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Transition metal dichalcogenides (TMDs) exhibit a wide range of electronic properties due to their
structural diversity. Understanding their defect-dependent properties might enable the design of efficient,
bright, and long-lifetime quantum emitters. Here, we use density functional theory (DFT) calculations to
investigate the 2H, 1T, and 1T’ phases of MoS,, WS,, MoSe,, WSe, and the effect of defect densities on the
electronic band structures, focusing on the influence of chalcogen vacancies. The 2H phase, which is
thermodynamically stable, is a direct band gap semiconductor, while the 1T phase, despite its higher
formation energy, exhibits metallic behavior. 1T phases with spin—orbit coupling show significant band inver-
sions of 0.61, 0.77, 0.24 and 0.78 eV for MoS,, MoSe,, WS, and WSe,, respectively. We discovered that for all
four MX, systems, the energy difference between 2H, 1T and 1T phases decreases with increasing concen-
tration of vacancies (from 3.13% to 21.88%). Our findings show that the 2H phase also has minimum energy
values depending on vacancies. TMDs containing W were found to have a wider bandgap compared to those
containing Mo. The band gap of 2H WS, decreased from 181 eV (1.54 eV with SOC included) under GGA
calculations to a range of 1.37 eV to 0.79 eV, while the band gap of 2H MoSe; reduced from 143 eV (1.31 eV
with SOC) under GGA to a range of 0.98 eV to 0.06 eV, depending on the concentration. Our findings
provide guidelines for experimental screening of 2D TMD defects, paving the way for the development of
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2D transition metal dichalcogenides (TMDs)"™ provide rich
materials for physics and materials science that are not avail-
able in bulk or other quantum confined materials. These plat-
forms may help in discovering fundamental new spin physics
and quantum information processing.*” The ability to control
the band gap,’ electrostatically or chemically tune the Fermi
level,” and induce defects that could detect or emit (polarized)
single photons® enables researchers to investigate a wide range
of interactions such as single spin-phonon,”™" spin-magnetic
field,"* spin-electric field, defects with different external baths
such as superconductor,”® ferromagnetic,"* or piezoelectric
substrates.' These interactions are strongly correlated'® with
the intrinsic defects (vacancies, anti-site defects, substitutional
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next-generation spintronic, electronic, and optoelectronic devices.

dopants, grain boundaries and finite size edge effects) and
extrinsic disorders (strain, substrate termination, terraces, and
vicinal surfaces). The point defects may include vacancy centres
(chalcogen or transition metal sites in TMDs), substitutional
defects, interstitial defects, and anti-site defects.”

These defects may cause phonon-magnon, phonon-exciton
and magnon-magnon scattering due to the broken trans-
lational symmetry and the defect-driven semi-metallic or mag-
netic band structures. Understanding these interactions
may help discover a range of ultrafast transport and photon
emission mechanisms that may assist in engineering two-level
systems with extended decoherence time and bright emis-
sion.'® Their applications include quantum sensing, enhanced
super-resolution microscopy,'® and quantum communication.>®

Point defects form naturally during growth but their effects
on electronic band structures, and optical and magnetic prop-
erties are not well understood especially for the 2H, 1T and 1T’
phases.>"?* These different phases of 2D TMD layers and their
defect characteristics strongly affect their electronic and optical
properties.>**® Bottom-up growth techniques such as mole-
cular beam epitaxy (MBE) processes need to be optimized to
obtain pure and desired phases of TMD layers with controlled
defect density.””*® Electronic band structural and optical
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characteristic signatures of the phases and defect types of 2D
TMD layers must be understood for obtaining the optimal MBE
recipes. Thus, a computational technique must be used to
elucidate these phase and defect type-dependent signatures of
TMD layers.

TMDs, whose formula unit is MX,, where M represents a
transition metal and X is a chalcogen atom, consist of a
transition metal layer sandwiched between two chalcogen
layers as a unit layer. The intralayer interactions are based on
covalent bonds, while the interlayer interaction between two
slabs takes place via van der Waals interactions that stabilize
the bulk material. By considering the arrangement of atoms
along the c-axis in the monolayer of the sandwich structure, the
stacking sequence AbA is for the 2H phase and AbC is for the 1T
phase, where A and C denote chalcogen atoms and b denotes
the metal atom. In the 1T structure, the distorted transition
metal atoms formed a period doubling 2 x 1 structure consist-
ing of 1D zigzag chains. TMDs exhibit different phases charac-
terized by varying coordination structures (trigonal, octahedral
and distorted octahedral) and stacking orders, resulting in 2H,
1T and 1T’-phases;** " these possess unique electronic proper-
ties. For instance, MoS,, MoSe,, WS, and WSe, systems have
been shown to crystallize in the 2H phase under ambient
conditions. 2H phase TMDs have been extensively studied for
applications including catalysts,***® super-capacitors,> and
batteries,®> and for other energy-related applications®® due to
the outstanding catalytic, optical and electronic performance.
Although 1T phase of TMDs has higher formation energy
compared with 1T’ and 2H phases, forming a metastable
(semi)metallic 1T phase enhances charge transfer efficiency
in many energy-related and electrochemical processes.>” *° The
metastable nature of the 1T phase allows it to spontaneously
convert into the 2H phase under the stimulation of external
conditions.*"*> Despite these interesting properties, a compre-
hensive understanding of the 2H, 1T and 1T’ phases of pristine
TMDs is lacking. In addition, since these phases commonly
form with defects in experiments, understanding the effect of
chalcogen vacancies on the structural and electronic band
structure properties of TMDs is needed for applications.

Here, we use DFT to calculate the structural, electronic and
phonon mode properties of pristine 2H, 1T and 1T’ phases of
MoS,, WS,, MoSe,, and WSe, TMD single layers. Next, we also
investigate and present the effect of increasing chalcogen
vacancy concentrations in each TMD phase on their structural
and electronic properties. In Section 1, we describe and justify
the details of our computational methodology. In Section 2.1,
we first present the equilibrium structural electronic band
properties of the defect-free and pristine 2H, 1T and 1T’ phases
of XY, (transition metal X = Mo, W; chalcogen atom Y = S, Se).
In Section 2.2, we present the defect density and phase type
dependence of the structural, electronic, and magnetic properties
of the TMD monolayers. In the Conclusion section, we highlight
the emergence of a strong dependence of the electronic band
structure on the defect density and orientations. Finally, we suggest
guidelines for experimental screening of 2D defects and their
structural properties based on the outcomes of our DFT results.
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1. Computational methodology

The spin-polarized first-principles calculations were performed
within the framework of DFT implemented in the Vienna
ab initio simulation package (VASP).*>** A plane-wave basis
set with the kinetic energy cut-off #>(k + G)*/2m = 500 eV was
used.”® The exchange-correlation term was described with
generalized-gradient approximation (GGA-PBE).*® The van der
Waals (vdW) interaction was included by using the DFT-D2
method of Grimme.*” All structures were treated using periodic
boundary conditions. The Brillouin zone (BZ) integration was
performed in k-space within the Monkhorst-Pack scheme using
the (16 x 16 x 1) and (4 x 4 x 1) special mesh points for the
(1 x 1) and (4 x 4) pristine and chalcogen vacancy cells with
different concentrations, respectively. To prepare the chalcogen
vacancy concentration models, pristine single monolayers with
a supercell of lateral size (4 x 4) were constructed (16 X = Mo/W
atoms and 32 Y = S/Se atoms for pristine XY, crystal), and some
of the Y = S/Se atoms of the model were increasingly removed in
various configurations. The percentage of S/Se-vacancy can be
defined as the number of vacancies divided by the total S/Se
atoms. For instance, three S-vacancies (3V) correspond to a
sulfur vacancy percentage of 9.38%, associated with a specific
density. Multiple different configurations were considered and
classified as “cluster”, ‘“diagonal”, and “random”; based on
the configuration of the S/Se-vacancies. Previous DFT calcula-
tions showed that ‘“clustering” type of growth is thermo-
dynamically favored.*®*° The significant rearrangements were
observed for the range of S/Se-vacancies considered in the
current study when fully relaxing the unit cell and atomic
positions. We have considered the minimum energy configura-
tions. The lattice constants and atoms were optimized without
any constraint until the energy difference between two sequen-
tial steps was less than 107> eV, and the maximum force on
atoms was smaller than 10> eV A~". The maximum pressure
on the unit cell was less than 1 kbar. A vacuum space of ~15 A
was inserted along the z-direction to avoid the fictitious inter-
actions generated due to periodic boundary conditions. The
phononic properties were calculated in terms of the off-
resonant Raman activities of the phonon modes at the I" point.
For this purpose, the zone-centered vibrational phonon modes
were calculated using the finite-difference method as imple-
mented in VASP. Each atom in the primitive unit cell was
initially distorted by 0.01 A and the corresponding dynamical
matrix was constructed. Then, the vibrational modes were
determined by direct diagonalization of the dynamical matrix.
The kinetic energy cutoff for plane-wave expansion was
increased to 800 eV and the global break condition for the
electronic SC-loop was specified smaller than 10~ ® eV with a
k-point set of 24 x 24 x 1 in the case of Raman calculations.
Once the accurate phonon mode frequencies were obtained at
the I point, the change of the macroscopic dielectric tensor was
calculated with respect to each vibrational mode to obtain the
corresponding Raman activities. Ab initio molecular dynamics
(AIMD) simulations were carried out to examine the thermal
stability of the 2H phase MoS, monolayers as a function of the
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concentration of chalcogen vacancy at 300 K with a total
simulation time of 3 ps.

2. Results and discussion

2.1. Pristine monolayer 2H, 1T and 1T’ TMD phases

TMD layers studied here consist of a transition metal layer
sandwiched between two chalcogen layers as a unit layer. The
2H phase is described with trigonal symmetry with D4 (space
group 194 or P6;/mmc). The 1T phase has octahedral coordina-
tion of the metal atom with D34 (space group 164 or P3m1),
while the octahedral coordination of the metal atom in the 1T
phase is distorted with the space group P21/m. Fig. 1 shows the
top and side views of the 2H, 1T and 1T’ monolayer phases. 2H
monolayers exhibit mirror and inversion symmetry. 1T mono-
layer breaks the mirror symmetry of the 2H phase, while the 1T’
phase breaks both mirror and inversion symmetries of 2H
monolayer. The symmetry breakings promote electronic band
structure modifications. The work function is a crucial para-
meter for any electronic material, as it determines how the
material interacts with external interfaces and governs charge
transfer and transport across those interfaces. Studying the
electrostatic potentials of TMD is also essential. Fig. 1d displays
the electrostatic potential of pure monolayer XY, (X = Mo, W;
Y = S, Se). The work function is defined as the difference in
energy level at vacuum and Fermi energy (WF = Eyacuum —
EFermi)-

We first start with a discussion on the structural and
electronic properties of pristine single layer 2H, 1T and 1T
phases of XY2 (X = Mo, W; Y = S, Se) and then investigate their
structural and electronic band structure differences from the
defect cases. To prove the stability of pristine single layers of
2H, 1T and 1T phases of XY2 (X = Mo, W; Y = S, Se), we
calculated their cohesive energies per pair of atoms, defined as
follows:

(1)

where EMO,W! ES,Se and EXYZ(X:MO,W;Y:S,SC) are the total energies of
an isolated single transition metal atom: Mo and W are isolated
single chalcogen atom: S and Se, p and g represent the number

Econ :pEMo,W + qES,Se - EXYz(X:Mo,W;Y:S,Se]/(p + q)

b)  vacuum

&

vacuum

basal plane

basal plane
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Table 1 The calculated Ep, (eV per atom) is the cohesive energy; Ezo, (€V
per atom) the formation energy; a (A) and b (A) are the optimized lattice
constants; du_y is the bond distances between the transition metal atom
(Mo, W) and chalcogen atom (S, Se) for pristine single layer 2H, 1T and 1T’
phase XY, (X = Mo, W; Y = S, Se) structures, respectively

SyStemS Ecoh Efor a, b dM—Cupv dM—C down WP

2H-MoS, 5.63 —-0.79 3.19, — 2.41, — 5.84
1T-MoS, 5.36 —0.52 3.20, — 2.42, — 5.08
1T'-MoS, 5.43 —0.59 3.18, 5.67 2.47, 2.49 5.76
2H-MoSe, 5.15 —0.60 3.32, — 2.54, — 5.28
1T-MoSe,  4.92 —0.37  3.29, — 2.55, — 4.52
1T'-MoSe,  5.02 —0.46  3.29,5.93  2.61,2.63 5.10
2H-WS, 6.07 —0.52 3.18, — 2.41, — 5.64
1T-WS, 578 —0.23  3.22, — 2.43, — 4.86
1T'-WS, 5.90 —0.35 3.18, 5.65 2.39, 2.49 5.65
2H-WSe, 5.55 —0.29 3.33, — 2.54, — 5.03
1T-WSe, 530 —0.03 3.31, — 2.55, — 4.31
1T'-WSe, 5.44 —0.18 3.30, 5.85 2.60, 2.62 4.97

of particular atoms in pristine monolayer 2H, 1T and 1T’
phases of MoS,, MoSe,, WS,, and WSe,, respectively.

(2)

Efor = EXYZ(XzMo,W;Y=S,Se) — Plvow — q#s,Se/ (p + Q)

here, umo, Uw, Us and use represent the chemical potentials of
Mo, W, S and Se atoms. They are obtained from their 3D bulk
structures. The p,om is estimated from the equation given as
Uatom = Epui/N, where Ep represents the total energy of bulk
Mo, W, S, and Se atoms. N denotes the number of Mo, W, S, and
Se atoms in their bulk form with space groups Im3m, Im3m,
Fddd1 and P124/c1 respectively.

After full optimization, the cohesive and formation energies,
lattice constants and bond lengths of single layer 2H, 1T and
1T’ phase XY, (X = Mo, W; Y = S, Se) are given in Table 1. The
cohesive energies of pristine 2H, 1T and 1T’ phases of MoS,
were calculated as 5.63, 5.36 and 5.43 eV, respectively. Although
the cohesive energies of the 2H, 1T and 1T’ polytypes are close
to each other, the 2H phase is the most thermodynamically
stable structure. After 2H, 1T’ has been found to be the second
most stable phase. The 1T phase has the lowest cohesive energy
and might be metastable.

The structural difference between the 2H and 1T’ phases lies
in their different symmetry configurations. The calculated
energy differences (per formula XY, unit) between pristine 2H
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Fig. 1 Plane-averaged electrostatic potential energy of pristine (a) 2H, (b) 1T and (c) 1T’ transition metal dichalcogenides along the normal direction. The
Fermi level (Ef) and work function (Wp) are indicated by the black dashed line and claret red double-headed arrow, respectively. The top and side views of
TMDs are also shown (Mo, W) and chalcogens (S, Se) are represented with purple and green spheres, respectively. (d) The work functions of all TMDs; the
vacuum level Eyacuum and the Fermi level Epe,mi are depicted by solid lines in blue and black, respectively.
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and 1T/1T’ phases of TMDs. The energy needed for the phase
transformation of 2H to 1T is more than 2H phase to 1T’ phase
in all structures. For the 2H to 1T’ phase transformation, the
energy differences are found to be 0.31 eV for WSe,, 0.41 eV for
MoSe,, 0.49 eV for WS, and 0.59 eV for MoS,. For the 2H to
1T phase transformation, the energy differences are found to
be 0.69 eV for MoSe,, 0.76 eV for WSe,, 0.83 eV for MoS, and
0.87 eV for WS,. Similar studies of the transition from the 2H
phase to 1T’ phase of MoS, were reported experimentally
previously®® and under strain.>" To the best of our knowledge,
the energy differences of 2H-to-1T transitions are presented
here for the first time in the literature. Our results indicate
that transforming the 2H phase of MoS, into the 1T’ phase
is energetically less favorable (requires 0.59 eV), while the
2H-to-1T’ transition in WSe, requires less energy (0.31 eV)
(Fig. S1, ESIY).

Tunable electronic properties of materials are highly desir-
able from the perspective of potential device applications.
We further investigated the electronic properties of the pristine
single layer 2H, 1T and 1T’ phase XY, (X = Mo, W; Y = S, Se)
structures. The calculated band structures of 2H, 1T and 1T’
XY, (X=Mo, W; Y =S, Se) shown in Fig. 2 are in good agreement
with the previous reports. For group-VIB layered dichalcogen-
ides, semiconducting properties are shown in their thermo-
dynamically stable 2H phase.

The band structures of pristine single layers of the 2H phase
for WSe,, MoSe,, WS,, and MoS, have been calculated on the
basis of PBE and PBE + SOC methods. The results indicate that
the monolayer 2H phase of WSe,, MoSe,, WS,, and MoS,
behaves as direct band gap semiconductors at the K point. W
sulfides and selenides have larger band gaps than their Mo
counterparts. This is because a large part of the band gap arises
from the crystal field splitting of the metal d states, and this is
larger in W.>*> The pristine single layer MoS, has theoretical
band gap values at the PBE and PBE + SOC levels that are found
to be 1.61 eV and 1.56 eV, with the spin-orbit coupling effect
reducing the band gap level by 0.05 eV. This phenomenon is
also observed in other 2H-phase group-VIB layered dichalco-
genides. 2H phases of TMDs are spin splitting of the electronic
bands caused by spin-orbit coupling, which results from the
absence of the inversion symmetry. Because SOC streams from
electrostatic interactions and relativistic effects, the coupling
effect for heavy elements is stronger, and thus the splitting of
0.27 eV for 2H-WS, is larger than that of 0.05 eV in MoS,. The
same splitting is observed, and that of 0.30 eV for 2H-WSe, is
larger than that of 0.12 eV in MoSe,. The intrinsic property of
2H-TMDs has been proven to provide a platform for exploring
spin-valley polarization®*>* and designing spintronic devices.
Valley degree of freedom is the k-space momentum observable
that refers to the local minima in the energy band diagrams of
semiconducting 2D materials.”>>® K-point minima appearing
near the same energy levels allow for independent control of
this degree of freedom for quantum information processing
and storage especially in graphene, 2D TMD and other related
materials. The realization of valleytronic material applica-
tions related to achieving broken inversion symmetry in the
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Fig. 2 Band structure of pristine single layer 1T’ phase (a) MoS,, (b) MoSe,,
(c) WS,, and (d) WSe, PBE band structure is shown with a blue line and the
PBE + SOC band structure is presented with a green line. The black line
indicates the Fermi level at zero eV. Eg and 26 are indicated fundamental
and inverted gaps for PBE + SOC calculations.

honeycomb lattice. TMDs have a structure resembling a hon-
eycomb lattice, with their monolayer naturally exhibiting bro-
ken inversion symmetry and a direct band gap, making them
ideal materials for valleytronic applications.>””® In the band
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structures of the 1T’ phases of the TMD layers investigated, the
valley degree of freedom emerged as another energy minimum
between X and I points. These points might serve as a separate
handle for valleytronic control of both spin and valley polariza-
tion indices. When these layers are introduced with defects
with different concentrations, valleytronic control becomes
much harder or nearly impossible as shown in the ESIL¥
Fig. S4, which indicates that the defect states alter the feasi-
bility of manipulation of valley degree of freedom.

Besides stable 2H phases of TMDs, the metastable 1T and
1T’ phases also cause significant attention in the research area
due to the newly proposed intriguing physical properties and
promising applications in energy conversion and storage.
For instance, while bulk 1T MoS, crystals are demonstrated
to undergo a superconducting transition at 4 K,** 1T’ MoS, and
WTe, monolayers have exhibited the quantum spin Hall
effect.”® Moreover, 1T/1T’ MoS, showed very high conductivity
which makes them excellent electrocatalysts for hydrogen
evolution and rechargeable batteries.>” According to the crystal
field theory, the d orbitals of metals with trigonal coordination
are classified into three groups, d,2), d(x2_y2 xy) and dy;,)z), while
the d orbitals with octahedral coordination form the degener-
ate d2x2—y2) and dgy xzxy) Orbitals. 2H-phases TMDs showed
that the d.. orbital is completely filled and d,, and d,._,.
orbitals are empty. Configurations of W-6s”6p* and Mo-5s>4d*
were treated as valence electrons, making the 2H phases of
TMDs behave as a semiconductor. Due to 1T phases of TMDs
are split into the configuration of e, orbitals d(x2—y2) d(,2) over t,¢
orbitals d(,), two electrons are filled in the t,, state, the
electronic structure of the T phases of TMDs leads to metallic
phases and also various distortions that can lower the degen-
eracy and in some cases result in new semiconducting and
semimetallic phases.

Reports have shown theoretically and experimentally that
the metallic 1T phase is dynamically unstable in free-standing
conditions and it can further relax to other 1T’ phase.®* Due to
structural distortion, spontaneous symmetry breaks down and
the degeneracy of electronic states can be shifted to lower
energy. 2H to 1T’ phase transition was observed that electron
doping from gold, facilitated by interfacial tensile strain. They
observed a tunable inverted gap (~0.50 eV) and a fundamental
gap (~0.10 eV) in quasimetallic MoS, monolayer.®* Owing to
this inverted gap is yet observed experimentally, the source of
the inverted gap is not clear.

The fundamental gap (E,) values of the pristine single layer
1T’ phase MoS,, MoSe,, WS, and MoSe, are observed to be
~0.05 eV, 0.04 eV, 0.06 eV and 0.05 eV, respectively. Because
the spin-orbit coupling effect could open a fundamental gap,
our calculations are performed at the PBE and PBE + SOC
levels. We have intriguingly observed a larger mid-infrared
inverted gap (20) of the pristine single layer 1T’ phase MoS,
(~0.61 eV), MoSe, (~0.77 eV), WS, (~0.24 eV) and MoSe,
(~0.78 eV) at I'-point in the 2D Brillioun zone of the distorted
octahedral phase in Fig. 2. DFT calculations predicted that
inverted gap and its electronic structure with low band gap
might stream from the distorted octahedral phases. GW-based

This journal is © the Owner Societies 2025
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DFT calculations can predict a larger inverted gap due to take
account the many-body effects of electron-electron interactions.
It is also important to measure and understand the origin of the
inverted band gap for future 2D-TMDs based device fabrication.

Raman spectroscopy has been extensively used as a tool to
characterize the structure and thickness of 2D films and obtain
information on their structures. Raman spectra of different
phases of TMDs can therefore be used as a fingerprint of the
interaction strength and other interface effects, providing a
valuable insight into the interface physics of these systems.
Raman shifts are directly influenced by the symmetry of the
crystal lattice. Different symmetries lead to distinct vibrational
modes, which are reflected as specific peaks in the Raman
spectrum. Changes in crystal symmetry, such as through phase
transitions, can lead to shifts or the appearance/disappearance
of certain peaks. Therefore, we discuss 2H, 1T and 1T’ phases,
separately. Firstly, according to the irreducible representation
of 2H-phase (D3}, symmetry), the optical Raman active modes of
the monolayer correspond to E3, and A, symmetries. MoS,,
MoSe,, WS, and MoSe, shows E;, and A, modes at ~376 cm ™'
and 401 cm™'; ~236 cm™! and 278 cm™'; ~347 cm™ ' and
412 em™Y; ~238 cm ™" and 244 cm™ Y, respectively (Fig. S5, ESIT).
2.2. Chalcogen defect dependent single layer 2H, 1T and 1T’
phase XY, (X = Mo, W; Y = S, Se)

Transition metal dichalcogenides (TMDs) play a critical role in
shaping the material’s properties and potential quantum emit-
ter applications. These defects are primarily associated with
missing (vacancies), substituted, or displaced chalcogen atoms.
The most common defects are vacancies that show that the
sulfur (S) or selenium (Se) atom is missing from the lattice.
These defects can occur naturally during material growth or can
be intentionally introduced using techniques such as annealing,
ion irradiation, or chemical treatments.

We have modeled a unit cell consisting of 16 transition
metal atoms (Mo, W) and 32 chalcogenes (S, Se) atoms for the
pristine stoichiometric TMD crystal. Under the assumption
that chalcogen vacancies form only at the exposed surface,
the percentage of chalcogen vacancies can be defined as the
number of vacancies divided by the total chalcogen atoms.
Multiple different configurations were considered and classi-
fied as ‘“cluster”, ‘“diagonal”, and “random”; based on the
configuration of the chalcogen vacancies shown in Fig. 3(a).
We have selected minimum energy cases from these three
different configurations (Table 2). Chalcogen defects in TMDs
have a direct impact on cohesive/formation energies, which in
turn govern defect stability and concentration, and their influ-
ence on the material’s overall properties. Understanding and
controlling these cohesive/formation energies are crucial for
optimizing TMDs for specific applications such as electronics,
catalysis, or sensors. The cohesive energy of the 2H, 1T and 1T’
phase MoS,, MoSe,, WS,, and WSe, monolayers as a function of
the concentration of chalcogen vacancy are shown in Fig. 3(b)
(Table S2, ESIT). While defects with low formation energies are
more likely to form spontaneously during growth or under
specific environmental conditions, defects with high formation
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Fig. 3 (a) DFT-optimized theoretical models of monolayer 2H-Phase TMD with different levels of chalcogen vacancy concentration. The modeled unit
cell consists of 16 transition metal atoms (Mo, W) and 32 chalcognes (S, Se) atoms for the pristine stoichiometric TMD crystal. Transition metals (Mo, W)
and chalcogens (S, Se) are represented with purple and green spheres, respectively. Under the assumption that chalcogen vacancies form only at the
exposed surface, the percentage of chalcogen vacancy can be defined as the number of vacancies divided by the total chalcogen atoms. Multiple
different configurations were considered and classified as “cluster”, “diagonal”, and “random”; based on the configuration of the chalcogen vacancies. (b)
Formation energy of the 2H, 1T and 1T’ phase MoS,, MoSe,, WS,, and WSe, monolayers as a function of the concentration of chalcogen vacancy.

Table 2 The
concentration

calculated total energy (Ei) values in eV for 2H, 1T and 1T phase MoS,, MoSe,, WS,, and WSe, monolayers as a function of the
of chalcogen vacancy

2H-MoS, 1T-MoS, 1T’-MoS,
System Cluster Diagonal Random Cluster Diagonal Random Cluster Diagonal Random
1v —351.27 —351.27 —351.27 —341.07 —341.07 —341.07 —342.58 —342.58 —342.58
2V —344.37 —344.37 —344.37 —335.52 —335.52 —336.33 —335.63 —335.63 —336.95
3V —337.50 —337.59 —337.35 —329.34 —329.66 —330.83 —329.43 —329.36 —330.87
4v —330.07 —331.22 —330.45 —323.02 —322.91 —324.18 —342.48 —323.25 —324.78
5V —323.26 —323.38 —323.38 316.35 —318.41 —318.88 —318.09 —317.64 —318.18
6V —315.85 —316.19 —316.19 —312.77 —311.44 —311.54 —309.90 —311.05 —311.43
7V —308.92 —309.37 —309.38 —303.50 —308.94 —308.93 —303.49 —308.92 —306.07
2H-MoSe, 1T-MoSe, 1T'-MoSe,
System Cluster Diagonal Random Cluster Diagonal Random Cluster Diagonal Random
1v —324.77 —324.77 —324.77 —317.21 —317.21 —317.21 —318.03 —318.03 —318.03
2V —318.54 —318.54 —318.54 —312.72 —312.73 —312.25 —311.88 —311.34 —312.80
3V —312.36 —312.47 —312.12 —305.52 —308.24 —306.61 —306.16 —305.58 —308.61
4v —305.49 —306.99 —305.90 —300.13 —303.95 —301.99 —-301.16 —299.69 —302.41
5V —299.44 —299.42 —299.31 —293.76 —295.24 —295.96 —294.80 —294.96 —297.49
6V —292.54 —292.77 —292.72 —289.45 —293.22 —291.98 —289.51 —289.01 —291.24
7V —286.33 —286.65 —286.65 —283.17 —288.03 —284.52 —284.91 —288.01 —284.71
2H-WS, 1T-WS, 1T/-WS,
System Cluster Diagonal Random Cluster Diagonal Random Cluster Diagonal Random
1v —386.01 —386.01 —386.01 —377.85 —377.85 —377.85 —378.92 —378.92 —378.92
2V —378.89 —378.89 —378.89 —370.61 —371.62 —371.46 —372.00 —372.02 —371.99
3V —371.83 —-371.91 —371.71 —363.45 —364.53 —365.63 —365.21 —365.16 —365.04
4v —364.14 —365.29 —364.63 —357.93 —358.11 —359.02 —357.39 —361.06 —358.62
5V —357.18 —357.32 —357.33 —350.16 —351.99 —351.63 —351.81 —352.50 —351.85
6V —349.52 —349.96 —349.96 —343.76 —344.65 —344.62 —343.87 —344.75 —344.91
7V —342.35 —342.92 —342.93 —337.37 —341.34 —341.19 —338.20 —341.60 —338.18
2H-WSe, 1T-WSe, 1T/-WSe,
System Cluster Diagonal Random Cluster Diagonal Random Cluster Diagonal Random
1v —357.62 —357.62 —357.62 —351.03 —351.03 —351.03 —338.54 —338.54 —338.54
2V —351.20 —351.20 —351.20 —345.61 —347.62 —346.12 —346.01 —346.01 —346.74
3V —344.88 —347.98 —344.65 —338.55 —341.78 —341.01 —340.06 —339.61 —340.28
4v —337.74 —339.31 —338.30 —334.08 —333.41 —334.59 —333.49 —333.47 —334.01
5V —331.57 —331.65 —331.65 —326.62 —328.37 —328.85 —326.79 —326.79 —328.46
6V —324.49 —324.87 —325.18 —322.98 —321.69 —321.69 —320.30 —320.11 —321.96
7v —318.23 —318.56 —318.56 —314.12 —316.25 —316.24 —-313.70 —314.12 —315.76
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Fig. 4 Electronic band structure of pristine single layer 2H phase MoS,, MoSe,,

The black line indicates the Fermi level at zero eV.

As the concentration of chalcogen vacancies increases, the

energies are less likely to occur naturally and might require
external energy input (e.g., via annealing or irradiation) to form.

cohesive energy of 2H phase MoS,, MoSe,, WS,, and WSe,
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monolayers decreases (Fig. 4), unlike the 1T and 1T’ phases.
We have observed two main concepts: the first one is that the
2H phase is the most stable in all different types of TMDs.
Among all TMDs, the measure of stability decreases like WS,,
MoS,, WSe,, and MoSe, monolayers. The electronic band
diagrams that vary depending on the vacancy concentrations
of 2H, 1T and 1T’ phase MoS,, MoSe,, WS,, and WSe, mono-
layers are provided in the ESI,{ Fig. S2-S4. We also further
examined the thermal stability of 2H phase MoS, monolayers
as a function of the concentration of chalcogen vacancy by
ab initio molecular dynamics (AIMD) simulations. Our simula-
tion results demonstrate that these materials remain thermally
stable, apart from minor distortions, the crystallinity of both
phases is preserved, even at high concentrations. These materials
simulation processes have been recorded and presented in the
ESI,1 Videos S1-57.

Creating vacancies in TMDs leads to the formation of defect
bands that lead to a significant reduction in band gap energy.
While pristine monolayer 2H TMDs exhibit a band gap of
approximately 1.43 to 1.81 eV, creating vacancies at varying
concentrations reduces the band gap to values ranging from
0.14 to 1.37 eV, as shown in Fig. 4. The emergence of mid-gap
states caused by vacancies is a key factor in this reduction,
making it especially important for quantum emitter applica-
tions. The energy range of the visible region typically changed
from 1.65 eV to 3.1 eV. Pristine 2H-phase TMDs are observed to
shift from the visible region to the IR region, and this tunability
highlights the potential of defect dependent TMDs for applica-
tions in quantum technologies and photonic devices.

3. Conclusions

In summary, we investigate the structural and electronic pro-
perties of pristine 2H, 1T and 1T phases of TMDs using DFT.
Our results reveal the distinct electronic properties across their
various phases (2H, 1T, and 1T) due to their different coordi-
nation structures and stacking orders. The introduction of
chalcogen vacancies significantly reduces the band gap in 2H,
1T, and 1T’ phases of MoS,, WS,, MoSe,, and WSe,, and can
lead to transitions from direct to indirect band gaps, as well as
the emergence of semi-metallic or magnetic band structures.
Interestingly, while the 2H phase is well-studied for its catalytic
and energy-related applications, the 1T phase, despite its
higher formation energy, offers enhanced charge transfer effi-
ciency and is metastable, allowing it to transition into the 2H
phase under certain conditions. However, a comprehensive
understanding of these phases, especially in the presence of
chalcogen vacancies, is necessary for practical applications.
The chalcogen defects, particularly vacancies, significantly
influence the properties and potential applications of TMDs.
These defects affect the cohesive and formation energies, which
determine the stability, concentration, and overall impact on
the material’s behavior. Our study indicates that the stability of
the 2H phase decreases as the concentration of chalcogen
vacancies increases. Among the TMDs analyzed (MoS,, WS,,
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MoSe,, and WSe,), the 2H phase is consistently the most stable,
with stability following the trend WS, > MoS, > WSe, >
MoSe,. Our findings provide important insights for the experi-
mental exploration and engineering of TMD defects, support-
ing the development of advanced spintronic, electronic,
optoelectronic and quantum emitting devices.

Author contributions

B. A. H.: conceptualization, methodology, software, validation,
formal analysis, investigation, resources, data curation, writing —
original draft, writing - review and editing, visualization,
and supervision. M. C. O.: conceptualization, methodology,
resources, writing - original draft, writing - review and editing,
visualization, supervision, project administration, and funding
acquisition.

Data availability

Our article does not require legal or ethical confidentiality
requirements. Data for this article, including Fig. 1 are avail-
able at VESTA at https://jp-minerals.org/vesta/en/download.
html. Data for this article, including Fig. 2-4 are available at
VASP at https://www.vasp.at/. The data supporting this article
have been included as part of the ESL¥

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This work was performed at the KUACC HPC Cluster and High
Performance Grid Computing Center (TR-Grid e-Infrastructure)
TUBITAK ULAKBIM. This study has been funded by the Euro-
pean Research Council (ERC) Starting Grant SKYNOLIMIT
Grant No. 948063, the ERC Proof of Concept Grant Super-
PHOTON Grant No. 101100718 and the U.S. Air Force Office
of Scientific Research, European Office of Aerospace Research
and Development, under grant FA8655-24-1-7033.

References

1 S. Manzeli, D. Ovchinnikov, D. Pasquier, O. V. Yazyev and
A. Kis, Nat. Rev. Mater., 2017, 2, 1-15.

2 K. Watanabe, T. Taniguchi and H. Kanda, Nat. Mater., 2004,
3, 404-4009.

3 S. Wang, H. Tian, C. Ren, J. Yu and M. Sun, Sci. Rep., 2018,
8, 12009.

4 A. Alfieri, S. B. Anantharaman, H. Zhang and D. Jariwala,
Adv. Mater., 2023, 35, 2109621.

5 D. Nematov, J. Opt. Photon. Res., 2024, 1, 91-97.

6 A. Chaves, J. G. Azadani, H. Alsalman, D. Da Costa, R.
Frisenda, A. Chaves, S. H. Song, Y. D. Kim, D. He and
J. Zhou, et al., npj 2D Mater. Appl., 2020, 4, 29.

This journal is © the Owner Societies 2025


https://jp-minerals.org/vesta/en/download.html
https://jp-minerals.org/vesta/en/download.html
https://www.vasp.at/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/D4CP04017A

Open Access Article. Published on 06 December 2024. Downloaded on 1/9/2026 9:13:07 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29
30

Y. Wu, D. Li, C.-L. Wu, H. Y. Hwang and Y. Cui, Nat. Rev.
Mater., 2023, 8, 41-53.

K. Parto, S. I. Azzam, K. Banerjee and G. Moody, Nat.
Commun., 2021, 12, 3585.

B. Schuler, D. Y. Qiu, S. Refaely-Abramson, C. Kastl, C. T.
Chen, S. Barja, R. J. Koch, D. F. Ogletree, S. Aloni and
A. M. Schwartzberg, et al.,, Phys. Rev. Lett., 2019, 123,
076801.

Y. Lee, Y. Hu, X. Lang, D. Kim, K. Li, Y. Ping, K.-M. C. Fu and
K. Cho, Nat. Commun., 2022, 13, 7501.

Z. Lin, Y. Liu, Z. Wang, S. Xu, S. Chen, W. Duan and
B. Monserrat, Phys. Rev. Lett., 2022, 129, 027401.

H. L. Stern, Q. Gu, J. Jarman, S. Eizagirre Barker, N.
Mendelson, D. Chugh, S. Schott, H. H. Tan, H. Sirringhaus
and I. Aharonovich, et al., Nat. Commun., 2022, 13, 618.

X. Zhang, H. Wang, J. Liu, M. Zhao and F. Liu, Phys. Rev. B,
2023, 108, 144101.

R. Chua, J. Yang, X. He, X. Yu, W. Yu, F. Bussolotti, P. K. J.
Wong, K. P. Loh, M. B. Breese and K. E. J. Goh, et al., Adv.
Mater., 2020, 32, 2000693.

R. Hinchet, U. Khan, C. Falconi and S.-W. Kim, Mater.
Today, 2018, 21, 611-630.

D. Rhodes, S. H. Chae, R. Ribeiro-Palau and J. Hone, Nat.
Mater., 2019, 18, 541-549.

Q. Feng, Y. Sun, Y. Li, J. Yan, W. Zhong, G. Yang,
W. Liu, H. Xu and Y. Liu, Laser Photon. Rev., 2021, 15,
2100104.

G. Haider, K. Sampathkumar, T. Verhagen, L. Nadvornk,
F. J. Sonia, V. Vales, J. Sykora, P. Kapusta, P. Némec and
M. Hof, et al., Adv. Funct. Mater., 2021, 31, 2102196.

R. Tenne, U. Rossman, B. Rephael, Y. Israel, A. Krupinski-
Ptaszek, R. Lapkiewicz, Y. Silberberg and D. Oron, Nat.
Photonics, 2019, 13, 116-122.

T. Gao, M. von Helversen, C. Antén-Solanas, C. Schneider
and T. Heindel, npj 2D Mater. Appl., 2023, 7, 4.

L. Liu, J. Wu, L. Wu, M. Ye, X. Liu, Q. Wang, S. Hou, P. Lu,
L. Sun and J. Zheng, et al., Nat. Mater., 2018, 17, 1108-1114.
M. Kan, J. Wang, X. Li, S. Zhang, Y. Li, Y. Kawazoe, Q. Sun
and P. Jena, J. Phys. Chem. C, 2014, 118, 1515-1522.

F. Ersan, S. Cahangirov, G. G6koglu, A. Rubio and E. Aktlirk,
Phys. Rev. B, 2016, 94, 155415.

F. Ersan, H. Ozaydin and O. Uzengi Aktiirk, Philos. Mag.,
2019, 99, 376-385.

S. Horzum, D. Cakr, J. Suh, S. Tongay, Y.-S. Huang, C.-H.
Ho, J. Wu, H. Sahin and F. Peeters, Phys. Rev. B: Condens.
Matter Mater. Phys., 2014, 89, 155433.

S. Tongay, H. Sahin, C. Ko, A. Luce, W. Fan, K. Liu, J. Zhou,
Y.-S. Huang, C.-H. Ho and ]. Yan, et al., Nat. Commun., 2014,
5, 3252.

W. Guan, G.-C. Yang, L.-K. Yan and Z.-M. Su, Eur. J. Inorg.
Chem., 2006, 4179-4183.

Y. Li, J. Yan, J. Chen, T. Yu, H. Ren, X. Liu, W. Liu, G.
Yang, C. Xu and Q. Bao, et al, Nano Res., 2021, 14,
4274-4280.

J. A. Wilson and A. Yoffe, Adv. Phys., 1969, 18, 193-335.

L. F. Mattheiss, Phys. Rev. B, 1973, 8, 3719.

This journal is © the Owner Societies 2025

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57
58

View Article Online

Paper

Q. H. Wang, K. Kalantar-Zadeh, A. Kis, J. N. Coleman and
M. S. Strano, Nat. Nanotechnol., 2012, 7, 699-712.

S. Poorahong, R. Izquierdo and M. Siaj, J. Mater. Chem. A,
2017, 5, 20993-21001.

Y. Cheng, S. Ly, F. Liao, L. Liu, Y. Li and M. Shao, Adv. Funct.
Mater., 2017, 27, 1700359.

S. Tanwar, A. Arya, A. Gaur and A. Sharma, J. Phys.: Condens.
Matter, 2021, 33, 303002.

S. Maiti, R. Konar, H. Sclar, J. Grinblat, M. Talianker, M.
Tkachev, X. Wu, A. Kondrakov, G. D. Nessim and
D. Aurbach, ACS Energy Lett., 2022, 7, 1383-1391.

P. Prabhu, V. Jose and ]J.-M. Lee, Matter, 2020, 2, 526-553.

M. A. Lukowski, A. S. Daniel, F. Meng, A. Forticaux, L. Li and
S. Jin, J. Am. Chem. Soc., 2013, 135, 10274-10277.

A. H. Reshak and S. Auluck, Phys. Rev. B: Condens. Matter
Mater. Phys., 2003, 68, 125101.

C. Tan, Z. Luo, A. Chaturvedi, Y. Cai, Y. Du, Y. Gong,
Y. Huang, Z. Lai, X. Zhang and L. Zheng, et al., Adv. Mater.,
2018, 30, 1705509.

H. Wang, Z. Lu, D. Kong, J. Sun, T. M. Hymel and Y. Cui,
ACS Nano, 2014, 8, 4940-4947.

Y.-C. Lin, D. O. Dumcenco, Y.-S. Huang and K. Suenaga, Nat.
Nanotechnol., 2014, 9, 391-396.

F. Mehmood, R. Pachter, T. C. Back, J. J. Boeckl, R. T. Busch
and P. R. Stevenson, Appl. Opt., 2021, 60, G232-G242.

G. Kresse and ]J. Hafner, Phys. Rev. B: Condens. Matter Mater.
Phys., 1993, 47, 558.

G. Kresse and J. Furthmiiller, Phys. Rev. B: Condens. Matter
Mater. Phys., 1996, 54, 11169.

G. Kresse and D. Joubert, Phys. Rev. B: Condens. Matter
Mater. Phys., 1999, 59, 1758.

J. P. Perdew, K. Burke and M. Ernzerhof, Phys. Rev. Lett.,
1996, 77, 3865.

S. Grimme, J. Comput. Chem., 2006, 27, 1787-1799.

H. Li, C. Tsai, A. L. Koh, L. Cai, A. W. Contryman, A. H.
Fragapane, J. Zhao, H. S. Han, H. C. Manoharan and
F. Abild-Pedersen, et al., Nat. Mater., 2016, 15, 48-53.

C. Tsai, H. Li, S. Park, J. Park, H. S. Han, J. K. Norskov,
X. Zheng and F. Abild-Pedersen, Nat. Commun., 2017,
8, 1-8.

K.-A. N. Duerloo, Y. Li and E. J. Reed, Nat. Commun., 2014,
5, 4214.

Q. Tang, J. Mater. Chem. C, 2018, 6, 9561-9568.

L. Mattheiss, Phys. Rev. Lett., 1973, 30, 784.

H. Tian, C. Ren and S. Wang, Nanotechnology, 2022, 33,
212001.

L. Du, C. Ren, L. Cui, W. Lu, H. Tian and S. Wang, Phys. Scr.,
2022, 97, 125825.

Y. Liu, Y. Gao, S. Zhang, J. He, J. Yu and Z. Liu, Nano Res.,
2019, 12, 2695-2711.

M. Chhowalla, H. S. Shin, G. Eda, L.-J. Li, K. P. Loh and
H. Zhang, Nat. Chem., 2013, 5, 263-275.

L. Xie, Nanoscale, 2015, 7, 18392-18401.

T. Cao, G. Wang, W. Han, H. Ye, C. Zhu, J. Shi, Q. Niu,
P. Tan, E. Wang and B. Liu, et al, Nat. Commun., 2012,
3, 887.

Phys. Chem. Chem. Phys., 2025, 27,1809-1818 | 1817


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/D4CP04017A

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 06 December 2024. Downloaded on 1/9/2026 9:13:07 PM.

(cc)

Paper

59 Y. Fang, ]J. Pan, J. He, R. Luo, D. Wang, X. Che, K. Bu,
W. Zhao, P. Liu and G. Mu, et al., Angew. Chem., 2018, 130,
1246-1249.

60 X. Qian, J. Liu, L. Fu and J. Li, Science, 2014, 346,
1344-1347.

1818 | Phys. Chem. Chem. Phys., 2025, 27,1809-1818

View Article Online

PCCP

61 Y. Liu, V. Wang, M. Xia and S. Zhang, J. Phys.: Condens.
Matter, 2017, 29, 095702.

62 X. Yin, Q. Wang, L. Cao, C. S. Tang, X. Luo, Y. Zheng,
L. M. Wong, S. J. Wang, S. Y. Quek and W. Zhang, et al., Nat.
Commun., 2017, 8, 486.

This journal is © the Owner Societies 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/D4CP04017A



