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Structural defects in a Janus MoSSe monolayer: A density functional theory study
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Two-dimensional layered materials with different anions on both faces of each layer, called Janus monolayers,
have attracted significant interest due to their unique structural asymmetry perpendicular to the layer, which
gives rise to an electric dipole moment that further diversifies the versatile properties of the transition-metal
dichalcogenide materials class. However, the synthesis of a material such as MoSSe is prone to the introduction
of various point defects, which could significantly modify the electric and optical properties as well as vibrational
spectra. Using density functional theory, we provide an in-depth insight into the thermal stability of numerous
point-vacancy and antisite defects in the Janus MoSSe monolayer. The structural changes are discussed in terms
of the local strain induced by the modified atomic bonding around the defect sites. The electronic structure
and linear optical response of Janus MoSSe monolayer with various point defects are studied, and possible
fingerprints of electronic transitions due to defects are rationalized. First-principles calculations of phonons are
carried out to spot the fingerprint of each point defect in the vibrational spectrum of the Janus MoSSe monolayer.
Our systemic study will provide a broad picture of the roles the point defects could play in modifying and tuning
the electronic and optical properties of two-dimensional Janus materials and thus help customizing them for

certain applications.
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I. INTRODUCTION

Owing to their unique optical and electronic properties,
layered inorganic transition-metal dichalcogenide (TMDC)
materials have emerged as promising materials that could be
used broadly in optoelectronics, sensing, and photocatalytic,
as well as many more applications [1-3]. Highly tunable
electronic band gap, small dielectric constant, and intrinsic
in-plane structural asymmetry play the determining roles in
the functioning of such materials in the aforementioned ap-
plications. This in-plane symmetry breaking facilitates the
exploitation of valley degrees of freedom for optical gener-
ation of valley-polarized electrons [4]. Thus, highly accurate
spin manipulation could be implemented, paving the way to
even more intriguing applications for this class of materials
[5]. New interesting electronic properties can be obtained if
the out-of-plane inversion symmetry of two-dimensional (2D)
TMDC is broken (for example, by applying an electronic field
normal to the TMDC plane) [6]. For example, the nonlin-
ear optical response tensor governing, e.g., second harmonic
generation, displays additional nonzero elements if the out-of-
plane inversion symmetry is broken in these materials [7,8].
In a different context, the electric dipole moment associated
with the out-of-plane symmetry breaking promises improved
catalytic properties: A monolayer of a single TMDC alone,
e.g., a MoS; layer, already displays high activity for the hy-
drogen evolution reaction but just poorly activates the oxygen
evolution reaction due to lack of an effective dipole moment
which could attract the polar water molecules towards the
MoS, surface [9]. Thus, MoS, and related single-chalcogen
compounds can be used only as a photocathode (not as an
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anode) in a photoelectrochemical cell to drive the reduction of
the hydrogen ions into hydrogen molecules. However, struc-
tural modification, such as elemental doping, is a promising
route to generate a nonzero electric dipole moment [10,11],
enabling more effective adsorption of the water molecules.

Janus monolayers, also called multichalcogenide layers,
of TMDC materials MXY (M = Mo, W and X, Y =S, Se)
are structurally modified TMDCs that have attracted enor-
mous interest recently due to their extra intrinsic electrical
and optical properties compared to the parent TMDC ma-
terials of MX, [7,8,12,13]. This is because, in this type
of TMDC material, the out-of-plane structural symmetry is
broken as a result of two different chalcogen atoms sitting
at mirror-symmetric lattice sites surrounding transition-metal
atoms. The out-of-plane asymmetry gives rise to the emer-
gence of a tangible electric dipole moment from which a
net electric field, directed from Se atom to S atom normal
to the layer, is generated [11]. The normal electric field
polarizes the electronic system [7], causing strong Rashba
spin-orbit coupling, which then enhances spin Hall conduc-
tivity in valence bands [14]. The broken-symmetry-induced
electric field also enhances the nonlinear optical response
of layers [8]. The strength of electric charge polarization
is very sensitive to the stoichiometry of MXY monolayers
and their possible stacking (up to the bulk counterpart of
monolayers). This area of research on the Janus materials
has been explored extensively using real-time, first-principles
methods that compute the electronic structure and nonlinear
susceptibility of Janus monolayers of TMDCs with different
stoichiometries of the chalcogens [15] and different stacking
patterns [8,12].
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While Janus materials are attractive for numerous reasons,
as outlined above, their availability and structural integrity
still pose a challenge to materials scientists. Although nearly
a decade ago, the TMDC structure with two different chalco-
genide atomic surfaces was theoretically proven to be stable
and to have new intrinsic electronic properties [16], experi-
mental work was limited to the synthesis of a M X, structure
with only some level of chalcogenide impurities substituting
the “parent” chalcogen X. Recently, development in exper-
imental equipment and techniques has brought about the
opportunity to fabricate Janus monolayers with two different
uniform chalcogenide layers enclosing a transition-metallic
layer [12,17,18]. Like other 2D materials [19], the formation
of defects during the synthesis process is very likely unavoid-
able because of the high-temperature condition imposed in the
multistep synthesis process of Janus MoSSe [7,20]. Several
types of structural defects, such as point vacancies and antisite
defects, grain boundaries, etc., could emerge over the course
of the synthesis or exfoliation process [21,22]. Depending on
the process taken, the prevailing type of defect or its distribu-
tion may change.

Numerous experimental works have been carried out to
investigate the aforementioned and some other new intrigu-
ing properties of pristine Janus 2D materials [6,7,12,15,23].
Recently, theoretical works based on first-principles methods
have been carried out to explain the emergence of important
properties for the pristine Janus materials [8,15,24]. Also,
theoretical studies suggested that magnetism can be induced
by the point defects in Janus layers and by imposing an
external strain, and the magnetism characteristics may well
be modulated by varying the tensile strain [6]. The nonzero
magnetic moment of the sulfur vacancy proposed in this work
seems debatable; it would require that two electrons, one in
each of the dangling bonds introduced by the S vacancy, align
their spins to form a spin triplet. So far, there has been no
experimental measurement that could address such prediction.

Apart from this open question, the formation of defects
in Janus layers is a topic in its own right and deserves fur-
ther studies. The formation of any structural imperfection
significantly alters the electronic, optical, and mechanical
characteristics of these ultrathin materials. If a spin-polarized
state of an isolated defect is thermodynamically more fa-
vorable, one could envisage incorporating such defective
materials into spintronics devices, possibly for spin-based
information storage and computing [25]. An isolated point
defect could provide a suitable two-level system for a single-
photon emitter. A negatively charged isolated point-vacancy
and antisite defect could provide some dispersionless midgap
states, and polarized light can be used to control its excited
state. A structural defect with these characteristics, if thermo-
dynamically stable, would thus be a promising candidate for
a single-photon emitter [26].

Also, in the field of surface chemistry and catalysis, defects
may play an important role. A sufficiently high concentration
of a defect of a specific type could enormously alter the chem-
istry of the surface as well as the total nonzero electric dipole
moment (electric field) of a Janus MoSSe layer, thus providing
suitable sites for the adsorption of molecular species and for
accelerating this process. Also, the intrinsic electric field in
MoSSe can enhance the dielectric screening, thus reducing

the exciton binding energy. The more loose binding between
photogenerated excited electrons and holes largely decelerates
their recombination. Under this condition, the electrons and
holes can live longer and are more likely to participate in
water molecule oxidation and hydrogen-ion reduction, respec-
tively [27]. Therefore, understanding how the intrinsic electric
dipole moment of a MoSSe single layer may be changed due
to defect formation is of interest to designing suitable catalyst
layered materials.

In this work, we study the thermal stability of the most
likely point defects that can form during the multiple-step
synthesis of 2H-MoSSe. The changes in the electronic struc-
ture upon the introduction of defects into the MoSSe structure
are investigated and discussed in detail, and the possibility
of formation of a localized nonzero magnetic moment (at
the defect sites) is fully examined at varying concentrations.
The dipole moment of MoSSe is quantified, and its variation
upon structural change (due to the point defects) is rational-
ized. Furthermore, the fingerprint each defect may have in the
phonon mode spectrum of the Janus MoSSe ML is studied,
and the origins of such new features are brought into the light.

II. COMPUTATIONAL METHODOLOGY

A. Density functional theory of defects in Janus
MoSSe monolayer

We study the thermal stability of possible defects in the
monolayer of Janus MoSSe materials and their electronic
structure and linear-optical responses using a periodic den-
sity functional theory (DFT) model of Janus 2H-MoSSe
single layer with a single structural defect. The relaxation
and postprocessing electronic structure calculations were car-
ried out using the periodic-DFT model implemented in the
FHI-AIMS code [28]. The optical properties were calculated
using random-phase approximation. The FHI-AIMS code pro-
vides an all-electron description in which each single-particle
Kohn-Sham (KS) electronic orbital is expanded as a linear
combination of numeric atom-centered basis functions.

Figure 1 displays possible point-vacancy and antisite
defects in a large (4 x 4) supercell of MoSSe (with cross-
section area 12.91 x 12.91 A?) constituted by 48 atoms of
transition-metal Mo, S, and Se atoms. Isolated vacancy de-
fects are formed by removing one atom or a pair of atoms
from the MoSSe single layer. The substitution of one type
of atom with another forms the antisite defects. To treat
exchange-correlation interactions of electrons, generalized-
gradient approximation (GGA) parametrized as PBE [29] is
used. The Broyden-Fletcher-Goldfarb-Shanno method [30]
was used to relax atomic positions along the potential energy
surface, and the maximum residual force component per atom
was set at 5.0 x 1073 eV/A, while a k mesh of 6 x 6 x 1 was
used to compute the Hellmann-Feynman forces exerted on
each atom. To obtain converged total energy and carry out
the electronic structure and optical calculations, a Monkhorst-
Pack [31] k mesh of 17 x 17 x 1 was used to sample the k
points for integration over the first Brillouin zone. A vacuum
space of nearly 20 A is added in the perpendicular direction
to avoid the artificial interactions between the monolayer
and its image replica perpendicular to the monolayer. Also,
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FIG. 1. Relaxed geometries of MoSSe ML containing point-vacancy and antisite defects. Se, Mo, and S atoms are represented by green,

violet, and yellow balls.

spin-polarization (spin-unrestricted) calculations were carried
out to explore thermodynamically stable triplet ground states
of all defect geometries, and comparisons are made against
previous reports in the literature. The so-called “tight” basis
set is employed to carry out the relaxation of atomic po-
sitions. To obtain more accurate energy band structures of
relaxed MoSSe geometries, we take into account the spin-
orbit coupling (SOC) by performing second-variational SOC
calculations. In the FHI-AIMS code, the SOC calculation is per-
formed as a postprocessing step with 2N KS states obtained
in the last self-consistent field calculation [32], and a “really
tight” basis set is used for expansion of the KS single-electron
functions [28]. The really tight basis for a chemical element
has a larger maximum angular momentum number for expan-
sion of charge density difference and uses a denser angular
grid point per radial integration shell [28].

To examine the relative stability of the defective structures
studied in this work, we calculated the formation energies of
the structures using

Et = Eyot — Eprisline - Z AN,

1

where Eyo and Epigine are total energies of the MoSSe super-
cell with and without defects, respectively. u; is the chemical
potential of defect element i, and AN; is the variation of
atomic number during the introduction of defect, AN < 0
when the element is removed, and AN > 0 otherwise. If one
element replaces another element, that one atom is substituted
by another atom of a different type, the chemical potential of
the missing atom is added, and that of the substitutional ele-
ment is subtracted from the above equation. Here we choose
bulk Mo as the elemental system reference to determine the
chemical potentials. The chemical potentials of S and Se are

determined from the relation

UMo + 2us = EMOSZ . MMo + 2Use = EMoSez ,

where Eyose, and Ejyose, are the formation energies of these
TMDCs from elemental bulk phases. These equations also
limit the accessible range of wy, in equilibrium. For exam-
ple, the upper boundary of py*, corresponding to Mo-rich
condition is given by energy per atom of hexagonal lattice of
bulk Mo, and the lower i, boundary corresponding to S- or
Se-rich conditions is defined as /L{\H,I’(‘)‘ = Emox, — 2uy™*, where
X =S or Se, and u¥** is computed for the primitive unit cell
of bulk X.

In bulk semiconductor physics, the concept of the charge
state of a defect turned out to be very useful. The defect
formation energy in its various charge states is plotted as
a function of the chemical potential of the electrons (the
“Fermi level,” as it is often called), a quantity that is set by
the concentration of other defects or dopants in the material.
The concept of a spatially (nearly) homogeneous chemical
potential relies on the fact that any charge on a defect is di-
electrically screened by the three-dimensional (3D) bulk, such
that different defects interact only via defining the position
of the chemical potential of the electrons. In a 2D material,
dielectric screening is strongly reduced. As a result, charged
defects in the material or in the substrate influence each other
directly via their electric fields. Moreover, the efficiency of
screening, and thus also the electrostatic energy and hence the
formation energy of a charged defect, depend on the nature
of the substrate and the material covering the 2D layer. In
order to avoid such complications, we consider in the fol-
lowing all defects in their neutral state only. Previous works,
using techniques from bulk semiconductor physics modified
appropriately for 2D materials [19,33], have studied charged
defects in MoS,. They concluded [19] that most point defects
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TABLE I. Formation energies under Mo-rich condition (Ey), electronic band gap (E,), total magnetic moment (M), and total electric
dipole moment per surface area (D) of relaxed geometries of pure MoS,, MoSe,, and MoSSe monolayers with possible point-vacancy and
antisite defects. Also, the tensile strain [Al/I(%))] (with respect to the pristine MoSSe monolayer) imposed on the atomic bonds surrounding

the defect site are given.

E; (eV) E, (eV) Dyt (1072 ¢/A) Mioi(1t5) Al/1(%)
PBE HSE PBE HSE PBE HSE
MoS, 1.70 2.17 0.00 0.00
MoSe, 1.44 1.84 0.00 0.00
MoSSe 1.55 2.01 3.42 3.57 0
Vs 2.06 2.34 0.99 1.49 3.40 3.58 0 —2.21
Vse 1.80 2.07 0.99 1.54 3.24 3.37 0 —4.20
VMo 5.44 6.68 0.22 0.61 3.10 3.26 0 +2.70
Vise 3.74 4.28 0.92 1.46 3.28 3.44 0 —11.00
Sse —0.05 —0.31 1.54 2.09 3.25 3.37 0 —1.00
Seg —0.06 —0.26 1.55 2.07 3.15 3.26 0 +1.00
Mog 5.40 4.96 0.28 1.28 1.56 1.48 2 -3.00
Mos. 5.16 4.87 0.21 1.25 4.45 4.78 2 -3.90
SMo 5.57 6.63 0.45 0.81 2.85 2.95 0
Semo 5.54 6.38 0.00 0.66 2.88 2.99 2
Mosse 6.73 6.86 0.66 1.17 1.52 1.42 0 —6.57,49.08
Moses 6.97 7.15 0.54 1.04 4.38 4.71 0 —4.18,4+11.09

are stable in their neutral state, with the exception of the Vg
and Sy, defects that occur in a singly negative charge state
for the Fermi energy getting close to the conduction band
edge. We expect similar phenomena for MoSSe, although
the band gap is somewhat smaller for MoSSe compared
to MoS; which makes the formation of charged states less
likely.

Following the evaluation of the stability of the relaxed
defect geometries, we calculate the electronic band structure
as well as atom-projected and angular-momentum-projected
densities of states for each geometry. The defect-induced en-
ergy bands and orbital contributions to the defect energy levels
are displayed and discussed. Since the Janus MoSSe mono-
layer is a polar material (due to the different electronegativity
of the chalcogen atoms), we include a dipole correction, i.e.,
an adjustable dipole layer in the middle of the vacuum space is
applied to nullify any electric fields in the vacuum. This allows
us to avoid the artificial dipole interaction between the ML
and its replica normal to the ML plane. Simultaneously, the
potential jump calculated in the vacuum region above the po-
lar MoSSe ML is used to estimate the electric dipole moment
density of the ML MoSSe [34]. Moreover, the electric dipole
moment density Dy of each geometry is computed, and the
effect of structural changes (due to defects) on the magnitude
of the electric dipole moment density is investigated.

Range-separated hybrid potentials, such as HSEQ06, ap-
proximate the band gaps of the semiconductors and the
positions of midgap defect states more accurately. This is be-
cause the hybrid potentials give a better description of valence
states (through partial inclusion of nonlocal Hartree-Fock
exchange term) and partly correct the self-interaction error
as well [35]. Given the same lattice constants obtained for
MoSSe monolayer using semilocal PBE and hybrid HSE06
functionals, we carried out single-point energy calculation
using the hybrid functional. The band gaps calculated using
the HSEO6 functional are presented in Table 1.

B. Random phase approximation of linear optical
response of defects

Studying the optical characteristics of the MoSSe would
help us get complementary insight into the electronic struc-
tures of the material system and the role of defects introduced
into its structure, thus suggesting possible effects they could
have on its overall performance in the envisaged applica-
tions. In this work, the frequency-dependent dielectric tensor
€;j(w) is calculated using the independent-particle random-
phase approximation (RPA), based on energy eigenvalues and
Kohn-Sham orbitals obtained in the ground-state self-
consistent field (SCF) calculation of the relaxed geometries.
In the RPA formalism, the momentum matrix elements
are taken into account for both interband and intraband
transitions. However, since the single-particle quantities con-
tribute to quantifying the dielectric tensor, many-body effects
such as excitonic effects are not included. The frequency-
dependent dielectric tensor €;;(w) is calculated using the
Kubo-Greenwood formula

afo
Vo2 Z Pisnn kP jnnk
1 €nk

cel nk

477 ZZ Pise,v,kPjc,v.k

Veell (€ex — €k — W)€k — €vk)

€ij(w) =8;,; —

where €, and €.x denote the occupied valence and un-
occupied conduction energy levels, respectively. fy is the
Fermi-Dirac occupation function, pj.., k are the momentum
matrix elements, and V. is the supercell volume.

As mentioned earlier, a “really tight” basis is used to have a
more accurate estimation of the higher-lying energy levels so
that a more complete and accurate description of the transition
matrix elements is taken into account in the RPA method. Fol-
lowing the calculation of the imaginary part of the dielectric
tensor, the absorption coefficients of MoSSe geometries are
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obtained, and some comparison with available experimental
measurements is carried out.

C. Phonon-vibrational spectrum and thermal
properties of defects

The finite-displacement method as implemented in
PHONOPY code [36] is used to calculate the vibrational
frequencies and corresponding density of states (DOS). A su-
percell of (2 x 2) of the supercell (4 x 4) is constructed, and
286 displaced geometries are generated. Given the very large
number of generated displaced geometries, forces are com-
puted with a less-dense Monkhorst-Pack £k mesh of 3 x 3 x 1.
Then the force constants for each geometry are calculated
and collected. Following these steps, the phonon density of
states [g(w)] for each geometry is calculated at a converged g
mesh of 40 x 40 x 1. For further analysis, the average phonon
frequency

j’owmz\x a)g(a))da)
fowmax g((l))d(l)

is calculated for all vacancies and antisite defects.

Waye =

III. RESULTS AND DISCUSSION

A. Point defects in Janus MoSSe monolayer: Thermal stability

Optimizing the MoSSe monolayer (ML) lattice constant at
different levels of theory (treating electron-electron exchange-
correlation interactions), PBE [37], LDA [38], and HSE06
[39], suggests that the local-density approximation (LDA)
underestimates the lattice constant (3.16 A), whereas the
generalized-gradient approximation (PBE), as well as the hy-
brid functional (HSEO06), give the lattice constant of 3.23 A
which is close to the experimentally measured one [7]. Using
the same PBE functional, the lattice constants of 3.16 and
3.29 A are calculated for MoS, and MoSe,, respectively. The
corresponding experimental values are 3.15 [40] and 3.3 A
[41], respectively.

Here, we focus on the 2H type of the Janus MoSSe mono-
layer since, like for the bulk MoSSe, it is thermally more
stable by 440 meV than the 17’ phase. Only by doping elec-
trons above a certain concentration into the 2H-MoSSe thus
destabilizing the 2H structures, the transformation into the 17’
phase is possible [42].

1. Formation enthalpies

The enthalpy of formation AH; of Janus MoSSe ML out
of MoS; and MoSe; is +54 meV (12 meV) using the PBE
(HSEO06) functional. This indicates that under the standard
thermal condition, i.e., at room temperature, the formation
of MoSSe is not thermally favorable. Thus, merely under
nonequilibrium conditions or by implementing sophisticated
multiple-step synthesis approaches, synthesizing this class of
materials is feasible [7,20].

The relative stability of point defects under thermal equi-
librium can be evaluated by calculating the formation energy
as the primary indicator of more stability of one defect over
another. Table I shows the formation energies obtained for
all the relaxed geometries of Janus MoSSe MLs without and

with point defects studied in this work. We note that formation
energies calculated with the HSEO06 functional are about 10%
to 20% larger than those obtained with PBE in most cases.
Among the point-vacancy and antisite defects explored for
Janus MoSSe monolayer, the antisite defects Ss. and Seg
have the lowest formation energies. Also, it is seen that Janus
MoSSe containing the Sg. antisite defect is thermally more
stable than the parent pure MoSSe structure. This can be
related to the above observation that AHy for forming MoSSe
from MoS; and MoSe; is positive, and hence MoSSe has a
tendency to disproportionation. Moreover, the tensile strain
for such Sg. and Ses defects are the smallest, which goes in
line with the low formation energies (the least destabilization
of the monolayer structure) calculated for such antisite de-
fects. Our calculations show that, among the MoSSe MLs with
vacancy defects, Vs, and Vg are the most stable geometries.
The formation energy of Vg is larger than that of Vg, possibly
because the S atom has a greater electronegativity than the
Se atom. This makes the removal of an S atom from the
ML energetically more expensive. This finding is in good
agreement with the previous theoretical works [6,43].

To relate our findings to the experiment, we use experi-
mental data on defects on MoS, since data about defects in
MoSSe are not yet available. Experimental observation based
on atomic-resolved electron microscopy (STEM) suggests
that S vacancies are the most abundant point defects formed
during the production of MoS; monolayers using nonthermal
methods, such as mechanical exfoliation, at room temperature
[21,22]. Qualitatively speaking, since the vapor pressure of
sulfur is higher than that of Mo, a stronger deficiency of S
atoms than Mo atoms is expected after exfoliation when the
equilibrium of both these elements with a gas phase is estab-
lished. In the language used here, this means that exfoliation
conditions tend to be Mo rich, with relatively lower formation
energies of Vg and V..

Given the larger ionic radius of Mo atoms, replacing either
the S or Se atom with the Mo atom could give rise to a notable
distortion in the structure of 2H-MoSSe. This is because such
replacement brings the antisite (guest) Mo atom and Mo atoms
into a closer distance (see Table I) and, also, the distances
between Mo atoms surrounding the defect site become shorter.

As our data suggest, the formation energy for such anti-
site defects is larger (nearly 2.5 eV) than for point-vacancy
defects. Thus, one can conclude that the formation of such
antisite defects in the MoSSe ML is less likely to occur. How-
ever, as pointed out earlier, under high-temperature growth
conditions, typically required in physical vapor deposition
and other similar methods, antisite point defect Mog/Mosg.
becomes more frequent and even the dominant intrinsic de-
fect. This can be rationalized by looking at the stages of the
growth process: First, elemental precursors are sublimated
from a source and transported by a carrier gas to the substrate
where the TMDC monolayer is formed. Due to the higher
vapor pressure of S (Se) under gas-solid equilibrium, fewer
S (Se) atoms tend to contribute to condensation (forming a
TMDC molecular unit on the substrate). As a result, there
will be an excess concentration of Mo atoms, which then
leads to some S sites being filled by extra Mo atoms when
the TMDC molecular units are formed [22,44]. The same
scenario is expected in forming Mogg. or Mog,s defects due
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FIG. 2. Formation energies of Janus MoSSe ML with the point-
vacancy and antisite defects as function of the chemical potential
of Mo with Mo-rich condition (on the right) and S- and Se-rich
conditions (on the left) calculated with the PBE functional.

to a severe lack of S atoms when forming MoSSe molecular
units in thermal synthesis methods.

To obtain a clear view of the formation energy change with
the chemical potential, Fig. 2 displays the formation energies
of the point-vacancy and antisite defects as functions of the
chemical potential of Mo. Because the Janus MoSSe contains
two different chalcogen atoms, two limits, S- and Se-rich
conditions, against the Mo-rich limit, can be defined. One
can see that Vg, is more stable than Vg for the entire range
of umo (Fig. 2). The same trend is clearly observed when
the two chalcogen atoms are replaced by the more bulky Mo
atom (see Fig. 2). As expected, the Se/S vacancy is formed
under the Mo-rich condition, and vice versa. Also, one can see
that under the extreme Mo-rich condition, the Mo vacancy is
slightly more stable than the antisite defects Sy, and Sewo,
i.e., when one Mo atom is replaced by one chalcogen atom.

2. Magnetic moments

To explore the possibility of the formation of a nonzero
magnetic moment localized in the defect region, we car-
ried out the relaxation of atomic positions under the fixed
magnetic moment of 2ug (S=1, a triplet state) (see
Table I). It is seen that among the vacancies and antisite
defects studied, only Mog. and Sey,, could carry nonzero
magnetic moments. This is because the total-energy differ-
ences between zero- and 2 up-magnetic-moment states of
these defect geometries fall in the range 50-230 meV, which
means the formation of defect regions with a nonzero mag-
netic moment is thermodynamically more favorable than the
regions with a zero-magnetic moment in the MoSSe ML struc-
ture. Also, it should be noted that the energy difference is as
small as 2 meV for the Mog defect. This indicates that the
formations of antisite-defect regions with zero and nonzero
magnetic moments are equally likely at growth temperature
when one Mo atom substitutes one S atom during the synthe-
sis of the Janus MoSSe ML.

Here we have shown that the emergence of the defect-
induced nonzero magnetic moment strongly depends on the
type of defect introduced into the MoSSe structure. If a mag-
netic moment exists due to the presence of a specific defect,

its magnitude depends on the concentration of the defect [45].
In 2D Janus MoSSe, the local nonzero magnetic moment,
caused by presence of antisite defects Mog, Mosg., and Sep,,
may vanish at a higher defect concentration. Moreover, the
magnetic response of Janus MoSSe with antisite defects Mog,
Mog, vanishes when the number of defects in a (4 x 4) super-
cell is increased by one (the defect concentration increasing
from 6.2% to 12.5%) [46].

Upon the formation of a single Mog defect, three Mo
nonbonding orbitals (dangling bonds) exist, out of which two
are occupied, each with an unpaired electron with the same
spin. With more antisite defects present, the nonbonding half-
filled orbitals interact and form fully bonding orbitals. Thus,
clustering of antisite defects favors a singlet configuration.
In contrast, the Janus MoSSe with antisite defect Sey, still
carries a nonzero magnetic moment even at a higher defect
concentration. This can be explained by observing that the Se
atom relaxes away from the Mo site (see Fig. 1). Upon the
formation of one Sey, defect, two dangling bonds are formed
at the nearby chalcogen atoms (one bond per atom). Substitut-
ing more center-layer Mo by Se atoms, more dangling bonds
are formed, breaking the bond and pushing the Se atoms out
of the MoSSe plane. Thus, the half-filled orbitals remain. As
a result, the localized nonzero magnetic moment due to the
defect is preserved.

Contrary to previous reports on nonzero magnetic moment
associated with Vg [6], our study suggests that point S and
Se vacancy defects (Vs and Vs.) carry no localized mag-
netic moment. The converged total energies of the relaxed
geometries of Vg and Vg, obtained under a fixed nonzero
magnetic moment (of 2 ug) are higher than the total energy
of the zero magnetic moment. Performing a similar set of
calculations using a hybrid functional, like HSEO6, supports
such a conclusion [46].

To put this in more context, when an S atom is removed
(from the pure Janus MoSSe), the Mo dangling bond states
at the now under-coordinated Mo atoms (surrounding the S
vacancy) form a state space consisting of nonbonding 4d
orbitals that are either fully occupied by two electrons or
completely unoccupied. Under this circumstance, a singlet-
state electronic configuration is favored. In addition, we note
that previous theoretical and experimental works concluded
that room-temperature ferromagnetic response from the MoS;
can be measured only when a localized 17" structural phase
can be incorporated into 2H-MoS, ML structure with S va-
cancy [47]. Likewise, exerting high-enough tensile strain on
the MoS; structure also could induce the magnetic moment
at the vacancy site due to the breaking of metallic Mo-Mo
bonds surrounding the defect site. The bond breaking gives
rise to the formation of nonbonding Mo 4d orbitals filled by
parallel-spin electrons, which amounts to a magnetic moment
of 2 up [48]. Thus, the formation of a triplet state is favored
only under high tensile strain.

3. Local strain

Structural changes occur when point vacancies are intro-
duced into the MoSSe ML structure. They are evaluated by
measuring the interatomic distances (/) between the three
atoms surrounding the point-defect site. In most cases, all
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FIG. 3. Electronic band structures (a) and the atom-projected
densities of states (b) of Janus MoSSe modeled using a (4 x 4)
supercell.

three distances for each geometry are measured to be the
same, forming an equilateral triangle enclosing the defect site.
One can see that removing one chalcogen atom, either S or
Se, brings the Mo atoms (surrounding the defect site) closer
together (see Fig. 1). This contraction is more significant for
Vse than for Vg. This can be rationalized by looking at the
amount of positive partial charge induced on the neighboring
Mo atoms [46]. The larger Mo positive charges indicate a
more compact electron cloud around Mo, which in turn leads
to a smaller distance between the Mo atoms surrounding the
defect. The contraction of the interatomic distance is larger
when both chalcogen atoms from the same atomic column are
removed from the 2H-MoSSe structure (Vgsse). The contrac-
tion reaches up to an 11 %, which is consistent with the larger
contraction (in forming V,s) measured for MoS, [49]. Also,
the same analogy can be used to explain the level of exerted
local strain between other pairs of the antisite defects (Sse and
Ses, and Mos, and Mos,) [46].

B. Electronic structure of pure Janus MoSSe monolayer and
defect geometries

To characterize the electronic structure of point defects, we
use information from different sources: The dipole moment
of the MoSSe perpendicular to the film plane tells us about
the charge distribution of the constituent atoms and how it
changes due to the defects. The electronic band structure
calculated in a (4 x 4) supercell shows defect-related levels or
defect-induced bands. Atom-projected angular-momentum-
projected densities of states (PDOS) can reveal the role of
constituting chemical elements and their angular-momentum
orbitals in forming the band edges, namely, the valance band
maximum (VBM) and conduction band minimum (CBM).

1. Pure MoSeS

Figure 3 displays atom-projected densities of states for
Janus MoSSe without defects. Calculation of atom-projected
and angular-momentum-resolved densities of states suggests
that the band edges states (CBM and VBM) are constituted
mainly by the 4d orbitals of Mo atoms (see Fig. 3, plus addi-
tional information in the Supplemental Material (SM) [46].
Also, the 4p orbitals of Se atoms largely contribute to the
CBM states.

In pure 2H-MoSSe, the d orbitals of Mo hybridize,
and the molecular orbitals transform according to the one-
dimensional A; and the two-dimensional E representation of

the symmetry group Cj3,. For the geometry we have chosen,
the vector of the intrinsic electric dipole moment of single-
layer MoSSe points in the +z direction. This is because the
S atom is more electronegative than the Se atom, and the Se
and Se atoms reside at the top (= positive z) and bottom (=
negative z) sides of the Mo atomic layer, respectively. Defect
formation may lead to an increase or decrease relative to this
intrinsic value (see Table I). Figure 3(a) shows the electronic
band structure of supercell (4 x 4) of pure MoSSe over a
specific k path of high-symmetry points of the first Brillouin
zone (FBZ). Since the supercell (4 x 4) is used to model
MoSSe ML, the conduction band minimum and valance band
maximums are located at the same high-symmetry point K of
FBZ. Thus, there exists a direct band gap for Janus MoSSe
ML, and it is estimated at 1.55 eV with the PBE functional
(2.01 eV with the HSEO6 functional).

Including spin-orbit interaction removes the degeneracy of
energy levels, giving rise to energy-level splitting, which is
more pronounced for heavy transition metals with d orbitals
[50]. For a better assessment of the effect of spin-orbit inter-
action on the band structure, plots zooming in on the valence
and conduction band edges are presented in the SM [46]. The
energy-level splitting in the bottom-most conduction bands
amounts to 14 meV, while the splitting could reach up to over
30 meV in the valence bands.

2. Anion vacancies

From the calculated formation energies, one can find that
the anion vacancies Vg and Vg, are the thermodynamically
most likely defects that are associated with deep levels in the
band gap. Removing an anion creates three dangling bonds
at three adjacent Mo atoms and reduces the count of valence
electrons by two. Consequently, only one of the dangling or-
bitals leads to an occupied defect state. As seen from Figs. 4(a)
and 4(b), this state is located directly above the VBM for Vg,
while it cuts below the VBM for V.. In addition, there are
two (almost degenerate) unoccupied defect levels. As seen
from the PDOS in Fig. 5(a), these states have predominantly
Mo character. Interestingly, the gap between the valence band
minimum and these defect states is functional dependent
(0.99 eV in PBE, ~1.5 eV in HSE06) which confirms that
these are “deep” levels that do not move with the valence band
edge. Additional information about the splitting of these states
under the influence of SOC is provided in the SM [46].

3. Mo vacancy

Removing a Mo atom from the central layer of the MoSSe
film creates six dangling bonds. Consequently, large parts of
the band gap are filled with defect states, leaving a gap of
0.22 eV in PBE (0.61 eV in HSEO06) in the presence of Vyy,.
As expected, the occupied and unoccupied defect-induced
bands have a strong contribution from chalcogen orbitals,
while the Mo orbital contribution is larger in unoccupied
than in occupied orbitals [see Fig. 5(c)]. Therefore, one could
expect that the SOC effect, which is most significant for d or-
bitals of heavy elements, becomes notable for the unoccupied
orbitals. The SM [46] provides support for such a conclu-
sion, and it is seen that the unoccupied defect states undergo
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FIG. 4. Electronic band structures of Janus MoSSe with point-vacancy and antisite defects.

approximately 10 meV larger band splitting (especially at the
high-symmetry point K).

The total electric dipole moment is reduced by Vo,
indicating that the polarization of the Mo charge density con-
tributes significantly to the overall dipole moment, and hence

o
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the intrinsic dipole of the MoSSe layer gets diminished if one
Mo atom is missing.

The double vacancy Vss., where two anions are missing
directly above each other on different sides of the MoSeS
film, displays an electronic structure that is essentially a
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of Se, Mo, and S atoms into the total densities of states, respectively. Here, the Fermi energy has been set to zero.
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superposition of the band structures of Vg and Vg.. Thus, the
interaction between the electronic defect states is rather weak
[see Fig. 4(d)].

4. Isovalent defects

The defects Ss. and Seg, which have the lowest forma-
tion energy, do not induce any defect states in the band gap.
The band structures shown in Figs. 4(e) and 4(f) therefore
resemble the band structure of the pure material, Fig. 3. The
band gap of the pure material is almost unchanged in PBE,
and slightly enlarged in HSEQ6, possibly due to local strain
induced by the Se atom replacing the small S atom, or vice
versa.

5. Mo antisite defects

When a Mo atom replaces either S or Se atom, Mos,
Mosge, a local nonzero magnetic moment is generated at the
defect site. In fact, these antisite defects favor a triplet-state
configuration and some could act as defect spin qubit [25].
But, as pointed out earlier, only under low-defect concentra-
tions (especially for Mog, Mos,), the local nonzero magnetic
moment characteristics is observed, thus, a well-tuned defect
concentration is needed for realization of a spin qubit.

When the antisite defects Mog and Mog, are formed, due to
interactions between the antisite Mo and adjacent Mo atoms
and bond formation, there are two extra electrons for each
antisite Mo atom. The extra electrons occupy two defect spin-
up levels in the energy gap [see Figs. 4(g) and 4(h)], thus
giving rise to a triplet state. Given the Cs, local symmetry of
structural environment surrounding the antisite Mo, its doubly
degenerate d,>_,» and d,, orbitals belong to a two-dimensional
irreducible representation (IR) of E type, while the d,. orbital
belongs to a 1D IR of A; type.

This symmetry classification carries over to the Mog or
Mos. antisite defect and its midgap states. The energy dif-
ference between the E- and A-type states depends on the
degree of hybridization between the antisite Mo and adjacent
Mo atoms. The average distance between antisite Mo and
adjacent Mo atom for Mog (2.570 ;\) is smaller than for Mog,
(2.594 A), thus a larger overlap of wave functions is expected
for Mos. The larger the wave-function overlap, the greater the
level splitting. Therefore, one concludes that the lowering of
the occupied d,>_» and d,, level pair due to hybridization with
the neighboring Mo atoms relative to the unoccupied d2 level
is greater when Mo substitutes for the S atom compared to the
Se atom.

Table I shows opposite changes in the total electric dipole
moment when antisite defects Mog and Mos, are introduced
into the MoSSe structure. It is seen that the magnitude of
dipole moment drops by over 50% when a single Mo atom
substitutes an S anion. In contrast, dipole moment magnitude
increases significantly when it substitutes a Se (see Table I)
anion. To rationalize this finding, one should note that the Mo
cation carries a large positive charge when incorporated into
the structure. Thus, depending on its position in the structure,
it adds to or subtracts from the intrinsic dipole moment of
the MoSSe layer. When it resides at the top-most atomic
layer (where S anions reside), the newly generated positive
charge center induces a large dipole moment pointing in the

—z direction, opposing the total dipole moment. A positive
charge center at the bottom-most layer (Mos.) acts reversely,
enhancing largely the total dipole moment density per surface
area.

6. Smo and Seyy, antisite defects

When one Mo atom in the central atomic layer is replaced
by an S or Se atom, it is found that this atom relaxed away
from the high-symmetry lattice position (see Fig. 1). Substi-
tuting the Mo cation with a chalcogenide anion gives rise to
a reduction of the total electric dipole moment. This seems to
indicate that the polarization of the charge distribution in the
central Mo atoms contributes considerably to the total dipole
moment of the MoSSe layer, and replacing Mo with a less
polarizable anion thus reduces the overall dipole moment.

The Sy, defect gives rise to multiple midgap states. The
top-most unoccupied midgap bands are mostly constructed
out of the Mo (4d) orbitals, while the occupied defect states
show anionic character, mostly from Se atoms [see Figs. 4(i)
and 5(i)]. At the concentration studied here, the system re-
mains a nonmagnetic semiconductor with a direct band gap
of 0.45 eV in PBE (0.81 eV in HSE06). For Sey, calculated
with the HSEQ6 functional, the situation is analogous to Sy,
but with a smaller band gap of 0.66 eV. It is noteworthy
that the PBE functional fails to open a band gap in this
case. The partial filling of bands, also visible in the PDOS in
Fig. 5(j), results in a magnetic ground state in the PBE calcula-
tion. Total-energy calculations with the HSEO6 functional (but
based on the PBE-relaxed positions) suggest that the magnetic
moment persists even in the presence of a band gap.

Finally, we study defect complexes combining a Mog an-
tisite with a Se vacancy on the opposite side of MoSSe layer
or combing a Mog, antisite with an S vacancy on the oppo-
site side. These defect complexes are denoted by Mogs. and
Moses, respectively. The presence of both vacancy and antisite
defects drastically changes the electronic structure of a pure
MoSSe monolayer. The electronic band gap is narrowed down
to 0.66 (0.54 eV) when a Mo atom lands at the S (Se) site and
one Se (S) atom is detached from the atomic structure of the
MoSSe monolayer (the corresponding values with the HSE06
functional are 1.17 and 1.04 eV). The band-gap narrowing oc-
curs due to several midgap defect bands. From Figs. 5(k) and
5(1), one can find that the defect bands are constructed mainly
out of 4d orbitals of Mo atoms. The total-energy calculations
show that the ground state of both Mogs. and Mog,gs has zero
magnetic moment. Thus, they both possess a singlet electronic
configuration (see Table I).

The zero local magnetic moment means that the four ex-
tra electrons filling the d orbitals pair up and antialign in
two 4d orbitals, rendering a total electron spin of zero. The
larger electronic band gap for Mogg, (0.67 eV) than for Mog,g
(0.54 eV) reflects the stronger interaction between the antisite
and surrounding Mo atoms, which results in smaller distance
[46] between the antisite Mo atom with two neighboring Mo
atoms in the central atomic plane.

Hence, a larger wave-function overlap with neighboring
Mo atoms takes place, which in turn triggers a greater splitting
of dy_y» and d,, level pair and the unoccupied d,. orbital.
As a result, a slightly larger band gap is observed for Mogs.
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FIG. 6. In-plane (black solid line) and out-of-plane (blue dashed line) components of imaginary parts of dielectric functions of Janus
MoSSe ML with point vacancy and antisite defects. For comparison, the components of the dielectric functions for pure Janus MoSSe ML are

plotted using the dotted lines.

than for Mog.s (see Table I). Evaluating the total electric
dipole moment density Dy, of the MoSSe ML with Mogs, and
Mos.s defects, one can find that the D,y calculated for these
structures reflects the complementary changes in Dy due to
Mos./Mos. and Vs./ Vg defects.

C. Linear optical properties of Janus MoSSe with point defects

In view of optical applications envisaged for Janus
transition-metal chalcogenides, it is worth studying the linear
optical properties of this type of material and the impact of
the presence of the point defects on the overall linear op-
tical response. Here, we present the results of calculations
of the frequency-dependent dielectric function (and, where
needed, the absorption) of the Janus MoSSe ML without and
with point defects based on the electronic band structure ob-
tained with the PBE functional. We limit the energy window
up to 4.0 eV since there is a limit on describing the high-
energy-lying conduction levels using an atom-centered basis
expansion of Kohn-Sham wave functions. Due to the isotropy
of the linear response within the plane, €,, = €,y, and it is
sufficient to plot only one of both quantities.

First, we verified that the independent-particle response
gives a good description of the optical properties close to
the absorption threshold. For this purpose, a comparison of
the calculated and measured absorption spectra (adopted from
Zheng et al. [51]) is presented [46] both for MoS, and MoSSe.
We find that both materials show a smooth onset of absorption
below photon energies of 2 eV. At higher photon energies, a
peak structure in the absorption spectrum is observed both in
the measurements and in our calculations. In addition, a com-

parison of the calculated in-plane imaginary part of dielectric
functions (&) of MoS,, MoSe;, and MoSSe [46] shows that
the characteristic of MoSSe is a double-peak structure with
maxima at photon energies of 2.4 and 3.0 eV.

Figure 6 shows the linear optical response of Janus MoSSe
ML with vacancies and antisite defects. It is seen that for all
geometries, the out-of-plane component of the imaginary part
(e;;) is always lower in value than the in-plane component
(exy) for the entire energy region. This is because due to the
confinement of the electrons in the z direction perpendicular
to the MoSSe layer, the electronic system is less polarizable
in the direction normal to the MoSSe layer as compared to
polarization within the layer.

As point defects of different types can largely modify the
electronic band structure of the Janus MoSSe ML, the linear
optical response of monolayer MoSSe depends on the type
of the dominant defect formed within it. For point defects,
there are several more peaks emerging right before the promi-
nent peaks of the pure MoSSe ML; for Vg at 1.1 eV, for
Vse at 1.2 eV, Vi, at 0.4 eV, 1.0eV, and 1.4 eV, and for
Vsse 1.2 eV. The emergence of these peaks suggests that
electronic transitions from the valence band edge to midgap
energy states as well as between midgap states can take place.
As we stated earlier, for Janus MoSSe ML with V), defect,
the midgap occupied electronic bands possess mostly p (of Se
and S atoms) character, while the occupied electronic bands
have a mixed character of p and d orbitals [see Fig. 5(c)].
Figure 6(c) shows the in-plane and out-of plane optical re-
sponse of Janus MoSSe ML with a Mo vacancy. Two small
peaks are seen at 0.3 and 0.4 eV in ¢,, and €., respectively,
which can be attributed to a low-energy transition between
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only the midgap states. To put this into more context, from
the atom-resolved densities of states [Fig. 5(c)] one can find
that the low-energy peak in €,, is due to the p-d transitions
between orbitals in the plane, while the prominent peak in €,
is attributed to a transition between p, orbitals of Se atoms and
d, orbitals of adjacent Mo atoms. For Vg, Vg, and Vgs. the
low-energy transitions occur from the valence band to unoc-
cupied midgap states, or between midgap electronic orbitals
all of 4d character of Mo atoms surrounding the vacant site
[see Figs. 6(a), 6(b), and 6(d)].

For the isovalent chalcogenide antisite defects Sg. and Ses,
there is little change in the optical response compared to
the perfect MoSSe layer, as seen from Figs. 6(e) and 6(f).
Thus, optical measurement could not be an effective tool to
identify the formation of such defect within the Janus MoSSe.
In particular, the double-peak structure at 2.4 and 3.0 eV is
retained.

In contrast to these defects, substituting one chalcogen
atom with the transition-metal atom (Mo) or vice versa could
largely change the linear optical response of the Janus MoSSe.
A number of new peaks emerge before the “signature” peaks
of Janus MoSSe ML at 2.4 and 3.0 eV when such defects
are introduced into the MoSSe monolayer structure. There
are two extra peaks emerging at 0.2 and 1.0 eV for Mog [see
Fig. 6(g)]. The former is attributed to the transition between
midgap energy levels constructed mainly out of Mo d orbitals,
while the latter is attributed to the transition between the occu-
pied midgap and conduction energy levels, which are also of d
character [see Fig. 5(g)]. Similar pattern is observed for Mog,,
where transitions occur at 0.2 and 1.0 eV [see Fig. 6(h)]. The
three low-intensity peaks at 0.6, 0.9, and, 1.2 eV for Sy,
[Fig. 6(i)] are indicative of excitation from low-density energy
levels in the midgap region. In the case of Seyy, [Fig. 6(j)], one
can find a new peak at zero energy in the optical spectrum.
The emergence of this peak reflects the intraband electronic
transition of the midgap energy bands crossing the Fermi en-
ergy level, which turns the Janus MoSSe semiconductor into
a semimetal. The change in the optical spectrum proves the
change in the electrical conductivity of MoSSe upon replacing
the transition-metal atom (at the central layer) with the heavier
chalcogenide atom.

Moreover, the small peak in €., at 0.6 eV [Fig. 6(j)] reflects
the transition between Se p, orbitals with spatial extension
perpendicular to the MoSSe plane.

For Janus MoSSe monolayer with Mogs. and Moges
defects, the defect-induced energy-level transitions occur
between the energy levels with major Mo 4d orbital con-
tributions [see Figs. 6(k) and 6(1)]. The small peaks at 0.9
and 1.2 eV (0.9 and 1.3 eV) in €, of Mogse (Moses) can
be attributed to transition between the 4d orbitals extended
normal to the MoSS ML plane (d,; or dy; and d2).

D. Phonon spectra of defect geometries

In our calculations using the PBE functional of the vi-
brational spectra of all relaxed geometries, no imaginary
frequencies were encountered, except a few very small imagi-
nary frequencies (below 50 cm™!) for the Mo vacancy defect.
The absence of imaginary frequencies indicates that the
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FIG. 7. Total (a) and atom-projected (b) phonon densities of
states of pure Janus MoSSe ML. Four main phonon modes, E!, Al,
E?, and A%, at frequencies 204, 282, 349, and 430 cm ™!, respectively,
regarded as the fingerprints of MoSSe monolayer, have been indi-
cated in the spectrum by the dotted line in (a). The gap region is
shaded with light blue color.

relaxed MoSSe MLs with point defects are dynamically stable
structures.

1. Pure MoSeS

Similar to MoS,, pure MoSSe possesses phonon modes
that are first-order Raman active, labeled E', A%, E?, and
A%, which occur at frequencies of 200.1, 281.0, 343.6, and
429.2 cm™!, respectively [see the dotted vertical lines in
Fig. 7(a)]. According to group theory, the two-dimensional
E representations and the one-dimensional A; representations
correspond to in-plane and out-of-plane optical vibrations
[23,51]. To determine the quoted frequencies, we extract the
crossing point of the respective phonon bands with the I" point
[46]. Note that the Raman-active modes are usually located
at phonon band edges at the I point of the phonon Brillouin
zone, while we plotted the phonon density of states integrated
over the entire Brillouin zone in Fig. 7(a). Owing to the
mass effect, the higher-frequency optical modes correspond
to relative motions (in plane and out of plane) of the Mo
atoms and the lighter chalcogen, the S atoms. In contrast,
the lower-frequency optical and acoustic modes correspond to
vibrations of all constituting elements of the Janus MoSSe ML
[see Fig. 7(b)], while the contributions from the heavier atoms
(Mo and Se) are much larger than from the lightest atoms,
the S atoms. In contrast to MoS, and MoSe,, however, the
different masses on MoSSe result in two reststrahlen ranges
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FIG. 8. Phonon densities of states of Janus MoSSe ML with point vacancy and anti-site defects. The phonon densities of states of pure
MoSSe ML is given as a reference by the dotted blue line. The new peaks due to the defects are indicated by arrows. The gap region is shaded
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(i.e., gaps in the DOS from 180 to 199 cm~! and from 286 to
331 cm™!, light blue shaded regions in Fig. 7) rather than just
one, as found in the single-chalcogen compounds.

Figure 8 gives an overview of the phonon densities of
states of all vacancies and antisite defects computed for a
Janus MoSSe (4 x 4) supercell. In the following discussion,
we disregard the spectral range of the acoustic phonons below
180 cm™! because they are Raman inactive and remain almost
unchanged upon introducing the structural defects. In Fig. 8
we emphasize the comparison to the spectrum of defect-free
MoSSe. In order to identify the origin of localized modes,
we also calculated atom-projected densities of states of the
phonons that are provided in Fig. 9. As a general observation,
when the point-vacancy defects are formed, new peaks appear
in the reststrahlen gap (light blue shaded regions), indicative
of vibrations localized at the defect site. From analyzing the
phonon band structure in the (4 x 4) supercell [46] and com-
paring to the band structure of the (1 x 1) supercell, we are
able to follow the Raman-active modes in the presence of a
defect. We note that most defects (those shown in the first two
rows of Fig. 1) retain the C3, symmetry, and consequently
the classification of the Raman modes into £ and A modes
remains to be valid in these cases.

2. Vacancies

Table II shows in the second column the frequency shift
of the Raman-active modes, while in the third column the
location of new peaks emerging in the phonon spectrum of the
Janus MoSSe ML due to the introduction of defects is listed.

For example, removing one S atom (Vg) introduces peaks
at 316 and 321 cm~' [marked by arrows in Fig. Fig. 8(a)] that
are split off from the highest optical phonon branches. The
analysis with the help of the atom-projected DOS tells us that
the localized vibrations due to the S vacancy mainly originate
from the nearby S atoms (n-S). This is because surface stress
is relieved by Vg, and hence the force constants for nearby S
atoms are reduced. Apart from this, Vg does not perturb the
MoSSe vibrations too much, as it is clearly understood from
the persistence of the main pristine MoSSe peak at 343 cm™!
[see Fig. 8(a)]. However, the A% peak is shifted downward
from 286 to 281 cm™~!. In contrast, when Vg, is formed, the
vibrational spectrum is more strongly perturbed, such that
the main peaks in the DOS are largely overshadowed by a
relatively strong defect-induced peak in the gap region [see
Fig. 8(b)]. The coexistence of diminished main peaks and the
emergence of a new peak in the reststrahlen gap indicate a
localized vibration due to major structural deformation caused
by the missing Se atom (the 4% reduction in the distances
between Mo atoms surrounding the Vg, site) with a larger
mass (than the mass of the S atom). The sharp resonance at
236 cm™! visible in Fig. 8(b) can be assigned to collective
vibrations of the nearby Se atoms (n-Se) surrounding the Se
vacancy site. The peak at 323 cm™! inside the gap is due to
the vibrations of undercoordinated Mo atoms surrounding the
defect site and light S atoms at the opposite side of the MoSSe
layer.

Removing Mo atoms or two chalcogenide atoms (one from
each side) also gives rise to the emergence of some new peaks
in the vibration gap [see Figs. 8(c) and 8(d)]. In the case of
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FIG. 9. Projected phonon densities of states of Janus MoSSe ML with point-vacancy and antisite defects. The black solid, blue dashed,
and red dotted lines correspond to Se, Mo, and S atoms, respectively. The contribution into the total phonon densities of states from the antisite
element atoms are indicated by a- before the atom type. Also, the contributions to phonon density of states from the Se and S atoms near a
(vacancy or antisite) defect site (n-Se and n-S) are indicated by the n- before each nearby atom.

VMo, the new peaks emerged (at 307, 319, and 326 cm™ )
in the phonon gap are smaller than the prominent E? peak
and mostly originate from the light S atoms adjacent to the
missing-Mo-atom site.

A new peak emerged below 200 cm™! can be assigned to
in-plane vibration (E 11') of undercoordinated heavy Se atoms.
The atom-projected phonon densities of states for nearby Se
atoms prove such an assignment [see Fig. 9(c)].

Contrary to Vi, for Vgse, the defect peaks at 316 and 324
are very large and overshadowing the prominent peaks of the
MoSSe ML [see Fig. 8(d)]. Also, there are several new peaks
in the low-frequency range of optical modes, such as the peaks
at 179, 206, and 214 cm™'. As can be seen from Fig. 9(d),
these new peaks can be assigned to the softened vibrations of
the three undercoordinated Mo atoms between the S and Se
vacancy sites. The vibrations of the S and Se atoms adjacent

TABLE II. The frequencies of the Raman-active modes (second column) for Janus MoSSe ML without and with point defects. Also, the
frequencies at which new peaks emerge due to the formation of point defects are given (third column). The change in the average phonon
frequency (Ad,,.) due to the formation of the point defect is given in the third column. Here, for pure Janus MoSSe @;,. = 241.41 cm™".

Structure Raman modes (cm™!) Defect peaks (cm™') Adge (cm™)
MoSSe 200, 286, 343, 433 0
Vs 202, 281, 344, 427 211, 282, 288, 316, 321 —114
Vse 202, 283, 345, 437 323, 331 —23.2
VMo 205, 281, 344, 424 196, 307, 319, 326 —21.7
Vsse 199, 284, 342, 426 206, 316, 324 —6.3
Sse 202, 283, 343, 435 189, 231, 317, 323, 330, 362, 391 6.6
Seg 206, 283, 343, 432 187, 214, 260, 296, 304 —-3.8
Mog 204, 284, 342, 425 314, 362 —10.3
Mos. 205, 280, 342, 429 182, 201 5.0
SMo 200, 281, 343, 428 295, 323, 331 -34
Semo 201, 286, 343, 426 198, 285, 314 —15.7
Mosse 200, 279, 342, 427 183, 208, 311, 328 —6.5
Moges 200, 280, 343, 426 190, 200, 316 —16.2
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to the S and Se vacancy sites also contribute to the emergence
of new peaks at high and low frequencies, respectively.

3. Isovalent defects

Earlier we showed that isovalent substitution does not
make a significant change in the electronic band structure of
the Janus MoSSe [see Figs. 5(e) and 5(f)]. But, such sub-
stitution could have some fingerprints left in the vibration
spectrum of Janus MoSSe ML. Figures 8(e) and 8(f) display
the changes in the spectra upon formation of Sg. and Seg
antisite defects, respectively. For Ss. the peaks in the upper
reststrahlen gap at 317, 323, and 330 cm~! are due to the
light S atom introduced into a Se lattice site. In addition,
there are two new peaks above 360 cm™! having antisite S
atom character, as can be seen from Fig. 9(e). One would
expect that the average phonon frequency (@,y.) should shift
to higher frequencies when a heavy element in the structures
is substituted by a lighter element in the same group of the
periodic table. The larger @,y calculated for Ss. confirms such
prediction (see Table II).

Contrary to the case of Ss., when the heavier chalcogenide
atom (Se atom) substitutes the lighter chalcogenide atom
(S atom), the changes in the phonon spectrum mostly take
place in the low-frequency region of optical phonon spectrum
(the optical gap and nongap region) of MoSSe ML. This can
be clearly seen in the phonon densities of states of Janus
MoSSe ML with defect Seg [see Fig. 8(f)]. Two new midgap
peaks emerge at 296 and 304 cm ™! in the upper reststrahlen
gap. They mainly originated from the Se and Mo atoms as
well as the antisite Se atom residing at the S-atom side of
the MoSSe ML [cf. Fig. 9(f)]. A newly emerged peak below
frequency 200 cm~' is mainly originated from the heavy Se
atoms, especially the antisite Se atom.

The changes in the low-frequency region of the vibration
spectrum reflect the fact that a heavier antisite atom in the
lattice generates vibrations with lower frequencies. The red-
shift of the average phonon frequency (@,y) calculated for
Seg clearly reflects this mass effect. Finally, it must be noted
that although replacing one chalcogen with the other does
not bear any significant changes in the electronic structure of
Janus MoSSe, it leaves some visible fingerprints in MoSSe
phonon spectrum in the region which is usually probed by
Raman spectroscopy [23].

4. Mo antisite defects

Formation of Mo antisite defects (Mos and Mos.) with
large formation energies may occur under nonequilibrium
growth conditions, as usually encountered in thermal synthe-
sis processes, such as chemical vapor deposition [22]. Given
the large structural changes, these defect types introduce into
the MoSSe ML (see Table I), strong changes in the phonon
vibration spectrum of MoSSe ML are expected. Depending
on the type of chalcogen atom a Mo atom substitutes, the
change can occur in different (low- or high-frequency) regions
of the vibration spectrum. The presence of a Mo atom at
each side of MoSSe facilitates stronger hybridization of 4d
orbitals of the antisite Mo atom and nearby Mo atoms (due to
the formation of covalent bonds between). The new covalent
bonds largely reduce the distance between Mo atoms in the

vicinity of the defect site. This can also affect the in-plane vi-
brations of the surrounding chalcogen atoms, inducing low- or
high-frequency phonon modes into the vibrational spectrum.
Figures 8(g) and 8(h) display the phonon densities of states
of Janus MoSSe with Mog and Mos. defects. Mos induces
a high-frequency peak at 314 cm™! in the gap [Fig. 8(g)],
whereas Mog, generates mostly new low-frequency vibrations
(182 and 201 cm™!) in the spectrum [Fig. 8(h)]. Looking
at the atom-projected phonon densities of states [Figs. 9(h)
and 9(g)], one can see that the new vibrations occur due to
distorted in-plane motions of chalcogen atoms surrounding
the antisite Mo atom.

Since the mass of transition-metal atom Mo is larger than
the mass of both chalcogens, one expects a reduction in the
average phonon frequency (@,v.) of the Janus MoSSe ML.
However, depending on the mass of the chalcogen replaced,
the magnitude of the @,y. reduction varies. In accordance with
the mass effect, the @,y shift to lower frequencies is larger for
Mog than Mog, since a smaller mass (of S) is replaced with
the larger mass of the Mo atom.

5. Smo and Sey, antisite defects

While the Mo antisites considered above introduce
isotropic structural changes, substituting Mo in the central
layer with a chalcogen anisotropically modifies the MoSSe
structure. The chalcogen antisite atom is attracted unequally
by the surrounding Mo and chalcogen atoms owing to fewer
orbitals available for the chalcogens. A new phonon mode at
295 cm™! emerges [shown in Fig. 8(i)] when one sulfur atom
replaces one Mo atom, Syj,. The assignment is attributed to
out-of-plane vibrations of the antisite light S atom relative
to the adjacent atoms [see Fig. 9(i)]. Moreover, upon intro-
ducing the Sey;, some optical phonon modes (at 357 cm™")
shift to higher frequencies, as seen in Fig. 8(j). This can be
explained by the fact that when one Se atom substitutes one
Mo atom (in the central plane), the bonds between the S/Se
atom (at both sides) and the antisite Se atom, as well as the
two bonds between two neighboring Mo atoms and antisite
Se are contracted by 2.3% and 13.0%, respectively. The bond
contractions give rise to an increase in the frequency of the
phonon mode. Contrary to this, some phonon modes [like the
peak centered at 270 cm™!, which is indicated by an arrow in
Fig. 8(j)] shift to lower frequencies due to weakening the bond
between the antisite Se atom and one Mo atom in the central
plane. Similar to the vacancy case, breaking or weakening
some bonds due to fewer orbitals available for the antisite
chalcogen atoms leads to vibrational modes that get softer
or disappear completely. As a result, the average phonon
frequency of the Janus MoSSe is decreased. The reduction is
smaller for Sy, than Sey, since the lighter S atom substitutes
a heavy Mo atom.

We now turn to the defect complexes Moss., which are the
combination of vacancy and antisite defect at a single atomic
column. The defect peaks at low- (183 and 208 cm™') and
high- (311 and 328 cm™!) frequency regions for Moss, are
due to the in-plane nearby S and Se atom vibrations perturbed
due to presence of the Mo atom and absence of Se, respec-
tively [see Fig. 8(k)]. A very similar pattern is observed for
MoSSe with Mog,s defect for low-frequency defect-induced
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vibrations at 190 and 200 cm~!, while the high-frequency
vibration emerges at 316 cm~' [see Fig. 8(1)]. Atom-project
phonon densities of states in Fig. 9(1) suggest that the low-
frequency defect peaks can be attributed to the perturbed
low-frequency (in-plane) vibration of Se atoms surrounding
the Mosg, site. Also, one missing S atom at the other side of
MoSSe ML gives rise to inward-vacancy-region motion of the
nearby S atoms (n-S), distorting the symmetry of the binding
to adjacent Mo atoms. Thus, a new high-frequency vibration
emerges at 316 cm™!, which is assigned to the perturbed vi-
bration of n-S.

Finally, we believe that the presented vibration analyses
will provide fundamental information on which vibration fin-
gerprints (specific phonon mode feature) can be observed in
Raman spectroscopy of Janus MoSSe ML when a certain
type of defect dominates, which may be correlated to specific
experimental growth condition.

IV. CONCLUSIONS

Using density functional theory, we have studied thermal
stability, electronic structure, linear optical properties, and
the vibration spectrum of a Janus MoSSe monolayer with
commonly encountered point-vacancy and antisite defects.
It is found that the isovalent substitution of sulfur by se-
lenium and vice versa has the lowest formation energy but
does not lead to electronic states inside the band gap. How-
ever, experimental detection of these defects is possible via
infrared or Raman spectroscopy due to their unique vibra-
tional features. All other defects studied induce deep levels
in the band gap. Moreover, our calculations show that the
defect-induced changes in the electronic structure translate
into characteristic features in the linear optical spectrum of
the Janus MoSSe monolayer. In the case of antisite chalco-
genide atoms, upon replacing Mo with Se, a transition to a
semimetal is observed for the defect concentration assumed
in our calculations. Our total-energy calculations, with both
semilocal and hybrid exchange-correlation functionals, reveal
that the point-vacancy defects carry no total spin magnetic
moment. However, Mo antisite defects are found to possess
a nonzero magnetic moment as long as their concentrations

are low. The calculations of vibrational spectra for all de-
fects reveal that each defect leaves unique fingerprints in the
Janus MoSSe phonon spectrum.

In view of possible applications of the material, we note
that the characteristic spin-orbit-split conduction band val-
ley is retained even with defects, which renders the Janus
MoSSe monolayer a suitable candidate for optoelectronic and
spintronic applications. In determining the suitability of the
Janus MoSSe surface for catalysis applications, the magnitude
and direction of the total electric dipole moment vector have
pivotal roles. A stronger dipole moment oriented in the right
direction can steer a charge-polarized molecule, such as a wa-
ter molecule, toward the surface, making effective molecular
adsorption feasible. Therefore, we believe that the analysis
of defect-induced changes in the electric dipole carried out
in this work can aid researchers in envisaging suitable ma-
terials design for enhancing one specific chemical process.
Investigating the influence of the Janus MoSSe dipole moment
on the overall water-splitting process (as the central pillar of
the chemical-to-electric energy conversion mechanism) on the
MoSSe ML surface can be an intriguing unexplored area left
for future research.
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