decreased. On the other hand, in the case of substitutional impurities, £S-Mo-S increased because the number of lone pair
electrons was lower than the pristine. Consequently, the repulsive forces between those electrons were also less than the pristine and
the bond angle slightly increased. From our calculations, the bond length of Mo-S increased from 2.410 A to 2.431 A in the case
of Vy, as can be seen in Fig. 1. In the case of Vyg,, the bond length increased to 2.486 A. However, in the case of substitutional

impurities, the bond length decreased to 2.413 A as can be seen in Fig. 1. For Vyy,, £5-Mo-S decreased from 82.391° to 80.189°.
In the case of Vyg,, the £S-Mo-S decreased more to 79.983°. However, the bond angle increased to 82.438° for substitutional
impurities as can be seen in Fig. 1. The bond angle and bond length for MoS, monolayers with various defects are tabulated in
Table 1. The side and perspective views of pristine and defective monolayers of MoS, have been

3.2. Effects of defects on electronic structures

Pristine MoS, monolayer is a material that presents a direct band gap. However, defects were introduced such as substitutional
impurities and vacancies, and the band gap of pure MoS, monolayer was significantly modified. Pure MoS, monolayer had a direct
band gap of 1.82 eV, which agreed well with the previous report [55-57]. The calculated electronic structures of pure and defective
MoS, monolayers are presented in Fig. 2. The valance band maxima and conduction band minima of pristine MoS, monolayer were
found at K point, a high symmetry point in the Brillouin zone of a hexagonal lattice, as seen in Fig. 2(a). The most contributed atomic
orbitals of valence band maxima were dxz_yz (36.8%), dxy (36.8%) from Mo atoms and py (12%) of S atoms. The most contributed
atomic orbitals of conduction band minima was d_» (80.8%) of Mo atoms as can be seen in Fig. 3(a). Atomic orbitals from S atoms
made up the least contributions to VBM and CBM as can be seen in Fig. 3(e) [58].

When a single Mo atom vacancy was introduced, new energy states were created inside the band gap and some bands were found
near the Fermi level. Consequently, this monolayer showed metallic behavior as shown in Fig. 2(b). The newly created states inside
the band gap originated mostly from d > (83.9%) orbitals of Mo atoms. Moreover, contributions from d,, d,>_ )2 orbitals of the Mo
atoms were also significant. However, in the case of S atoms, p, orbitals made up the largest contribution of 86.4% in the creation
of bands around the Fermi level as can be seen in Figs. 3(b) and (f).

The MoS; vacancy introduced new states in the band gap; however, the number of newly created states was much higher than
the defective Vy;, monolayer. Moreover, the band gap was zero, showing metallic behavior as shown in Fig. 2(c). Furthermore, the
spin-up and spin-down bands were separated, inducing magnetism. Spin-up bands showed an indirect band gap with a bandgap of
0.45 eV whereas the spin-down bands showed metallic behavior. In the case of MoS; vacancy, the newly created states in the band
gap originated mostly from dxz_yz (28%), d,, (34.8%), dyZ (28%) of Mo atom. Furthermore, the contribution from dxy orbital of the
Mo atom was also significant. On the other hand, p, orbitals made up the largest contribution of 42.8% for S atoms in the creation
of bands around the Fermi level as can be seen in Figs. 3(c) and (g).

For the substitutional impurity, new states were also created in the band gap. As in previous cases, the zero band gap was found,
which turned this structure’s band structure into a metallic one, as shown in Fig. 2(d). In substituting a Mo atom with 2 S atoms,
the newly created states in the band gap mostly originated from d,, (81.8%) orbitals of Mo atoms. Besides, contributions from d_,
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Fig. 2. Spin polarized electronic band structures of monolayer (a) pure MoS,, (b) MoS, with Vy, defect, (c) MoS, with Vys defect, and (d) MoS, with S, . Blue
indicates bands that spin up, and red indicates bands that spin down. DOS of monolayer (e) pure MoS,, (f) MoS, with V,, defect, (g) MoS, with Vios, defect, and
(h) Mos, with Sg .

Fig. 3. Projected band structures with the contribution from d orbitals of W atoms of monolayer (a) pure MoS,, (b) MoS, with Vy, defect, (¢) MoS, with Vy,g, defect,
and (d) MoS, with Sg, . Projected band structures with the contribution from p orbitals of S atoms of monolayer (e) pure MoS,, (f) MoS, with V), defect, (g) MoS,
with Vs, defect, and (h) MoS, with Sg, .
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Table 2
Vacancy induced magnetism in MoS,.

Structure ~ Total Magnetization =~ Absolute Magnetization

(up/cell) (pp/cell)
Pristine 0.0 0.01
Vao 0.0 0.02
Varos, -0.83 1.23
Ss2 0.01 0.01

and d,» orbitals of the Mo atoms were also significant. However, p, orbitals made up a remarkable contribution for S atoms in the
creation of bands around the Fermi level as can be seen in Fig. 3(d) and (h).

The changes in DOS were explored due to numerous types of defects. In the case of pure MoS, monolayer, there was zero density
of states at the Fermi-level at 0 eV. In the valence band, we found fewer peaks as well as less DOS, as shown in Fig. 2(e). However,
more peaks with a more significant density of states were found in the conduction band. And the most prominent peak indicating a
larger number of states was found in the conduction band. Near the Fermi level, the contribution to the DOS from Mo was higher
than S, And the contribution to the DOS of S was higher than Mo in the valence band. The contribution to the DOS of Mo was higher
than S in the conduction band, which matches well with previous reports [58,59].

For the V), monolayer, the non-zero DOS at the Fermi level was found. The Fermi level shifted downward, and the Fermi level
was inside the valance band. Consequently, this structure behaved as a degenerate semiconductor. More peaks in the valence band as
well as a larger DOS were found due to new states as shown in Fig. 2(f). Near the Fermi level the contribution to the DOS of Mo was
higher than those of S. And, the contribution to the DOS of S was higher than Mo in the vacancy-induced states. The contribution to
the DOS of Mo was higher than S in the conduction band. For Vy,g, monolayer, the continuous non-zero DOS was revealed through
the whole energy range. The number of peaks as well as the DOS, was higher in the valence band as shown in Fig. 2(g). The largest
peak indicated the largest number of states found in the valence band. A new DOS had been found at the Fermi level, and in the
case of the newly created DOS, the contribution of Mo was higher than S. The contribution to the DOS of S was higher than Mo in
the valence band. The contribution to the DOS of Mo was higher than S in the conduction band. In the case of Sg, monolayer, the
continuous non-zero DOS was found throughout the whole energy range. The largest peak indicating a large number of states was
found in the valence band. The new defect-induced DOS had been found at the Fermi level as shown in Fig. 2(h) and in the case of
the newly created density of states the contribution of S was higher than Mo. The contribution to the DOS of S was higher than Mo
in the valence band. The contribution to the DOS of Mo was higher than S in the conduction band.

3.3. Defect induced magnetism

The magnetization of pure and defective monolayers [21,60,61] were calculated. The spin-up and spin-down states degenerated
for pure MoS, monolayer as seen in Fig. 2(a). Hence, the total magnetization was negligible (~ 0.0 pp/supercell) and the abso-
lute magnetization was ~ 0.01 upg/supercell. Similarly, there was no splitting between the spin-up and spin-down states for Vy,
monolayer, as shown in Fig. 2(b). Consequently, the total and absolute magnetizations were found to be insignificant.

For Vi, monolayer, the spin-up and spin-down states were separated from each other, as can be seen in Fig. 2(c). The total
magnetization was ~ —0.83 yup/supercell and the absolute magnetization was ~ 1.23 up/supercell. The Mo atom of the supercell,
marked in the Fig. 5(g), contributed the most to the induced magnetization. As the absolute magnetism is larger than total magnetism,
it can be inferred that Vy,,g, monolayer was ferrimagnetic [62,63]. In the case of Sg, monolayer, the total magnetization and absolute
was ~ 0.01 up/supercell with degenerate spin-up and spin-down states as shown in Fig. 2(d). MoS; vacancy-induced magnetism,
which can be utilized for diverse spintronic applications. The values of induced total magnetization and absolute magnetization for
MoS, monolayers with numerous defects are tabulated in Table 2. Table 3 presents the amount of induced magnetism in all the
atoms of Vy,s, monolayer. Overall, the third Mo atom, marked as M3, had the largest amount of induced magnetism among all the
Mo atoms; however, the value of magnetism was negative. On the other hand, the first S atom (S1) had the most significant amount
of induced magnetism among S atoms, which was also negative.

As mentioned, spin-up and spin-down states were split, and spin-up states had a 0.45 eV band gap, whereas spin-down states
were metallic for Vy,g, monolayer structure. Hence, it can be promising for spin filter applications. A spin filter design based on
Vios, monolayer is demonstrated in Fig. 2(g). Randomly spin-polarized electrons tunneled from the top metal through the Vios,
monolayer spin-filter. Spin-up electrons were effectively blocked by the band gap, serving as a barrier in the spin-up channel.
Conversely, spin-down electrons effortlessly tunneled through the filter, resulting in the generation of a substantial spin-polarized
current within the bottom metal electrode. The barrier height for spin-up states denoted as ®;, was approximately 0.45 eV, while for
spin-down states @, it was effectively 0 eV. When considering a specific barrier thickness, the spin-up tunnel current density (J;)
and spin-down tunnel current density (J|) exhibited exponential changes with their respective barrier heights (®;,,), following a
relationship described by: [64]

1, 6)

Ty & exp(—Cbm)
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Fig. 4. ELF (electron localization function) of monolayer (a) pure MoS,, (b) MoS, with V,,, defect, (¢c) MoS, with Vios, defect, and (d) MoS, with Ss,- Charge density
difference of monolayer (e) pure MoS,, (f) MoS, with Vy, defect, (g) MoS, with Vys defect, and (h) MoS, with Sg, .

Table 3

Amount of induced magnetic mo-
ment for all the atoms in the su-
percell of Vy,s, monolayer.

Atom  Amount of induced
magnetism (up)

M1 0.0490
M2 0.0293
M3 —0.5311
S1 —0.0202
S2 —0.0188
S3 0.0056
S4 —0.0025
S5 0.0042

Here, the exchange splitting, the difference between spin-up and spin-down electrons in terms of barrier heights was @, —®, = 0.45
eV. This was responsible for a very high spin-polarization, P of 32.33% in the tunnel current. P was obtained from the equation
[6s],

it @)
I+,

In these substances, the barrier height for spin-up electrons was found to be lower than that for spin-down electrons. Nevertheless,
in the scenario of a Vy,g, monolayer, spin-up electrons would undergo filtration.

In Fig. 5(a)-(h), the location of the spin density among Mo and S atoms is illustrated. The red color represents spin-down density,
and the blue color shows spin-up density. In the pristine case, the spin-up and spin-down densities were equally distributed around
the W and S atoms, respectively. As a result, no net magnetization was found. In the case of the Vy;, monolayer, spin-down density
around the S atoms had decreased, and a minute amount had increased the density of spin-up around the Mo atoms. Consequently, a
small difference between up and down spin density was found. In the case of Vs, monolayer, the spin-up density around Mo atoms
had been significantly increased. Besides, no longer the down spin density around the S atoms was present. As a result, a significantly
large difference between spin-up and spin-down densities was found. Consequently, a notable amount of magnetism was found in
the Vy.s, monolayer case. For Sg, monolayer, a minimal difference between up and down spin density was found. As a result, a very
negligible amount of magnetism was found in that case.
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Fig. 5. XY views of spin density of monolayer (a) pure MoS,, (b) MoS, with V,,, defect, (c) MoS, with Vios, defect, and (d) MoS, with Ss,- ZX views of spin density
of monolayer (e) pure MoS,, (f) monolayer MoS, with Vy,, defect, (g) MoS, with Vy,g, defect, and (h) MoS, with Sg, .

Table 4
Change in Bader charge transfer for defective MoS, monolayers.

Structure  Average Bader Average Bader Average Bader charge Average Bader charge
charge of Mo charge of S transfer of Mo transfer of S
(electrons/atom) (electrons/atom) (electrons/atom) (electrons/atom)

Pristine 12.6439 6.6780 1.3561 —0.6780

Vo 13.9701 6.0111 0.0299 —-0.0111

Vios, 12.9173 6.6496 1.0827 —0.6496

Sg 12.8382 6.3485 1.1618 —0.3485

2

3.4. Effect of defects on charge density

In our DFT calculations, 14 electrons for Mo and 6 for S in their valence shells were considered as mentioned in computational
details. According to the Bader charge analysis, the charge was transferred to S atoms from Mo atoms. From Table 4, for the Vy,
monolayer, the average charge of Mo atoms was higher than all other structures. For Vios, monolayer and Sg, monolayer, the
average charge of Mo was higher than pristine MoS,. In the case of the Vy;, monolayer, the average charge of S atoms was lower
than in all other cases. For Vy,5, monolayer and Sg, monolayer, the average charge of S was lower than pristine MoS,. In the case of
VMo monolayer, the net charge transfer from Mo and the net charge transfer to S was significantly lower than in any other case. In the
case of Vyy,g, monolayer, the net charge transfer from Mo was lower than pristine MoS, and Sg, monolayer. The net charge transfer
to S was lower than pristine MoS, but higher than Sg monolayer in the case of Vy,s, monolayer. The electron localization functions
(ELFs) for different structures are shown in Figs. 4(a)-(d). In Figs. 4(a)-(d), the red color means the amount of localized electrons is
high. The green color means the amount of localized electrons is medium. The blue color indicates the amount of localized electrons
is null. Mo had more electrons in the valence shell than S, which was represented by a bright red circle in Figs. 4(a)-(d). However,
due to vacancy, the amount of valence electrons was reduced, which can be observed in Figs. 5(b)-(d). After the creation of Mo
vacancy, the reddish zone decreased. Moreover, due to vacancy, the amount of localized electrons around S atoms represented by
green color also had been reduced. Typically, the green color represents a covalent bond.

In Figs. 4(e)-(h), the charge density difference of Mo and S atoms are illustrated. Here, red means accumulation of charge,
and green means depletion of charge. In Figs. 4(e)-(h), the depletion of charge around the Mo atoms had been decreased as the
green-colored region had been decreased for vacancies and substitutional impurities. Moreover, the depletion of charge around the
S atoms had been increased as the green-colored region had been increased, which had been shown in Figs. 4(f)-(h). In the case of
vacancies and substitutional impurities, the accumulation of charge around the S atoms decreased as a smaller amount decreased the
red-colored region. Furthermore, the accumulation of charge around the Mo atoms had been increased as the red-colored region had
been increased by a little bit amount, which had been shown in Figs. 4(f)-(h). All these findings observed from Fig. 4 were consistent
with the result of the Bader charge analysis, represented in Table 4. Hence, defects significantly affected the charge density, amount
of localized electrons, and charge transfer among atoms.

3.5. Effect of defects on optical properties

Defective MoS, monolayers showed significant modification of optical properties [66,67]. Different types of defective monolayers
showed high absorption coefficients in various regions of the electromagnetic spectrum. Defects can alter the optical characteristics
of a material in three primary manners. [21,68]: (i) the movement of electrons from the maxima of the valence band to vacant
defect-induced states, (ii) the transition of electrons from occupied defect-induced states to the minima of the conduction band, and
(iii) the shift of electrons from occupied defect-induced states to unoccupied defect-induced states. Analyzing the band structures
of pure and defective MoS, monolayers revealed the presence of defect-induced states within the band gap. Consequently, optical
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Fig. 6. Absorption coefficient of monolayer (a) pristine MoS,, (b) MoS, with Mo vacancy defect, (c) MoS, with MoS, vacancy defect, and (d) MoS, with S, substitution
defect.

transitions in defective MoS, can occur at lower photon energies owing to the existence of these defect-induced states. In Fig. 6(a)
for pristine structure, the absorption coefficient was extremely high in the 3 - 3.25 eV region, which was the visible-UV region. For
the Vy;, monolayer, a high absorption coefficient was observed [69] in the infrared to the UV regime as the Fermi level shifted inside
the valance band (see Fig. 6(b)). In the case of the V)5, monolayer, the high absorption coefficient had been observed in the region
of 3 - 3.5 eV, which was also the UV region (see Fig. 6(c)). For Ss2 monolayer, the high absorption coefficient [70] was observed
in the region of 3.5 - 3.75 eV and the UV region (see Fig. 6(d)). As a result, broadband absorption of these defective structures can
be used for solar cells, photodetectors [71], photodiodes, and impurity detection applications where a high absorption coefficient is
essential [66,72].

4. Conclusions

TMD monolayers are highly prone to defects due to their significant surface-to-volume ratio. Due to defects, TMD monolayers
range from semiconducting to metallic behavior. In this study, ab initio calculations were performed to explore the electronic,
magnetic, and optical properties of pristine MoS, and defective MoS, monolayers. The band gap was modulated by introducing
defects. Band gap engineering will help utilize defective MoS, monolayers for electronic, optoelectronic, and photonic applications.
Bader charge analysis was conducted to overlook the amount of charge transfer of Mo and S atoms and the absorption coefficient
was evaluated. It was disclosed that defects changed charge density, bond length, bond angle, and amount of localized electrons,
which will help comprehend the impact of diverse types of defects in monolayer MoS,. Moreover, a separation between spin-up and
spin-down states was found. Furthermore, spin-up states had a band gap, while spin-down states are metallic in case of MoS; vacancy,
which will help utilize defective MoS, monolayers for spintronic and magnetism-related applications such as SpinFET and spin filter.
High absorption coefficients in broadband regions was explored, which will be helpful for solar cell applications, photodiodes, and
impurity detection applications. This work gave insights into defect engineering in MoS,, a TMD material, which will be beneficial
to propose novel electronic, optoelectronic, photonic sensing, spintronic, and energy-storage nanodevices.
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