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A B S T R A C T

Two-dimensional (2D) materials have gained prominent attention in the nano-electronics arena, owing to their
tunable electronic and optical features. Here, the physical properties of a janus MoSSe monolayer are examined
upon the chemically co-doping of S/Se sites by non-metallic and halogen elements (C, Si, N, P, As, and F)
employing first-principles calculations. Accordingly, an alteration of both the upper valence and the lower
conduction states is revealed for janus MoSSe monolayer upon the replacement of both S and Se anion host
atoms by sp-elements (C, Si, N, P, As, and F). A shift in the lowest conduction band underneath the Fermi energy
level (EF) occurs in janus MoSSe monolayer when both S and Se elements are replaced by (F, F) atoms. This
effectively conducted to a system with an n-type character. In contrast, the highest valence bands moved upward
EF owing to the co-doping effect of C, Si, N, P, and As atoms on the janus MoSSe monolayer with p-type nature.
The key features of the optical spectra, such as the optical absorption, reflectivity, and electron loss functions of
the co-doped janus MoSSe monolayer are inspected. Our results imply a modification in the low-energy photon
regime of the co-doped janus MoSSe monolayer at S and Se host atoms by non-metallic sp-elements compara-
tively to the free-standing monolayer. A reduction in the optical absorption and an increase in the reflectivity at
low-energy photon window are detected when the janus MoSSe monolayer is co-doped by (C, Si), (N, P), (P,As),
and (F,F) elements, respectively at S and Se chalcogen atoms. The current study infers that the co-doping S and
Se sites of janus MoSSe monolayers, with sp- elements, can be beneficial in the future applications of 2D ma-
terials for the field-effect transistors and nano-electronic devices.

Introduction

Two-dimensional (2D) materials grant a novel avenue for studying
the underlying physics beyond the limit of their bulk systems, and they
have acquired various technological applications. The exploration of 2D
monolayer materials represent an interesting topic after the successful
fabrication of a 2D monolayer graphene, which was reported in 2004
[1]. The striking features of the first 2D material discovered, i.e., gra-
phene, exhibited peculiar thermal, mechanical, and electrical beha-
viours [2], whereas the absence of a sizable energy gap restricts its
functionalities in logic devices. For this main reason, researchers were
looking for systems analogous to graphene with better electronic per-
formance and they have explored a variety of 2D materials, such as
transition metal dichalcogenide (TMDC) MoS2 [3], hexagonal boron
nitride (h-BN), and black phosphorus (BP) [4]. These 2D materials have
been broadly scrutinized owing to their interesting features, specifically

their few-atomic or mono-atomic layer thickness. Like graphene,
TMDCs represent a category of layered materials that illustrate a band
gap, and their bonding character is strong in-plane [5]. In view of this,
the typical 2D-TMDC, i.e., the molybdenum disulphide (MoS2) mono-
layer, which is an adaptable material with versatile functionalities, has
been investigated because of its prominent usage in photoluminescence
[6], lithium ion batteries (LIBs) [7], photodetectors [8], flexible elec-
tronic devices [9], and field effect transistors [10,11].

Various experimental works have developed technological para-
digm of MoS2 monolayer-based piezoelectric nanogenerators, which
can be applied to the field of energy harvesting [12,13]. In addition, 2D
materials, such as MoS2 systems are also applied in triboelectric devices
to produce a larger electricity harvest [14] and an unceasing direct
current [15] owing to their flat surface and wide contact surface.
Layered materials are predominantly touted as the next-generation
systems to scale different electronic and information technology devices
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[16]. Therefore, the preparation of a MoS2 monolayer is established by
mechanical and liquid exfoliation [17,18]. Interestingly, the im-
plementation of exfoliated TMDCs is realized in light-emitting diodes,
thin-film transistors, and photodiodes [19–21]. In the recent years, the
2D materials have been developed with superior quality, by employing
the chemical vapour deposition (CVD) process to illustrate the possible
wide-scale fabrication of these materials [22]. More significantly,
TMDCs possess an additional range of characteristics, comparatively to
graphene. These can be used to mass-produce heterogeneous 2D devices
with peculiar features [23]. Hence, the focus of study relies on the al-
teration of the structural and engineering functional of 2D materials, to
determine their novel properties [24–40].

Very recently, the synthesis of janus transition-metal dichalcogenide
MoSSe monolayer has been characterized [30]. In the synthesis, a
strategy has been developed for breaking the symmetry of out-of-
structural plane to produce a new structural phase, the so-called janus
MoSSe monolayer. The authors exhibited that the replacement of the
upper layer of Se atoms by S atoms and the sulphurisation could be
controlled in the MoSe2 monolayer [30]. The successful synthesis of the
janus MoSSe monolayer in the hexagonal (2H) phase has been per-
formed through the initial MoS2 monolayers by utilizing the CVD and
thermal selenisation techniques with a complete substitution of the
upper layer of S atoms with Se atoms [30]. This eventually results in a
structural crystalline configuration by sandwiching Mo atom layer be-
tween S, and Se layers. The ultimate bulk structure was found to have a
semiconducting character with an indirect band gap of 1.5 eV. These
janus monolayer materials can be useful for nanoscale energy conver-
sion device applications. Previous researches reported that the re-
placement of Mo by other transition metals can affect the alteration of
semiconductor characteristics of the monolayer to a magnetic state
[26–30]. This structural variation is expected to develop various ben-
eficial modification in the optical and electronic features of the
monolayer. Currently, an optical gap of 1.8 eV has been reported,
which is close to the average optical gaps of MoS2 and MoSe2 [31].

It is well recognized that the substitution in 2D materials or the
vacancy defects therein are fruitful for tuning their physical char-
acteristics. For instance, the tailoring of magnetic states in graphene
and boron nitride were established by creating vacancies [32,33]. Un-
like those in graphene and boron nitride, some typical vacancies can be
detected in MoS2 monolayer by using CVD. These involve mono-sul-
phur vacancy (VS), di-sulphur vacancy (VS2), and rows created by
several sulphur vacancies [34,35]. Therefore, it is not revealed whether
a vacancy or a substitution can induce a modification of the physical
characteristics of janus MoSSe monolayer. Co-doping of the host lattice
is a practical technique to tune or improve the physical behaviours,
such as the electrical and optical characteristics, of this monolayer.
Similarly, alloying MoS2 and MoSe2 can produce beneficial properties,
which are absent in binary bulks [36–39]. However, the physical be-
haviors of janus MoSSe monolayer co-doped with sp- anion elements
have not been reported yet. Thus, we conducted a systematic study
regarding the co-doping of janus 2H-MoSSe monolayer by substituting
the anion elements at S and Se sites. The electronic and optical features
of the co-doping effects of sp-elements (C, Si, N, P, As, and F atoms) on
janus 2H-MoSSe monolayer with a 3 × 3 supercell have not been in-
vestigated so far. Our investigation will provide useful information for
performing future experimental works on this promising 2D material.
From our results, we found that the co-doping of (S,Se) host atoms by
(F,F) elements had the lowest formation energy, indicating the stable
structure among the remaining co-doped systems. The other co-doping
elements had higher formation energies than the doping of (F, F) atoms
instead of (S,Se) host sites of the janus 2H-MoSSe monolayer having a
3 × 3 supercell. These various co-doping elements can alter the elec-
tronic band structures of the janus MoSSe monolayer.

The aim of this work is to systematically examine the evolution of
the electronic band structures and optical behaviours of the pristine
janus 2H-MoSSe monolayer with a 3 × 3 supercell and its counterpart

co-doping of (S,Se) host atoms by sp- non-metallic elements (C, Si, N, P,
As, and F atoms) to acquire a p-type or an n-type character. In this
respect, we investigate the substitutional impact of C, Si, N, P, As, and F
atoms on the electronic and optical properties of freestanding janus 2H-
MoSSe monolayer. It is worth noting that the 2sp non-metallic elements
(N and F) are positioned in the same row as C element, the other 3sp-
element (P) is located in the same row as Si element of the subgroup of
S atom, and the last 4sp element (As) belongs to the subgroup of Se
atom. For this main reason, we perform a theoretical investigation to
analyze the various physical properties of the undertaken systems using
density functional theory (DFT) [41] within the framework of a pseu-
dopotential scheme, as portrayed by Vienna Ab initio Simulation
Package (VASP) [42–44]. Moreover, for the exchange–correlation
functional, the generalized gradient approximation (GGA) is employed
[41]. It is revealed that the bonding character can change from the pure
to p-type or n-type of janus 2H-MoSSe monolayer. Importantly, the
positions and intensity optical spectra of the pure and p-type as well as
n-type of 2H-MoSSe monolayer are altered. This can conduct to the
tremendous potential functionalities in the nanoelectronic devices
based on 2H-MoSSe monolayer. Furthermore, it is indicated that the
doping impact on 2H-MoSSe monolayer modifies its electronic struc-
tures and optical properties from the visible to the infrared (IR) regime.
Thereafter, the current investigation offers an elucidation into the tai-
loring of 2D electronic structures, besides to the optical properties of
these 2D materials that could be beneficial for optoelectronic device
applications.

The organization of the paper is classified as follows. In Section 2, a
concise representation of the computational calculations is provided.
The results and discussion are analyzed in Section 3. Finally, the main
points of our results are concluded in Section 4.

Computational calculations

By employing the DFT based on pseudopotential method, we have
carried out our calculations, as described by VASP code [42]. This
method is founded on a plane-wave basis set. The interaction between
ion cores and valence electrons is represented by projector augmented
wave (PAW) potentials [43]. The addition of the nonlocal corrections is
provided in the form of the GGA scheme within Perdew-Burke-Ern-
zerhof (PBE) exchange and correlation functionals [41]. The plane-
wave basis set holds an energy cut-off up to 450 eV, and an augmen-
tation charge cut-off of 650 eV was utilized for ensuring a good con-
vergence of the total energies. A geometric relaxation was established
with a conjugate gradient minimization scheme. The estimation of the
error bar of the absolute energies was determined in the overall cal-
culations to be approximately 2 meV/atom by converging the tests of
the energy cut-off and k-point sampling. In our case, we considered a
free-standing janus MoSSe monolayer within a 3 × 3 unit cell and a
vacuum of 18 Å to prevent significant slab interactions. A
17 × 17 × 1 k-mesh created by the Monkhorst-Pack method [45] is
utilized. All the atomic positions were relaxed in the plane, and the
vertical positions were kept fixed. Gaussian smearing was performed
about 0.1 eV to facilitate a prompt convergence of the co-doping of the
janus 2H-MoSSe monolayer with a 3 × 3 supercell by substituting S and
Se atomic sites with the sp- elements (C, Si, N, P, As, and F). As por-
trayed in Fig. 1, the creation of the structure was built-up by the sub-
stitution of one S atom layer of the MoS2 monolayer with a Se layer. The
resulting structure has a Mo atom layer sandwiched between the S and
the Se atomic layers. The equilibrium lattice parameters a0 and c0 for
the janus 2H-MoSSe monolayer are computed to be around 3.23 Å and
13.8 Å, respectively, which are in accordance with the previous ex-
perimental works [25,29–31]. The 2D schematic representation of the
janus MoSSe monolayer displays the top view of the MoSSe structure,
with the chalcogen atoms S and Se in yellow and green, respectively,
and the metal atoms (Mo) in purple (Fig. 1). The configurations of the
relaxed janus 2H-MoSSe monolayer with a 3 × 3 supercell for both
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pristine and co-doped MoSSe monolayer sheets are depicted in Fig. 1.
They are produced by replacing one S atom with C, N, P, and F ele-
ments, respectively, in the upper layer and one Se atom by Si, P, As, and
F atoms, respectively, in the lower layer of the monolayer (MoSSe-CSi,
MoSSe-NP, MoSSe-NAs, MoSSe-PAs, and MoSSeF2). The calculated
electronic and optical characteristics of the freestanding and co-doped
janus 2H-MoSSe monolayer sheets with a 3 × 3 supercell are discussed
in the subsequent sections and are established with HSE06 scheme.

Results and discussions

Structural properties of the janus MoSSe monolayer and its counterpart co-
doped with non-metallic elements (C, Si, N, P, As, and F atoms)

The structural geometries are first optimised for the pure janus 2H-
MoSSe monolayer at the equilibrium lattice constants of the hexagonal
structure: a0 = 3.23 Å and c0 = 13.8 Å, which are obtained after

performing the total energy minimization vs. the structural cell para-
meters. The structure is particularly acquired by the lattice parameters
a and c (the lattice parameters of hexagonal structure). The lattice
parameters agree fairly well with the previous experimental results of
4% [37]. In the MoSSe monolayer, the Mo atom shares a covalent
bonding with three S atoms in the upper plane and to three Se atoms in
the lower plane. They constitute a trigonal prism structure, which is
joined to six in-plane Mo atoms in an hexagona pattern like-graphene.
In contrast, each S or Se atom is bonded to three out-of-plane Mo atoms
and is connected to six in-plane S or Se atoms with a hexagonal ar-
rangement. The Mo-S and Mo-Se bonding distances are equal to 2.38 Å
and 2.46 Å, respectively (see Fig. 1). The basis cell of a janus MoSSe
monolayer is composed of three atoms (i.e., Mo, S, and Se), having a
repetition on each atomic site of a 2D hexagonal lattice. (Fig. 1).

The formation energy provides a straightforward information about
the stability and the feasible growth process of complex 2D materials.
Note that the lower formation energy can conduct to the favourable
tendency of formation of complex 2D material. EFormation is computed
from the difference of the total energy of crystal and summation of
energy of the corresponding stable components. The computed forma-
tion energies are carried out within GGA technique. The formation
energy of a specific substitutional codopant, Eform, is denoted by:

EFormation = ETotal (MoSSe + A + B) + Ebulk(host) – ETotal (MoSSe) -
Ebulk(A) – Ebulk(B)

Here, ETotal (MoSSe + A + B) indicates the total energy of the
system that inserts the substitutional atoms (A, B) in place of (S, Se)
host chalcogen atoms of the janus MoSSe monolayer. One atom S is
substituted by one atom A in the upper part layer and one substitutional
atom B instead of one atom Se in the lower layer part of the janus
MoSSe sheet. (A,B)=(C, Si), (N, P), (P, As), (N, As) and (F, F), respec-
tively are the substitute of (S, Se) anion atoms in both the upper and
lower layers. ETotal (MoSSe) represents the total energy of the pristine
MoSSe janus monolayer. Note that Ebulk(host) denotes the energy of
substituted S (Se) host chalcogen atom in bulk form, while Ebulk(A), and
Ebulk(B) indicate respectively the energies of the substitutional atoms
(C, Si, N, P, As, and F, respectively) in their bulk forms. The energetic
stability of the codoping (S, Se) sites with (C, Si), (N, P), (P, As), (N, As)
and (F, F), respectively in the MoSSe janus monolayer is evaluated by
the calculation of their corresponding formation energies, which re-
present the change in the energy. However, the formation of a material
can be established from its components in their respective stable
structures. The computed formation energies are collected in Table 1.

We computed the formation energy of the janus MoSSe monolayer
codoped by elements, such as C, Si, N, P, As, and F, to determine the
most favourable phase. Among all the possible substitutional atoms at
(S, Se) host atoms in the janus MoSSe monolayer, the codoping of
MoSSe janus monolayer with (F,F) atoms instead of (S, Se) anion atoms,
was found to have the lowest energy compared with the others (see
Table 1). It is the most energetically favourable compared with other
codoped elements that are covalently bonded to the Mo atom. This can
designate the suitable energetic stability of this monolayers by pro-
posing the feasibility of its experimental growth. This was proposed by

Fig. 1. The (a) top-view and (b) side view of the structural geometries used in
our calculations of pure 2H-MoSSe-3x3 supercell structure having janus
monolayer (Mo atom (purple), yellow atom S (yellow), and the Se atom
(green)). One sulfur atom is substituted by C, N, P, and F elements, respectively,
in the upper part of layer and selenium atom is substituted with Si, P, As, and F
atoms in the lower part of layer of MoSSe janus-monolayers (MoSSe-CSi,
MoSSe-NP, MoSSe-NAs, MoSSe-PAs, and MoSSeF2), as indicated in lower panel
(c). The structural lattice parameters are a = 3.23 Å; and c = 13.8 Å (a) Top
view of the pristine 3x3 supercell MoSSe janus monolayer, (b) the side view of
MoSSe janus-monolayer. For both upper and lower parts of layers, the co-
ordination of each of the Mo atoms with 3 S and 3 Se atoms is represented in a
triangular prismatic fashion. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

Table 1
Formation energy (unit in eV) of different
substitutional codopants (C, N, Si, P, As, and
F) at (S, Se) host atoms of janus 2H-MoSSe
monolayer with a 3 × 3 supercell (MoSSe-
CSi, MoSSe-NP, MoSSe-NAs, MoSSe-PAs, and
MoSSeF2).

MoSSe-CSi 3.86

MoSSe-NP 3.13
MoSSe-NAs 2.56
MoSSe-PAs 2.11
MoSSe-F2 0.95
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Fig. 2. Band structures of 2H-MoSSe 3x3 supercell janus- monolayer and its codoping S and Se sites with (C, Si, N, P, As, and F). The electronic structures show a shift
of the upper valence bands above EF for C/Si, N/P, N/As, P/As substituted instead of S/Se anion atoms in MoSSe-janus-monolayer leading to p-type conductive
system, whereas the impact of halogen F atom taking place instead of S/Se atoms of the host material MoSSe-janus monolayer induces a shift of the lower conduction
bands downward EF with n-type conductive material. The MoSSe-janus-monolayer indicates a semiconducting character with a direct band gap of 1.85 eV between
the downward conduction band and the upward valence band. Note that the direct band gap transition is owing to the zone-folding along the Γ- Γ-direction.
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the previous experimental investigation [35] and predicted by a pre-
vious theoretical calculation [36] for the MoS2 monolayer. However,
the variation in magnitude of the formation energy of the codoped
systems depends on the difference in the covalent and ionic bonding
between the non-metallic elements, Mo atom, and (S,Se) anion atoms,
as well as in the charge transfer between these elements and the Mo
atom. Our results indicate that the replacement of both S and Se atoms
with non-metallic elements is a good way of designating a janus MoSSe
monolayer with a p-type or an n-type character.

Electronic properties and charge densities of the pure janus MoSSe
monolayer and its counterpart co-doped with non-metallic elements of C, N,
Si, P, As, and F

The electronic band structures of the pristine janus MoSSe mono-
layer and its counterpart co-doping S and Se sites with non-metallic
elements (C, Si, N, P, As, and F) are shown in Fig. 2. The energy-level
separation between the conduction band minimum (CBM) and the va-
lence band maximum (VBM) are computed over the full Brillouin zone
of the hexagonal structure. The position of Fermi level is set at VBM.
Apparently, the pure janus 2H-MoSSe monolayer with a 3 × 3 supercell
has a semiconducting character with a direct band gap transition of
1.85 eV from the VBM to the CBM (Γ-Γ) (see Fig. 2). These results agree
reasonably well with those quoted from the previous experimental and
theoretical works [25,29–31]. The computed energy band gap of
1.85 eV is in reasonably accordance with the experimental optical band
gap of 1.80 eV [25]. It was previously reported that the pure MoSSe
bulk material owns an indirect band gap transition of 1.5 eV through
the Γ-K direction [31]. Hence, a transition emerges from the indirect
gap to the direct gap when undergoing from the MoSSe bulk material to
the janus monolayer. According to the previous theoretical works
[13,16], the bulk MoS2 semiconductor possesses also an indirect band
gap of approximately 1.2 eV. The semiconducting bulk MoSSe is made
up of a bonding- van der Waals type between S-Mo-Se units [18–26].
Each of these stable structural cells is composed of two hexagonal upper
and lower planes of S and Se atoms and of the medium hexagonal plane
of Mo atoms that have a coordination of covalent bonding with both S
and Se atoms in a trigonal prismatic pattern (see Fig. 1). Note that, for
the bulk system, the VBM shifts from halfway along the Γ-K line toward
K. By applying a zone-folding effect, we can generate the 2D electronic
states of the janus MoSSe monolayer by a subset of the bulk band
structure with quantised in-plane momenta. It means that the momenta
positioned in planes orthogonal to the Γ-K or K-M directions in the
Brillouin zone. The pristine janus 2H-MoSSe monolayer with a 3 × 3
supercell undergoes a crossover to a direct band gap semiconductor. For
janus MoSSe monolayer with a 3 × 3 unit cell, the band structure had a
quantum confinement that induces an alteration from the indirect gap
of a bulk value of 1.48 eV to a direct one of 1.85 eV for monolayer [25].
Thus, MoSSe bulk crystal undergoes a crossover through an indirect gap
to a direct gap semiconductor in the monolayer limit.

To reveal the alteration of the band structures of the janus 2H-
MoSSe monolayer co-doping S and Se sites with a p-type ((C, Si), (N, P),
(N, As) and (P,As)) and an n-type (F, F) elements, we analysed in detail
the nature of the electronic band structures. We then examined the
viability of p-type doping acquired by substituting the S/Se anion atoms
with elements from groups IV and V of the periodic table, namely, C, Si,
N, P, and As, respectively. In contrast, for the n-type character, the F
atom was chosen as the replacement instead of the S/Se atoms. The
band structures of all 2D materials under study, such as the pristine
janus 2H-MoSSe monolayer with a 3 × 3 supercell and its counterparts
co-doped with non-metallic elements (such as MoSSe-CSi, MoSSe-NP,
MoSSe-NAs, MoSSe-PAs, and MoSSeF2), are induced chiefly from the 4d
orbitals of Mo and from the 3p or 4p states of S or Se in the janus MoSSe
monolayer, as depicted in Fig. 2. These states of the pristine monolayer
can be hybridised with the sp states of co-doped non-metallic elements
near the VBM and the CBM above and below EF. This can be reflected

by the hybridisation between the 2p/3sp/4p states of the C, N, Si, P, and
As elements and S/Se-3p/4p states as well as the 4d/5s-orbitals of Mo
atoms in the monolayer. This can however create a covalent bonding
between the non-metallic elements (C, Si, N,P, As, S, and Se) and Mo in-
plane. As shown in Fig. 2, the shift of the VBM upward EF for the co-
doping S and Se sites with C, Si, N, P, and As in the janus 2H-MoSSe
monolayer having 3x3 supercell, was a result of the charge transfer
between the S (C, Si, N, P, and As) and the Mo atoms (C-S, Si-Se, N-Mo,
P-Mo, and Mo-As bonding). This could then induce the breaking of the
degeneracy of the CBM and VBM at the Brillouin zone of the hexagonal
structure. For F element substituted by S and Se atoms in the janus
MoSSe monolayer, an n-type is present in the janus MoSSe monolayer.
This is due to the fact that F atom has one supplementary p electron
compared with S or Se atoms. It is well known that the p-type atom
affects the displacement of the upper valence states above EF and the n-
type doping atom affects the shift of the lower conduction states be-
neath EF level (see Fig. 2).

It is well remarkable that the upper valence bands were pulled
upward EF along the M−K−direction, leading to a janus MoSSe
monolayer with a p-type character, whereas the CBM shifted downward
EF with an n-type character in the janus MoSSe monolayer (see Fig. 2).
Accordingly, the C, N, Si, P, As, and F atoms form a covalent bonding
with the S or Se atom in the janus 2H-MoSSe monolayer and the sym-
metric structure was broken, leading to a p-type or an n-type character
for the doping of the MoSSe monolayer depending on the doping effect
[46–51]. The bands nearby EF have rather a flat shape, as anticipated
via the d-orbitals of the Mo electrons at those energies. Apparently, the
degeneracy of both the upper valence states and the lower conduction
states was lifted in the region of EF in both the Γ-M and the M−K di-
rection. This can result in the enhancement of the overlap between the
S/Se-3p/4p and the C-, N-, Si-, P-, and F-p orbitals above and under-
neath EF. Note that the electrons were conveyed via the C, N, Si, P, and
F atoms to the Mo atom, confirming the strong localisation of the
electrons in-plane. The increase in the supercell of the janus MoSSe
monolayer in-plane can be associated to the quantum confinement
impact, besides the covalency and charge transfer, which can vary be-
tween the Mo and S/Se elements and the co-doped non-metallic ele-
ments, compared with those of the host material. As clearly noted, the
4d states of the Mo atom degenerated into a bulk structure [26],
whereas a small separation occurred in the janus monolayer. This type
of behaviour, emerging from the 4d-states interaction in the janus
MoSSe monolayer, may also induce in other layere d TMDCs.

The origin of the electronic band structure can be discerned via the
density of states (DOS) under the co-doping effect on the janus MoSSe
monolayer. Furthermore, we discuss the codoping S and Se anions of
the host MoSSe monolayer with non-metallic elements (such as MoSSe-
CSi, MoSSe-NP, MoSSe-NAs, MoSSe-PAs, and MoSSeF2) having sp
states. The codoping effects on the janus MoSSe monolayer are eluci-
dated from the variation of the number of states close to EF, as depicted
in Fig. 3. This can play a major role on the alteration of the VBM and
CBM nearby EF. Note that the number of states in the total and atomic
project DOS of janus MoSSe monolayer is modified by inserting in the
host material some selected non-metallic elements of the periodic table,
from column IV to column VIII. The total DOS of the pristine janus
MoSSe monolayer and the extrinsic semiconductors with a p- or an n-
type character are depicted in Fig. 3. The electronic DOS can be sepa-
rated into three sets of states, disjoined by a band gap for the free-
standing janus MoSSe monolayer, as seen in Fig. 3. In the first section,
the electronic states of the DOS around −6 eV are essentially owing to
the set of states composed of 3p/4p orbitals of S/Se atoms as well as 4p
orbitals of Mo atom and are together strongly hybridized. In the next set
above EF, the main participation of CBM is arising from the 4d/5s states
of Mo atom , and is separated by a band gap from the second group of
VBM below EF for the pristine janus 2H-MoSSe monolayer having a
3 × 3 supercell. The DOS shows that the Mo-4d and S/Se-3p/4p states
contribute dominantly to the DOS around EF, besides to the S or Se sites
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that are replaced in the janus MoSSe monolayer by C, Si, N, P, As, and F
elements. It is also clearly observed that the CBMs are shifted below EF
when (F, F) are replaced by S and Se atoms as compared to the pristine
monolayer. This is due mainly to the addition of one more electrons in F
atom in comparison with S/Se atoms, yielding to n-type doping nature.
Note that the lower valence bands are changed and their energy levels
were split in the range of−6 to 0 eV. This can be related to the effect of
the C, N, Si, P, As, and F elements codoped into the janus MoSSe
monolayer, in comparison with the DOS of host material, namely, the
freestanding janus MoSSe monolayer (see Figs. 2 and 3).

The total and atomic projected DOS plots of the C, Si, N, P, and As
atoms doped into the pure janus MoSSe monolayer show a displace-
ment of the upper valence states above EF (see Fig. 3). This can be
caused by the increase in the valence electrons of the doped atoms in

the host system, and, thereby, the concomitant electronic states were
relocated above EF. This is a good indicator of an induced p-type janus
MoSSe monolayer. The valence band located at −4.9 eV to 1.7 eV
originated from the S-3p, Mo-4d, C-2p, N-2p, P-3p, and Si-3p states that
were shifted above EF for conduction band to a p-type character based
on the janus MoSSe monolayer. In the conduction band, the region from
2.0 eV to 4.5 eV consisted of hybridized states composed of Mo-5 s, S/
Se-s, and C, N, P, As, and Si s/p orbitals. Clearly, several sharp peaks
appeared in the DOS near EF at (-3.8, −2.5, and 1.5 eV), (-3.6, −2.7,
−1.8, and 0.6 eV), (-4.1, −3.7, −1.5, and 0.4 eV), and (-5.8, −3.1,
−2.7, and−0.6 eV) for the janus MoSSe monolayer doped with C, N, P,
As, and Si atoms, respectively. We noted that the first peak located
downward EF came from the p states of C, N, P, As, and Si atoms be-
tween −2.7 and −0. 6 eV, respectively. It was clearly observed that

Fig. 3. Total and atomic projected density of states on C, Si, N, P, As, and F for 2H-MoSSe 3x3 supercell janus- monolayer and its co-doping S and Se sites with C, Si,
N, P, As, and F elements.
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feature peaks are located above EF for the DOS near 0.4–3.5 eV in the
janus MoSSe monolayer co-doped with C, N, P, As and Si atoms, re-
spectively, which is caused by the mixture between the p states of C, N,
P, Si, As, S, and Se atoms. In addition, the occupied p-orbital electrons
of C, N, P, As, and Si cause a shift in the VBM above EF. From a theo-
retical perspective, the replacement of the S or Se atoms with C, Si, N, P,
and As atoms will alter the total number of electrons. In comparison
with previous theoretical data, the DOS of the janus 2H-MoSSe mono-
layer showed an upward shift for the VBM above EF as compared with
the pristine case, which was characteristic of p-type behaviour [25].
Fig. 3 shows near EF that the number of states increases and splits be-
cause of the increase of the number of valence electrons in outer-shell of
F atom irrespective with S or Se atoms. The VBM located from −6 to
−2.5 eV is originating from the mixture of the Mo-4p, S/Se-3p/4p, and
F-2p states. The CBM positioned between −1 and 2.5 eV is composed of
Mo-4d and S/Se-3p/4p states as well as a few contributions from the F-
2p state. These conduction states are originally shifted downward EF,
whereas the conduction band arising from 2.8 to 3.5 eV consist of the
hybridisation between the Mo-5 s, S/Se-3p/4p, and F-2p orbitals.

To understand the distribution of molecular orbitals of both pristine
and doped MoSSe janus monolayer, we analyzed their charge density.
The localization of HOMO-LUMO charge density for pristine MoSSe
janus monolayer and localization of molecular orbitals near EF of
MoSSe single-layer doped with F, C/Si, N/P, N/As, and P/ As elements
instead of S/Se are displayed in Fig. 4 (a)-(g). As apparent, the HOMO
and LUMO orbitals of pure MoSSe single layer are covalently bonded
via sp2 hybridisation between S-Mo-Se atoms. It is clearly seen from
Fig. 4 (c) that the electrons are transferred from Mo to F atom because
of different electronegativity of F and Mo atoms. Thus, the localization
of the electron in this n-type semiconductor has convalent character
between the F-Mo bonding. Additional examination, of the localization
charge density near EF for C/Si, N/P, N/As, and P/As elements that
replace S/Se atoms of MoSSe janus free-standing layer, are exhibited in
Fig. 4(d)-(g). It is clear that the localisation of the electrons is sig-
nificant in the case of C/Si doped into MoSSe janus monolayer com-
paratively to the other remaining systems. This is due mainly to the
strong covalent character in the region of C-Mo-Si bonding that can
render the system to be p-type extrinsic semiconductor. A similar be-
havior is present for other systems, as shown in Fig. 4 (e)-(g). It is
obvious that the codoping with N, P, As instead of S/Se atoms conducts
to a deficient of single electron in S or Se. Thus, a small localisation of
charge close to S/Se and bump of charges on foreigner codoped ele-
ments in MoSSe monolayer, is yielding to p-type extrinsic semi-
conductor.

Optical properties of the janus MoSSe monolayer and its counterpart co-
doped with non-metallic elements (C, Si, N, P, As, and F)

The information regarding the optical properties is provided from
the interaction of the electromagnetic radiation with a material, which
can be described via an important key component, the so-called di-
electric function. This component is connected to the electronic band
structures of a solid, and it can be examined using optical spectroscopy.
In this case, the dielectric function is composed of two terms, namely,
the real and imaginary parts. The relation ε (ω) = ε1 (ω) + iε2 (ω) is
expressed via the response of a material to the photon spectrum.

The real part of the dielectric function of the considered systems is
given by :
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ε ω
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The imaginary part of ε ω( ) is calculated as follows:
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Fig. 4. Localization of charge density (a) HOMO- MoSSe janus monolayer, (b)
LUMO-MoSSe janus monolayer, (c) charge density of fluorine doped into MoSSe
near EF, (d), (e), (f), (g) charge density near EF of MoSSe janus free-standing
layer where S/Se elements are replaced by C/Si, N/P, N/As, and P/As atoms,
respectively.
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Where, the unitary vectorej is related to the direction of the external
electromagnetic field of energy ωℏ . The vacant and filled eigenfunctions
states of the material are denoted by ψv and ψc, respectively, while Ev
and Ec describe the associated energies. e and m indicate the charge
and mass of the bare electron, respectively, whereas the momentum
operator is characterized by p. Based on the optical spectra of the real
and imaginary terms of ε(ω), other optical spectra can be evaluated, the
so-called absorption coefficient, reflectivity, and energy loss function
[42]. In our case, all optical spectra of the hexagonal structures are
computed in plane (xx direction) and out of plane (zz direction). The
optical absorption coefficient is written by the relationship of the
imaginary part of the dielectric function (2).

The reflectivity R(ω) as a function of the photon energy is provided
by using the optical parameters, as the refractive index n(ω) and the
extinction coefficient k(ω), as denoted by the following expression:
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The energy loss function L(ω) is expressed by:
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The examination of the optical absorption coefficient provides a
clear elucidation of the electronic structures of the systems under study.
The optical spectra calculations of the pristine janus MoSSe monolayer
and its counterparts co-doping S and Se sites with sp-elements (such as
MoSSe-CSi, MoSSe-NP, MoSSe-NAs, MoSSe-PAs, and MoSSeF2) are
evaluated via the real and imaginary parts of the dielectric functions.
The optical absorption coefficient of the pristine and co-doped janus
MoSSe monolayer are computed in the photon energy regime of
0–20 eV. Thus, to gain a keen understanding of the behaviour of the
pure janus 2H-MoSSe monolayer and its counterpart co-doping S and Se
sites with sp- anion elements, we calculated the optical absorption
spectra with polarisation vectors parallel (E∥) and perpendicular (E⊥) to
the xy-plane, which will provide the optical absorption spectra α∥(ω)
and α ⊥(ω), respectively. Remarkably, the shapes of the optical ab-
sorption spectra of the in-plane (E∥) and perpendicular-to-plane (E⊥)
polarisation vectors are dissimilar at low photon energy for both pure
and co-doped janus MoSSe monolayer. Hence, the optical absorption
coefficient spectra between the in-plane (E∥) and the out-of-plane po-
larisation component (E⊥) are anisotropic for all the materials under
study at photon energies less than 11.5 eV, whereas their shapes be-
came isotropic above 13 eV, as depicted in Fig. 5. The optical absorp-
tion spectra for all systems in the in-plane (E∥) and out-of-plane (E⊥)
polarisation vectors display quite comparable spectral dispersion at
high photon energies (see Fig. 5).

The starting of optical absorption response of janus MoSSe mono-
layer is indicated at photon energy of the direct band-gap transition of
2 eV. However, an alteration from the visible to the UV is assigned at
low photon energy with an insignificant blue shift of the resonances
(Fig. 5). The positions and magnitude of the spectral optical peaks of
the janus MoSSe monolayer are ~2, and 7.5 eV, respectively, in the in-
plane polarisation vector (E∥). Also, the positions of the two feature
peaks in the out-of-plane polarisation vector (E⊥) are close to 10.2 and
11.8 eV, exhibiting an inter-band transition. Note that the highest peak
located at 10.2 eV is due to the strong excitonic effect at the uncommon
larger energies (see Fig. 5). The absorption peaks at 2.5 and 5.2 eV in
both the in-plane and the out-of-plane vector coincide the two ab-
sorption resonances and are designated to the direct-gap material. The
transitions resulting from the valence states below EF to the conduction
states upward EF are in accordance with the preceding theoretical
works [48]. These features suggest that the janus MoSSe monolayer has
a direct-gap semiconductor compared with the bulk state [25], which
has an indirect band gap. As discussed previously, it is attributed to the
direct-gap luminescence [25]. As mentioned previously, the computed

optical absorption spectra of the in-plane and out-of-plane polarisation
vectors for the MoSSe system [26] were significantly anisotropic in
their underneath-energy span (less than10 eV) and became isotropic in
their upper-energy interval, which is quite analogous to our results.
Moreover, the strong absorption power of these materials is inferred in
the near infrared and visible energy ranges.

From the analysis of the optical spectra, janus MoSSe monolayer co-
doped with C, N, Si, P, As, and F atoms, show a lower absorption peak
that shift systematically to low energies, and it is weak compared with
the pure monolayer (see Fig. 5). The optical absorption for the janus
MoSSe monolayer codoped with p-type (C, N, Si, P, and As) and n-type
(F) elements at S and Se sites, clearly illustrate a metallic behaviour and
the absorption starts from zero photon energy. The first spectral peaks
are due to the electron transition from S or Se 3p/4p (valence band) to
C, N, Si, P, As, and F-sp (conduction band) in addition to the Mo 4d/5s
states. Remarkably, the shapes of the optical absorption spectra for the
in-plane (E∥) and perpendicular-to-plane (E⊥) polarisation vectors are
almost alike for the codoping with (C, N, Si, P, and As) and act as p-type
conducting (see Fig. 5). This situation can be related to the bonding
interactions between these codoped sp-elements in the janus MoSSe
monolayer. However, the situation is reversed for the pristine janus
MoSSe monolayer that composes the atomically thin material and re-
presents a practical light-emitter (see Fig. 5). As a result, we conclude
that an alteration in the optical absorption spectra emerges under the
doping effect in-plane with the janus MoSSe monolayer. Clearly, the
optical spectra of the in-plane polarisation vector had two peaks for all
codoped systems. The first consisted of a sharp, well-defined peak
around 0.5–3 eV, and the second peak is around 3.5–6 eV for these
systems. There is no absorption in the range of 15–20 eV because the
energy of the incident photons is insignificant. The optical absorption
spectra of the out-of-plane polarisation vector had two sharp peaks in
all materials located between 5 and 9.5 eV. The starting value for the in-
plane polarisation vector was ~0.5 eV in the janus MoSSe monolayer
co-doped with C, Si, N, P, As, and F atoms. It is well remarkable that the
optical spectra of the out-of-plane polarisation vector shifted to high
photon energy when going from the janus MoSSe monolayer doped
with C to F atoms. The optical absorption of the out-of-plane polar-
isation vector exhibited a red shift for the janus MoSSe monolayer co-
doped with C, N, Si, P, As, and F atoms. This red shift in the optical
absorption corresponded to either the p-type or the n-type character of
the janus MoSSe monolayer, and this depended on the type of doping
element.

The results showed that tunable optical properties could be
achieved by altering the codoping C, N, Si, P, As, and F elements at S
and Se sites of the janus MoSSe monolayer. Unlike those in previous
works [26,32,33], the absorption spectra for the monolayers MoS2,
MoSe2, and WS2 are splitting into a lower energy span, which is gov-
erned by excitonic transitions with a nearly weak absorption. Our re-
sults corroborate the previous photoemission measurements [26]. Ad-
ditionally, the optical absorption spectra of the MoS2, MoSe2, WS2, and
WSe2 monolayers were found to have a low absorption at low energy
owing to the excitonic transitions and a significant absorption at higher
energies was observed in the MoS2 monolayer [47]. The computed re-
sults were consistent with the X-ray photoemission measurements [49],
where five peaks showed strong S/Se3p/4p-Mo4d hybridisation. Thus, a
strong transition due to the Mo 4p band can form an absorption around
14 eV [26,33].

Reflectivity represents an important feature to exhibit the optical
behavior of materials. The normal incident reflectivity R (ω) reveals the
linear optical response between the maximum valence states and the
lower conduction states. The spectral features of reflectivity at the
photon energy regime of 0–20 eV are displayed in Fig. 6. The re-
flectivity spectra of the in-plane (E∥) and out-of-plane (E⊥) polarisation
vectors showed a quite analogous spectral dispersion for larger energies
for all systems (see Fig. 6). Apparently, the reflectivity was approxi-
mately 0.1 and 0.2 for both the parallel and perpendicular polarisation
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vectors at zero photon energy for the janus MoSSe monolayer, as illu-
strated in Fig. 6. Furthermore, a pronounced reflectivity is detected in
the moderate visible-UV regime (0 → 7.5 eV). It is worth nothing that
spectral peaks of reflectivity emerged in the UV light regime (9.5 →
14.5 eV). The reduced reflectivity developed in the range of 15→ 20 eV
for the pristine janus MoSSe monolayer. Importantly, upon the doping
with non-metallic elements (C, Si, N, P, As, and F), the reflectivity ex-
hibited a pronounced peak in the energy interval between 10 and
14.5 eV, and this may be due to the p-type or n-type extrinsic semi-
conductor nature of these 2D materials. A diminished reflectivity
spectral peak is found in the UV regime (5 → 12.5 eV) for all doped
systems (see Fig. 6). Note that the reflectivity was recorded at zero
photon energy for both parallel polarisation (0.1, 0.17, 0.2, 0.25, 0.17,
and 0.15) and perpendicular polarisation vector (0.2, 0.52, 0.5, 0.45,
0.49, 0.47, 0.51, and 0.44) of the pure and co-doped systems, such as
the MoSSe, MoSSe-NP, MoSSe-NAs, MoSSe-PAs, MoSSe-CSi, and
MoSSe-F2 materials, respectively. A drop in the reflectivity spectral
peak was exhibited in the high photon energy. Interestingly, the tran-
sitions principally emerged from the chalcogen S/Se p states and Mo-
4d/5s states mixed with the sp states of codoped elements. The pro-
minent spectral reflectivity at a photon energy less than 1.5 eV indicates

the conducting behavior of the janus MoSSe monolayer co-doped with
C, Si, N, P, As, and F atoms, respectively in the low photon energy
regime. From a Drude-type inspection [37], these co-doped systems
showed a conductive behaviour with either a p-type or an n-type
character acquired in the near infrared and visible reflectivity spectra at
low energy regimes. However, the reflectivity spectra of the pristine
janus MoSSe monolayer were approximately analogous to those of the
MoS2 monolayer [47], which was confirmed from the UV and vacuum
UV regions [33].

The electron energy loss function L(ω), that is depicted in Fig. 7,
was employed to procure the energy loss of a prompt electron con-
veying the medium. The L(ω) spectra exhibited peaks owing to the
plasma resonance at the plasma frequency ωP. In the case of the co-
doped elements (C, Si, N, P, As, and F) instead of S and Se atoms into
the janus MoSSe monolayer, the first peak of the energy loss function is
weak at low photon energy in comparison with the pure janus MoSSe
monolayer, whereas the loss function emerged around 12.5 eV for the
pure monolayer. It can clearly be seen that the first weak plasmon peaks
L(ω) are between 2.5 and 5.5 eV for the in-plane polarisation vector for
both for the pure janus MoSSe monolayer and its counterpart co-doped
with C, Si, N, P, As, and F atoms at S and Se sites. As illustrated in Fig. 7,

Fig. 5. Optical absorption coefficient of 2H-MoSSe 3x3 supercell janus- monolayer and its co-doping S and Se sites with C, Si, N, P, As, and F elements.
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the second intense sharp peaks of the energy loss function are located
between 11 and 13 eV for both parallel and perpendicular polarisation
of light for these 2D materials. A strong anisotropy occurred for all
systems in this photon energy regime. However, the energy loss van-
ished around the photon energy regime of 15–18 eV. By analysing the
variations of the electron energy loss function of the janus MoSSe
monolayer, we obtained a result that showed a shift of the plasmon
peak at 15.3 eV [48,49]. The electron energy loss function shifted to a
lower energy after the janus MoSSe monolayer was co-doped with C, Si,
N, P, As, and F) elements. The tailoring of the physical properties in-
dicates that these two-dimensional materials can be promising in the
fabrication of the most feasible electronic devices.

Conclusion

In this work, the computed electronic structures and physical

behaviors of pristine janus 2H-MoSSe monolayers, having a 3 × 3 su-
percell, and its co-doping S and Se sites with C, Si, N, P, As, and F
atoms, are carried out by means of plane-wave pseudopotential
method. The electronic band structures and their corresponding DOS
indicated that the free-standing janus MoSSe monolayer has a semi-
conducting nature, with a discerned direct band gap transition.
Moreover, the upper valence and lower conduction bands of the DOS
exhibited a significant contribution from Mo-4d and S/Se-3p/4p around
EF. A hybridization between the sp states of the substituted C, Si, N, P,
As, and F anion elements at S/Se sites and the 4d orbitals of Mo yielded
a covalent bonding in the janus monolayer. From the calculated DOS, a
shift in the upper valence band and lower conduction band was found
and this depends on the type of co-doping element into janus MoSSe
monolayer. It was surmised that the replacement of S/Se atoms with sp-
non-metallic elements enables us the tailoring of the electronic prop-
erties of janus MoSSe monolayer with the occurrence of either p-type or

Fig. 6. Reflectivity of 2H-MoSSe 3x3 supercell janus- monolayer and its co-doping S and Se sites with C, Si, N, P, As, and F atoms.
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n-type conductivity. The resulting electronic structures illustrated that
C, Si, N, P and As atoms co-doped into S and Se host atoms of the janus
MoSSe single-sheet, may imply a shift of the valence band maximum
above EF. This can hence indicate an extrinsic p-type semiconductor.
The displacement of the conduction band minimum below EF of the co-
doping S and Se anion sites of the pristine janus MoSSe monolayer with
(F, F atoms), exhibited n-type behaviour. Note that the co-doping S and
Se anion atoms with sp- elements affected considerably the electronic
structures of MoSSe monolayer because of the charge transfer between
the substituted anion elements and Mo atom of the free-standing
monolayer. From the analysis of the optical spectra, it was found that
the absorption starts from zero photon energy in janus MoSSe mono-
layer substituted with C, Si, N, P, As, and F atoms at S and Se sites,
leading to p-type or n-type characters. The positions and intensity peaks
located in the optical spectra of the janus MoSSe monolayer were de-
termined for both in-plane and out-of-plane polarisation directions. It
was acquired that the shapes of the optical spectra are anisotropic in the
two polarisation directions. The optical absorption for the polarisation

parallel to the x-y plane illustrated that the janus MoSSe monolayer
could vary spectrally from the visible to the UV at low photon energy
range. Moreover, the reflectivity spectra showed an augmentation at
the zero photon energy due to the co-doping impact on the pure janus
MoSSe monolayer with sp-anion elements. Interestingly, a substantial
reflectivity was developed at low-energy window from 0 up to 12.5 eV.
It is surmised that the energy loss function has a pronounced plasmon
peak L(ω) appearing around 13 eV. The present calculations illustrate
that the replacement of S/Se atoms with sp anion elements is suitable
for tailoring the electronic and optical behaviors of the janus MoSSe
monolayer. From our theoretical contribution, the distinctive electronic
features of janus MoSSe monolayer, may enable extensive applications
of such atomically thin materials. This could provide new technological
road maps, such as catalysis, energy storage, humid sensors, and field
transistor effect devices for 2D materials.

Fig. 7. Energy loss function of 2H-MoSSe 3x3 supercell janus- monolayer and its co-doping S and Se sites with C, Si, N, P, As, and F non-metal elements.
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