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Abstract

Oxygen (O) alloying in a MoS2 monolayer appearing in different shapes:

line-ordered, cluster and random have been theoretically designed, for band

gap engineering in order to extend its nanotechnological applications. The

thermodynamic stability, structural and electronic properties of these alloy

configurations at each concentration have been comparatively studied using

the density functional theory methods. Based on the formation energy anal-

ysis, the O line-ordered alloys are most stable compared to the well known

random and cluster alloys at high concentration, while at low concentration

they compete. The lattice constants of all the alloyed systems decrease lin-

early with the increase in O concentration, consistent with Vegard's law.

The Mo-O bond lengths are shorter than the Mo-S leading to a reduction

in the band gap, based on density of state analysis. The partial charge den-

sity reconciling with the partial density of states analysis reveals that the

band gap reduction is mainly contributed by the Mo 4d and O 2p orbitals as

shown at the band edges of the density of states plots. Creation of stacking
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of MoS2 with MoO2 gives metallic character, with Mo 4d orbital crossing the

Fermi level. The O alloys in a MoS2 monolayer should be considered to be

an effective way to engineer the band gap for designing new nanoelectronic

devices with novel performance.

Keywords: 2D materials, density functional theory, transition metal

dichalcogenides, transition metal oxides, alloying.

1. Introduction

Since the emergence of nanotechnology, an advancement of electronic de-

vices has continued unabated, in particular on the speed and size (reduc-

tion from three dimension (3D) to two dimension(2D)). In the last decade,

2D hexagonal materials emerged to be promising materials for the design

of nanoelectronic devices due to their unique properties. The high charge

carrier mobility, mechanical flexibility and strength reduced dimensionality,

transparency, etc [1, 2, 3, 4] mostly measured on graphene [5], hexagonal

boron nitride (h-BN) [6], transition metal dichalcogenides (TMD) [1, 7] can

be mentioned. The recently synthesized 2D hexagonal-like TMD materials

such as MoS2, MoSe2, MoTe2, WS2, WSe2, WTe2 and CrS2 [1, 7, 8] are par-

ticularly interesting due to their robust mechanical character and relatively

large band gap [9, 10]. Recently, the hexagonal-like transition metal oxides

(TMO) materials such as MoO2, WO2 and CrO2 monolayers were predicted

using density functional theory (DFT) and found to be semiconductors with

the band gaps of 0.97 eV, 1.37 eV and 0.5 eV respectively [9, 10]. To examine

the stability of these oxide based nanomaterials, Ataca et al . [9] performed a

phonon calculation and no imaginary vibration frequencies were noted sug-
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gesting mechanical stability.

Although the pristine TMD and TMO monolayers inherently possess the

exotic physical properties [9, 10, 11], tuning their band gaps continuously

is essential for designing nanoelectronics devices. Diverse methods such

as alloying [12, 13, 14, 15], creation of point defects [16, 17, 18, 19], dop-

ing [20, 21, 22, 23, 24], application of an axial strain [25, 26, 27, 28, 29] etc.

efficiently engineer the band gap of a TMD material. Alloying in a MoS2

monolayer has been widely studied experimentally using chemical vapor de-

position (CVD) methods [30, 31], and theoretically using density functional

theory (DFT) methods [12, 14, 15, 32, 33]. Alloys can appear in different

popular ground state configurations such as random, cluster, lines, triplets

(form a triangle-like) etc. [34]. Experimental studies of the tungsten (W)

alloys at the molybdenum (Mo) sites revealed that random distribution oc-

curs spontaneously at about 1030◦C [30, 31]. Photoluminescence experiments

revealed that the band gap of the MoS2 monolayer is fine tuned with the vari-

ation of the W concentration. Furthermore, DFT studies revealed that the

hybridization of the d orbitals of the W atoms with those of Mo atoms at the

vicinity of the band edges is mainly responsible for the increase of the band

gap [35, 31]. Very recently, Andriambelaza et al. [14] performed a compara-

tive study of chromium (Cr) line-ordered alloys with the random distribution

alloys at the Mo sites of a MoS2 monolayer using the DFT method. It was

found that the line-ordered alloys are energetically favorable compared to

the random alloys. Both distributions fine tune the band gap with the same

magnitudes (1.65 eV to 0.86 eV).

For the sulfur (S) sites, the selenium (Se) and tellurium (Te) alloys are
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popular studied and their experimental characterizations [36, 37] revealed the

spontaneous random distribution at high temperatures. However, the DFT

calculations (at zero Kelvin) indicated the ordered phase to be preferable

as compared to the random distribution [8, 36]. Our previous DFT study

revealed that the Te line-ordered alloys compete very well with the random

alloys in terms of stability [38]. Furthermore, the band gap of the MoS2

monolayer is fine tuned within a range that can be useful for designing novel

nanotechnological devices [15, 36].

Oxygen (O) alloys in a MoS2 monolayer have not yet been explored,

although it belongs to the same group as S, Se, and Te atoms on the periodic

table. Moreover, a hexagonal MoO2 monolayer has been predicted to be

isostructural to the MoS2, MoSe2 and MoTe2 monolayers [9, 10]. Generally,

the Se and Te atoms have more atomic radii than the S atoms, whereas the

O atom possesses the smallest. Therefore, a comprehensive study on the

electronic and structural properties of O alloys is necessary to compare with

those of Te and Se alloys.

In this paper, various O alloy configurations in the form of random, line-

ordered and cluster distributions in a 5 × 5 supercell of a MoS2 monolayer

are studied. However, studying all the possible alloy configurations for each

distribution at every concentration is intractable and computationally time

consuming using the first-principle methods. At each alloy distribution and

concentration, selected configurations were optimized. Since the random and

cluster distributions are the most popular studied alloys and known to exist

experimentally, we compare their results with those of the line-ordered alloys.
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2. Computational details

DFTmethod implemented within the Vienna Ab−initio Simulation Pack-

age (VASP) [39] is performed to study the electronic structure of the O al-

loys in a MoS2 monolayer. To describe the exchange-correlation interaction,

the Perdew-Burke-Ernzerhof (PBE) parametrization within the generalized

gradient approximation (GGA) [40] is used. The flavor of GGA exchange

correlation functional is known to underestimate the band gap value of semi-

conductor materials due to the absence of the derivative discontinuity feature

and delocalized errors [41]. To overcome this issue, the hybrid functionals

have been proposed [42]. In this paper, the screened hybrid functional of

Heyd-Scuseria-Ernzerhof (HSE06) is used by mixing 25% (AEXX = 0.25) of

the exact nonlocal Hartree-Fock (HF) exchange to the PBE exchange [41, 42].

The projector augmented wave (PAW) method is employed to define the core

and valence electron interactions. An energy cut-off of 300 eV is chosen for

the expansion of the wave functions in the plane wave basis. A supercell of

5 × 5 is chosen at each concentration to model the alloys and a k-point

sampling of 3 × 3 × 1 is suitable for this large supercell. Atomic positions

and lattice vectors are fully relaxed during the calculations with a force and

energy convergence threshold of 2 × 10−2 eV/Å and 10−5 eV respectively.

To avoid periodical interaction along the vertical axis, a vacuum space of

20 Å is considered.

The stability of the various alloy configurations at each concentration

confined between to the two pristine materials is defined by the formation

energy:

Eform = EMoS(1−x)Ox − (1− x)EMoS2 − xEMoO2 , (1)
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where EMoS(1−x)Ox is the total energy of the system at each x O concen-

tration. EMoS2 and EMoO2 are the total energies of the pristine MoS2 and

MoO2 monolayers, respectively.

To generate the random alloy configurations, the special quasirandom

structure (SQS) is adopted. The O substitutional alloy in a MoS2 monolayer

can be written in a general form A1−xBx, where A and B correspond to

the S and O atoms, respectively. Generally, the correlation functions of

an ideal alloy are given by
�

k,m(ideal) = (2x − 1)k [33], where k=2, 3,...

indicate the pair, triple correlation, etc. and m=1, 2, 3,... correspond to

the first, second and third-nearest distance, etc. Previous studies reported

that the alloy nearest-neighbor interaction greatly dominates the properties

of host materials, whereas the effects of far away interaction are significantly

small [33, 43, 44]. Therefore, only the nearest-neighbor pairs are considered

in this study.

In the other side, the pair correlation function can be written as:
�

2,1(r) =
1
Nb

�j>k
j,k=1,N ijik, where i = +1 if the site is occupied by A atom

and i = −1 if the site is occupied by B atom. Nb and N are the total

number of bonds and chalcogen sites in the supercell, respectively. Assume

that the total number of pair neighboring bonds of A-A, A-B and B-B in

the supercell are denoted by NAA, NAB and NBB, respectively. They can be

expressed as [14, 33]:





(NAB + 2NAA)/Z = NA = N(1− x)

(NAB + 2NBB)/Z = NB = Nx

Nb = NAA +NBB +NAB

(2)
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NA and NB indicate the total number of sites occupied by A and B atoms

in the supercell, respectively. Z denotes the coordination number of the

chalcogen atoms in the lattice. Substituting Eqn. 2 into
�

2,1(r) and applying

some algebra we get:

Π2,1(r) =
NAA +NBB −NAB

NAA +NBB +NAB

= 1− 4x+
8NBB

Nz
. (3)

This equation shows clearly that the correlation functions can be ex-

pressed in terms of the number of B-B bond (NBB). The random alloy

configurations at each concentration are modeled in such a way that the cor-

relation functions are identical to the ideal alloys up to the nearest-neighbor

pairs (
�

2,1(ideal) =
�

2,1(r)). It results that the number of B-B bond for

the random configuration should be NBB = 1
2
x2NZ [14, 33]. In this study,

N is the total number of chalcogen atoms present in the 5 × 5 supercell

(N=50).

3. Results and discussion

3.1. Pristine MoS2 and MoO2 monolayers

The structure of the TMD and TMO monolayers can be classified into

two types: 2H and 1T [9]. Ataca et al. [9] have established that MoS2

(TMD) and MoO2 (TMO) monolayers are more stable in 2H structure. Top

and side views of a 5 × 5 supercell of the MoS2 and MoO2 monolayers are

shown in Fig. 1(a) and Fig 1(b), respectively. The hexagonal-like pattern

of the 2H structure is clearly seen on the top view of the structures, where

the Mo and S (O) atoms occupy different sublattices. From the side view,

it can be seen that the 2D MoS2 and MoO2 are made by one layer of Mo
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Figure 1: Top and side view of the ((a) and (c)) MoS2 and ((b) and (d)) MoO2 monolayers.

The blue, red and yellow spheres indicate the Mo, O and S atoms respectively.

atom sandwiched in between two S (O) layers. To understand the nature

of bonding between Mo atom and S (O) atom, Bader charge analysis was

considered. It was found that the Mo atom has a depletion of 1.18 electron

while each S atom accumulates 0.58 electron. This charge sharing reveals a

covalent bond between Mo and S atoms [45]. This covalency is also confirmed

by the electron localized function (ELF) analysis, where a non spherically

symmetry of the regions with high ELF around S atoms and a tendency of

the lobes towards the Mo are observed [46, 47].

To study the alloyed real material, the knowledge of the structural, en-

ergetics and electronic properties of the pristine host is essential. The struc-

tural and energetic properties of the MoS2 and MoO2 monolayers are listed

in Table. 1. It was found that the HSE06 functional underestimates the lat-

tice parameter while GGA functional overestimates it [52]. These results are

in good agreement with the previous experimental and theoretical data as
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Table 1: Lattice constant a(Å), bond length d[Mo-X (X = S, O)](Å), cohesive energy Ecoh

(eV/atom), formation energy Eform (eV), band gap values Egap (eV) of the pristine MoS2

and MoO2 monolayers.

System Method a d[Mo-X] Ecoh Eform Egap

MoS2

P
re
v
io
u
s
w
or
k

Expt. 3.16a,b 2.41i - - 1.90n

GGA 3.18c,

3.20g

2.41d,

2.408h

5.18g -0.842c 1.652e,

1.70d

HSE06 3.153h,

3.155f

2.391h,

2.39d

- - 2.10d,

2.23o

This work
GGA 3.18 2.41 6.54 -1.40 1.67

HSE06 3.153 2.38 5.69 -1.47 2.17

MoO2

P
re
v
io
u
s
w
or
k

Expt. - - - - -

GGA 2.82c,

2.83l,j

2.05j,l 7.55k -1.73c 0.98m,

0.97d

HSE - - - - 1.48l

This work
GGA 2.81 2.05 6.14 -2.25 0.97

HSE06 2.79 2.02 5.77 -3.02 1.48
aref. [48], bref. [49], cref. [10], dref. [47], eref. [50], f ref. [21], g ref. [51], href. [52], iref. [53],

jref. [11], kref. [9], lref. [54], mref. [55], nref. [7], oref. [56]

seen in Table. 1. The total density of states (TDOS) and partial density of

states (PDOS) of the MoS2 and MoO2 monolayers are evaluated and plot-

ted in Figs. 2(a-b). We found that these two pristine systems are band gap

semiconductors. Quantitatively, the band gap values of 1.67 eV (2.17 eV)

and 0.98 eV (1.48 eV) are measured using GGA (HSE) functional for the

MoS2 and MoO2 monolayers, respectively. These values are in good agree-

ment with previously reported data as presented in Table. 1. The PDOS
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Figure 2: Total density of states (TDOS) and partial density of states (PDOS) of the

(a) MoS2 and (b) MoO2 monolayers obtained using HSE06 functional. Black solid lines

indicate the TDOS of the MoS2 and MoO2 monolayers. The red, green and magenta

lines correspond to the d orbital of the Mo atom, the p orbitals of the S and O atoms,

respectively. The dashed vertical lines represent the Fermi level.

plots clearly indicate that the conduction band minimum (CBM) states of

both the MoS2 and MoO2 monolayers arise mainly from the Mo 4d orbitals.

On the other hand, the valence band maximum (VBM) states of both sys-

tems are contributed by the hybridization of the Mo 4d orbitals and the S 3p

(O 2p) orbitals. These orbital contributions are consistent with the results

reported in Refs [11, 21].

3.2. Identification of the various O alloy configurations

Generally, the properties of an alloy material greatly depend on the struc-

tural arrangement and composition variation. In this section, various alloy

configurations at different O concentrations are discussed. The identification

of the O line-ordered alloy, typical O cluster, and various O random alloy

configurations at each concentration is described. In fact, the vital question

associated with this section is how to generate these various configurations
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of O alloys?

To explain the O line-ordered alloy configurations studied in this work,

Fig. 3 shows a schematic representation of labeled 5 × 5 supercell of a

MoS2 monolayer. For the formation of the O line-ordered alloys, S atoms

are substituted with O atoms along the zigzag direction of the supercell.

The labels u, b, r1, r2, r3, r4 and r5 in the Fig. 3 are used to name the

distinct configurations of O line-ordered alloys in a MoS2 monolayer, obeying

the periodic boundary conditions (PBC) to avoid the double counting. The

letter u and b refer to the upper and the bottom layers of S atom respectively,

sandwiching the Mo layer. The labels r1, r2, r3, r4 and r5 indicate the first,

second, third, fourth and fifth row of the S atoms in the 5 × 5 supercell, as

clearly seen in Fig. 3. There are seven S concentrations (%) studied in this

work: 0.0 (0%), 0.1 (10%), 0.3 (30%), 0.5 (50%), 0.7 (70%), 0.9 (90%) and 1.0

(100%). Several unique O line-ordered configurations at each concentration

are identified and studied. Table. 2 lists all the identified O line-ordered alloy

configurations. The 0.1 concentration of O atoms in a 5 × 5 supercell of a

MoS2 monolayer typically means five O atoms substitute five S atoms. For

the continuous line-ordered alloy, one unique configuration is identifiable at

this concentration, i.e the O atoms replacing the upper (u) S atoms in row 1

(r1) can be denoted as O@r1u. Obeying PBC, this configuration is the same

as O@r2u, O@r3u, O@r1b, O@r2b, etc. Therefore, this configuration is uniquely

called the line-ordered alloy configuration 1 at 0.1 concentration (C1L(0.1)).

At 0.3 concentration, fifteen O atoms replace the S atoms in the system.

Eight unique O line-ordered configurations (configuration C1L(0.3) to C8L(0.3))

are also identified from Fig. 3 and enumerated in Table. 2. Their representa-
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Figure 3: A schematic representation of a MoS2 monolayer used to identify the line ordered

alloys at every concentration. The diagram shows the three different layers of atoms. The

blue and yellow spheres represent the Mo and S atoms, respectively. The labels u and b

depict the upper and bottom S atoms. The label r indicates the rows.

tions are formulated the same way as that of 0.1 concentration. For instance,

C1L(0.3) is the first line-ordered alloy configuration at 0.3 concentration. It is

constituted by line of O atoms occupying row 1 (r1) on the upper (u) layer

and two rows r1 and r3 on the bottom (b) layer. It is denoted as O@r1ubr3b

as seen in Table. 2. The same description is applicable to all the possible O

line-ordered alloys at this concentration (see Table. 2). At 0.5 concentration,

the number of the S and O atoms are the same (25 S atoms and 25 O atoms).

Following the same pattern as in 0.1 and 0.3 concentrations, the permutation

of the O rows gives sixteen unique line-ordered alloy configurations named

as configuration C1L(0.5) to C16L(0.5). At 0.5 concentration, there is a special

configuration where the O atoms fully cover the top layer and the S atoms
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Table 2: All the possible line-ordered alloy configurations identified in a 5 × 5 supercell of

MoS2 monolayer at different concentrations. The thermodynamic stability of these various

configurations will be checked. The labels u and b correspond to the upper and bottom S

atoms. The letter r indicates the number of rows and the letter C stands for configuration.

Concentration

Conf. 0.1 0.3 0.5 0.7 0.9

C1L O@r1u O@r1ubr3b O@r1ubr2ur3ur4u O@r2ubr3ur4ubr5ub O@r1ur2ubr3ubr4ubr5ub

C2L - O@r1ubr2u O@r1ubr2ubr3u O@r1ur2ur3ur4ubr5ub -

C3L - O@r1ur2ur3u O@r1ubr2ur3ub O@r1br2ur3ur4ubr5ub -

C4L - O@r1ur2ur3b O@r1ur2ur3ur4ur5u O@r2ur3ubr4ubr5ub -

C5L - O@r1ur2ur4u O@r1ur2ur3ur4ur5b O@r1ubr2ur3ur4ubr5u -

C6L - O@r1ur2ur4b O@r1ur2ur3ur4br5b O@r1br2br3ubr4ur5ub -

C7L - O@r1ur2br3u O@r1br2ur3br4ur5b O@r1br2ur3br4ubr5ub -

C8L - O@r1ur2br4u O@r1ubr2ubr4u O@r1ubr2br3ubr4ur5b -

C9L - - O@r1ubr2ur3ur4b - -

C10L - - O@r1ubr2ur3ur5u - -

C11L - - O@r1ubr2ur3ur5b - -

C12L - - O@r1ubr2br3ur5b - -

C13L - - O@r1ubr2ur3br5b - -

C14L - - O@r1ubr2br3ur4u - -

C15L - - O@r1ubr2ur3br4u - -

C16L - - O@r1ubr2br4ub - -

fully cover the bottom layer. This configuration is known as Janus TMD

structure [57]. It has been synthesized for the study of Se atoms in a MoS2

monolayer. To generate the various O line-ordered alloy configurations at 0.7

concentration, we take all the configurations identified at 0.3 concentration
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Figure 4: The geometric structures of the O atoms clustered in a MoS2 monolayer viewed

from the top at 10%, 30% and 50% concentrations. The blue, red and yellow spheres

indicate the Mo, O and S atoms respectively.

and exchange the O with S atoms. Ditto to 0.9 concentrations.

The O cluster alloy configurations are also considered in this study. Ba-

sically, an O cluster configuration is constructed in such a way that all the

O atoms are grouped together. Figs. 4(a-c) show typical cluster configura-

tions at 0.1, 0.3 and 0.5 concentrations, respectively. At 0.1 concentration,

the five O atoms occupy one hexagonal ring-like, denoted as H1 indicated in

Fig. 4(a). Three of the O atoms occupy all the three S sites of the upper layer

(u) and form a triangle-like configuration, whereas the remaining two occupy

the bottom layer (b). This cluster configuration is called C1C(0.1) in this work.

At 0.3 concentration, the fifteen O atoms are grouped in the middle of the

5 × 5 supercell of a MoS2 monolayer replacing the S atoms obeying the

PBC. In this configuration, the fourteen O atoms occupy the hexagons H1,

H2 and H3 with one extra O atom overlapping to H4 as shown in Fig. 4(b),

and this configuration is denoted as C1C(0.3). The last cluster configuration

presented in Fig. 4(c) corresponds to the 0.5 concentration. The O atoms

are grouped together covering seven hexagons H1, H2, H3, H5, H6, H7 and
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Figure 5: The selected geometric structures of the various O random alloy configurations

in a MoS2 monolayer viewed from the top at 10% (a-d), 30% (e-h) and 50% (i-l) concen-

trations. The blue, red and yellow spheres indicate the Mo, O and S atoms respectively.

H8 in Fig. 4(c). One O atom is overlapping in H4 as noted in Fig. 4(c). This

cluster configuration at 0.5 concentration is called configuration C1C(0.5).

The last O alloy shape that we are considering in this paper is the most

popular random distribution alloy. The challenge in the random alloy is the

possibility of multiple configurations at each concentration. In this study,

the special quasi-random structure (SQS) method proposed by Zunger et

al. [58] is used to generate the various O random alloy configurations. The
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SQS algorithm described in the Refs. [14, 33] which mimics an infinite perfect

random alloy based on the behavior of the first nearest-neighbor atoms has

been considered in this study. Obeying this method, the number of required

alloy nearest-neighbor bonds are 2, 16 and 44 for 0.1, 0.3 and 0.5 concentra-

tions respectively in a 5 × 5 supercell. At each concentration, many possible

configurations can be formed. Considering a high computational cost, only

selected alloy configurations that are spontaneously occur experimentally are

shown in Fig. 5 are optimized. These special configurations are denoted as

configuration C1R(0.1), C2R(0.1), C3R(0.1) and C4R(0.1) for 0.1 concentration,

configuration C1R(0.3), C2R(0.3), C3R(0.3) and C4R(0.3) for 0.3 concentration,

and configuration C1R(0.5), C2R(0.5), C3R(0.5) and C4R(0.5) for 0.5 concentration

as presented in Fig. 5.

In the next section, the comparative studies of random, cluster and line-

ordered alloy configurations at different concentrations are considered.

3.3. Thermodynamic stabilities of the MoS2 monolayer alloyed with O atoms

As a common practice, in ab − initio studies the relative thermodynamic

stability of any alloy configuration is usually evaluated using the formation

energy analysis defined in Eqn. 1.

In this study, the calculated formation energy values of all alloy config-

urations considered are summarized in Table. 3. The bold energy values

represent the most energetically stable configuration for each type of alloy

at every concentration. As seen in Table. 3, the formation energy values

are positive, but with the small magnitude of the order 10−2 eV. The DFT

calculations performed at static conditions may contribute to these positive
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Table 3: Formation energy in meV values of various unique O line-ordered, random and

cluster alloy configurations at 0.1, 0.3, 0.5, 0.7 and 0.9 concentrations. The letter C stands

for configuration and the subscripts L, R and C indicate the line-ordered, random and

cluster alloy configurations respectively. The bold values indicate the most energetically

stable configuration for each type of alloy at every concentration.

Concentration

Type Conf. 0.1 0.3 0.5 0.7 0.9

L
in
e

C1L 31.12 57.13 62.57 46.74 15.89

C2L - 55.81 60.84 57.82 -

C3L - 73.59 58.87 42.75 -

C4L - 56.54 101.68 47.11 -

C5L - 76.88 76.64 59.71 -

C6L - 52.87 53.90 39.32 -

C7L - 62.73 65.40 48.60 -

C8L - 59.82 59.98 44.76 -

C9L - - 57.54 - -

C10L - - 76.95 - -

C11L - - 55.28 - -

C12L - - 60.89 - -

C13L - - 61.82 - -

C14L - - 58.11 - -

C15L - - 64.28 - -

C16L - - 57.92 - -

R
an

d
o
m

C1R 29.96 59.62 68.20 46.20 15.02

C2R 30.23 59.08 60.98 43.01 17.06

C3R 30.06 58.48 64.55 41.81 16.40

C4R 29.59 56.77 59.98 39.28 14.74

C
lu
st
er C1C 27.91 54.61 58.78 42.46 15.80
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formation energy values. Therefore, the small positive values should not hin-

der the possibility of synthesizing a MoS2 monolayer alloyed with O atoms.

The top part of Table. 3 summarizes the formation energy of the various

O line-ordered alloy configurations defined in Table 2. Amongst of them, the

configurations C1L(0.1), C6L(0.3), C6L(0.5), C6L(0.7) and C1L(0.9) are found to be

energetically stable at 0.1, 0.3, 0.5, 0.7 and 0.9 concentrations respectively.

The corresponding atomic structures of the configurations C1L(0.1), C6L(0.3)

and C6L(0.5) are depicted in Figs. 6(a-c). Those of configurations C6L(0.7)

and C1L(0.9) are simply the inverses of the configurations C6L(0.3) and C1L(0.1)

respectively, i.e formed by exchanging the S and O atoms in the supercell

system. We observe in Table. 3 and Fig. 7 that the configuration C1L(0.1) is

more stable followed by C1L(0.9), C6L(0.3), C6L(0.7) and C6L(0.5), indicating that

the formation energies of O alloys are concentration dependent as shown by

the parabolic curve. This trend is in agreement with the previous studies of

well known random and cluster alloys [33, 35].

Just like in some ideal alloys [14, 13, 32, 33], our 50/50 concentration alloy

is the most energetically unfavorable. However, this observation contradicts

that of Te alloy in a MoS2 monolayer where 0.7 concentration is the least

in stability [12, 15, 38]. At this concentration, the most stable configuration

is configuration C6L(0.5) and can be defined as O@r1ur2ur3ur4br5b, while the

most unstable one is configuration C10L(0.5) given by O@r1ur2ur3ur4ur5u. This

latter clearly shows that all five O rows are found in the upper layer and S

atoms on the bottom layer or vice versa considering the translation symmetry

operation. In addition, the O atoms fully cover the upper layer of S atoms.

This typical structural arrangement has been discovered in the case of a
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Figure 6: The optimized structures of the most energetically stable configuration at 0.1,

0.3 and 0.5 concentrations for line-ordered (a-c), random (d-f) and cluster (g-i) alloys. The

blue, red and yellow spheres indicate the Mo, O and S atoms respectively.

MoS2 monolayer alloyed with Se and Te atoms [12, 38, 59]. Also, it has been

experimentally synthesized at high temperatures [57]. A common aspect

with 0.5 concentration has been found at 0.3 concentration. The most stable

configuration at 0.3 concentration is C6L(0.3) given by O@r1ur2ur4b and the

most unstable one is C4L(0.3) given by O@r1ur2ur3u. We observe that for

each layer the lines of O atom prefer to be adjacent to each other but for
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the different layer, they do not prefer to be superjacent to each other (see

Fig.6(b) and Fig.6(c)). These observations and the diversity of the formation

energy values summarized in Table. 3 reveal that the formation energy of the

O alloy in a MoS2 monolayer is governed by the concentration as well as the

atomic arrangement.

The middle part of Table. 3 shows the formation energy of the selected

random alloy configurations defined in the previous section. Amongst of

them, the configurations C4R(0.1), C4R(0.3), C4R(0.5), C4R(0.7) and C4R(0.9) have

the lowest formation energies at 0.1, 0.3, 0.5, 0.7, and 0.9 concentration re-

spectively. From Fig. 5 and Table. 3, we realize that the stability of the O

random alloys depends on the distribution of the O atoms in the upper and

bottom layer of the supercell. For the configuration to be most energetically

favorable, the number of O atom in the upper and bottom layers must be

close. For instance, at 0.3 concentration, configurations C1R(0.3), C2R(0.3),

C3R(0.3) and C4R(0.3) have 10, 10, 9 and 8 O atoms in the upper layer and

5, 5, 6 and 7 O atoms in the bottom layer, respectively. According to Ta-

ble. 3, configuration C4R(0.3) is most stable. That is, the larger the difference

between the number of O atom in the upper and bottom layers, the more

the random alloy system unstable. The similar trend is noted in other con-

centrations. However, the difference in formation energy values is relatively

very small between the various configurations of the same concentration (less

than 0.02 eV). This suggests that these configurations might co-exist at finite

temperature.

Fig. 7 compares the formation energies of the lowest energy configurations

at each concentration for the different alloy shapes. This gives an insight for
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Figure 7: Variation of the formation energies with respect to the O concentration for the

lowest energy configuration of the O line-ordered (blue), random (red), and cluster (green)

alloys.

the possibility of synthesizing the newly predicted 2D material formed by a

MoS2 monolayer alloyed with O atoms. This plot of the formation energies

shows that these different types of alloy follow the same trend. Although

at 50/50 concentration, the hypothetical line-ordered is more energetically

favorable. In addition, we found that the lowest energy configurations of the

line-ordered competes with those that are already experimentally achieved

(random and cluster) using other atoms, suggesting that all of them can be

synthesized under the same conditions.
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3.4. Structural properties of the O alloys in a MoS2 monolayer

We now examine the effects of the O alloys on the lattice constants of

a MoS2 monolayer. We evaluate the lattice constants of the lowest energy

configurations of the line-ordered, random and cluster obtained at each con-

centration shown in Fig. 8. We observe the three plots of the lattice constant

to have the same trend, showing monotonously decrease due to the small

atomic radii of the O atom compared to that of S atom. This trend is op-

posite to the previous result on MoS2 monolayer alloyed with Te and Se

atoms [15, 38] since they have large atomic radii compared to a S atom. For

the three cases, the calculated values of the lattice constants of all config-

urations at every concentration ranges between those of the pristine MoS2

(3.18 Å) and MoO2 (2.81 Å) monolayers. Comparing the obtained values

at each concentration for each shape of alloy, the magnitudes of the lattice

constant are almost equal. This suggests that the area of the system does not

really depend on the atomic arrangement but on the alloy concentration. We

also in Fig. 8 plotted the lattice constants of these configurations obtained

from the linear interpolations known as Vegard’s law [60]. The reliability of

this law has frequently been reported in the 3D [61, 62] and 2D TMD mono-

layer alloys [13, 14]. As seen in Fig. 8, we observe that the lattice constants

of each type of alloy considered vary almost linearly, revealing that Vegard’s

law is being obeyed [63]. Usually, the fulfillment of this law indicates the

existence of small lattice mismatch between the two pristine systems [60], in

our case MoS2 and MoO2 monolayers.

To further analyze the intra-change in the structural properties at each

concentration, the distribution of the first nearest bond lengths is measured.

22

22



We also compare the bond length deviation for each type of alloy consid-

ered in this study as shown in Fig. 9. We only present the bond lengths

for the three different alloy shapes measured at 0.1 concentration, since the

same observation is seen at higher concentrations. The measured Mo-S bond

lengths for each alloy system are found to be constantly equal to that of a

pristine MoS2 monolayer, whereas a deviation from the pristine bond length

value is noted for the Mo-O bonds. This deviation varies between 2.05 Å to

2.09 Å depending on the shape of alloy with a percentage difference of 1.93%

(2.09 Å) for the line, 0.97-1.45% (2.07 Å, 2.08 Å) for the random and 0-0.49%
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Figure 8: The variation in lattice constants for the lowest energy configuration at 0.1,

0.3, 0.5, 0.7 and 0.9 concentration, relative to the change in concentration. Blue, red and

black solid lines connect the lattice constant at each concentration for the O line-ordered,

random and cluster alloys respectively.
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Figure 9: Top view of a hexagonal MoS2 monolayer alloyed with 0.1 concentration of O

atoms, showing the bond lengths (Mo-S) and (Mo-O) located at the various sites. The

blue, red and yellow spheres indicate the Mo, O and S atoms respectively.

(2.05 Å, 2.06 Å) for the cluster. This small disparity in Mo-O bond length

might be the cause of the slight differences in lattice constants for the three

types of alloy studied. Since the bond length fluctuation of the various sys-

tems is not significant, the hexagonal symmetry from the top view of the

host material is preserved after alloying.
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Table 4: Calculated band gap values of the most stable configurations at every concentra-

tion for the O line-ordered, random and cluster configurations.

Band gap(eV)

GGA HSE06

Concentration Line Random Cluster Line Random Cluster

0.1 1.50 1.50 1.60 2.00 2.12 2.15

0.3 1.39 1.43 1.53 1.97 2.00 2.10

0.5 1.18 1.37 1.45 1.82 1.90 2.02

0.7 1.12 1.19 1.29 1.63 1.75 1.93

0.9 1.02 1.12 1.03 1.58 1.60 1.66

The obtained band gap values are consistent with the values reported in

ref. [64].

3.5. Electronic properties of the MoS2 systems alloyed with O atoms

To examine the influence of the O atom alloys on the electronic properties

of the MoS2 monolayer, the total and partial density of states (TDOS and

PDOS) at each concentration are plotted and shown in Fig.10. As seen in

this figure, the alloyed systems retain the semiconducting features of the

MoS2 monolayer, although the band gap value decreases with the increase

in O concentration. This suggests that the insertion of the O atoms in the

MoS2 monolayer can fine tunes the band gap of this system. To quantify

this reduction, the band gaps of the most energetically stable configurations

at each concentration for the O line-ordered, random and cluster alloys are

measured and presented in Table 4. A common aspect of the electronic

properties of the three shapes of alloys considered in this study is that the
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band gap magnitudes of the various systems vary between the band gaps of

the MoS2 (1.65 eV for GGA and 2.17 eV for HSE06) and MoO2 (0.98 eV for

GGA and 1.48 eV for HSE06) monolayers. This range of the obtained band

gap values is required for various applications such as solar cell, electronic

applications, etc. Alternatively, the band gaps of the O random and cluster

alloy configurations seem to be constantly higher than that of O line-ordered

alloy. These observations suggest that the structural shape also have an

influence on the band gap engineering in a MoS2 monolayer alloyed with O

atoms.

The PDOS shown in Fig.10 illustrates the origin of the reduction of the

band gap. In this figure, we only present the PDOS of the O line-ordered

alloys since the contribution of the orbitals at the band edges are the same for

the three types of alloys. We found that the valence band maximum (VBM)

is contributed by the d orbital of the Mo atoms and the p orbitals of the S and

O atoms, while the conduction band minimum (CBM) is mainly dominated

by the d orbitals of the Mo atoms. Therefore, the p orbital states from the

O atoms introduced lie in the band edge and affect the hybridization of the

Mo d orbital and S p orbital of the pristine MoS2 monolayer, resulting in the

band gap narrowing.

To have a deep understanding of the electronic interaction between the

host material MoS2 monolayer and the O atoms introduced, we also study the

charge distribution at each site for each concentration as shown in Fig. 11.

It can be seen that the VBM states of the O line-ordered alloy in a MoS2

monolayer are localized around the Mo, S and O atoms, while the CBM states

are concentrated around the Mo atoms only. These results are consistent with
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Figure 10: TDOS and PDOS of the lowest energy configuration at 0.1, 0.3, 0.5, 0.7

and 0.9 concentrations for the line-ordered alloy configurations obtained using HSE06

functional. The blue, magenta and green solid lines correspond to the Mo 4d, O 2p and

S 3p orbitals respectively. The black solid line indicates the TDOS and the dashed vertical

line represents the Fermi level

the PDOS observations described earlier (see Fig. 10). Furthermore, we also

observe that the Mo atoms bonded with the O atoms along the O row have

more charge compared to others.

Besides the transition from pristine MoS2 to MoO2 monolayers through

alloying, stacking of these two different TMD monolayers is also expected
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Figure 11: Partial charge density of the lowest energy configuration at each concentration.

The blue, red and yellow spheres indicate the Mo, O and S atoms respectively.

to affect the electronic properties of these materials. In this study, the ho-

mobilayers (MoS2/MoS2 and MoO2/MoO2) and heterobilayer (MoO2/MoS2)

are investigated for band gap engineering. The well known high-symmetry

stacking orders such as AA, AA1 and AB are considered. (i) AA stacking

is an eclipsed stacking with Mo atom facing Mo atom and S (or O) aligned

with S (or O) atom of the subsequent layer. (ii) AA1 stacking is an eclipsed
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stacking where Mo atom is on top of the S (or O) atom. (iii) Stacking type

AB is a staggered stacking with S(or O) atom over Mo atom and Mo atom

facing the center of the hexagon of the subsequent layer.

Table 5: The calculated formation energies Eform(eV ) and band gaps Egap(eV ) of

AA, AA1 and AB for homobilayers (MoS2/MoS2 and MoO2/MoO2) and heterobilayer

(MoO2/MoS2).

Systems properties AA AA1 AB

MoS2/MoS2

Eform -0.31 -0.36 -0.34

Egap(GGA) 1.50 1.30 1.29

Egap(HSE) 2.10 1.95 1.90

MoO2/MoO2

Eform 1.09 1.08 1.15

Egap(GGA) 0.91 0.81 0.76

Egap(HSE) 1.47 1.45 1.30

MoO2/MoS2

Eform 0.40 0.37 1.3

Egap(GGA) - - -

Egap(HSE) - - -

The thermodynamic stability of these configurations is evaluated by cal-

culating the formation energy using the following formula [65, 66]:

Eform = Estacking − nMoS2EMoS2 − nMoO2EMoO2 (4)

where Estacking, EMoS2 and EMoO2 are the total energies of the stacked sys-

tem, single layer of MoS2 and MoO2, respectively. nMoS2 and nMoO2 are the

number of single layers of MoS2 and MoO2 present in the system. The ener-

getics as well as the band gaps of the various configurations are summarized

in Table. 5.
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Figure 12: The calculated TDOS and PDOS of homobilayers (a) MoS2/MoS2, (b)

MoO2/MoO2 and heterobilayer (c) MoO2/MoS2 for the most stable stacking (AA1). The

dashed line represent the Fermi level. The calculated partial charge densities of homobi-

layers (d) MoS2/MoS2, (e) MoO2/MoO2 and heterobilayer (f) MoO2/MoS2.

For the homobilayer MoS2/MoS2 and MoO2/MoO2 systems, AA1 stack-

ing is energetically most favorable. This is in good agreement with the previ-

ous theoretical work [65, 55]. Similarly, the stacking type AA1 has the lowest

formation energy in the case of the heterobilayer MoO2/MoS2.

Regarding the electronic properties of these materials, the homobilayers

MoS2/MoS2 and MoO2/MoO2 in different stacking are semiconductor mate-

rials with the reduced band gap values as compared to those of single layer

counterparts. In both homobilayer cases, AA type presents the largest band

gap value while AB type has the lowest value (see Table. 5). In order to

understand the origin of the reduction in the band gap, the PDOS of the

most energetically stable bilayers are depicted in Fig. 12. A downwards shift
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of the CBM to the Fermi level is observed, and this is due to the presence of

the 4d orbital of the Mo atom. This orbital states shift is mainly responsible

for the reduction of the band gap. In the other hand, the VBM states are

populated by the Mo 4d orbital and S 3p (O 2p) orbital. These distributions

reconcile with the partial charge density analysis (see Fig. 12(d-e)). In the

case of heterobilayer MoO2/MoS2, a metallic behavior is observed for all type

of stacking orders. The PDOS reveal that the electronic states crossing the

Fermi level arise from Mo 4d orbital of the MoO2 layer (Fig. 12(c)). This is

confirmed by the partial charge density distributions populated at the Mo

atom of the MoO2 layer (Fig. 12(f)).

4. Conclusion

In this paper, we performed a comparative study of all possible O line-

ordered, cluster and random alloy configurations in a 5 × 5 supercell of

MoS2 monolayer for nanotechnological applications. An intensive compara-

tive study on the thermodynamic stability, structural and electronic prop-

erties of these configurations have been considered. For each alloy shape,

the most stable configuration at every concentration is identified and further

characterized. Their noted relatively low formation energies suggest that

these alloyed systems are thermodynamically stable and can easily be syn-

thesized at low temperature using methods such as CVD technique or can

easily be exfoliated from their bulk counterparts. The comparative study

presented in this paper encourages the experimental synthesis of the line-

ordered alloys since they are constantly energetically most stable at each

concentration. Moreover, the effect of the O atoms greatly reduces the lat-
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tice constant of the MoS2 monolayer thereby obeying the Vegard’s law. Most

importantly, alloying with the O atoms fine tunes the band gap of the MoS2

monolayer. The range of the obtained band gap values (2.17 eV (MoS2) -

0.98 eV (MoO2)) satisfies the requirement of nanoelectronic and solar cell

applications. Creation of stacking of MoS2 with MoO2 gives metallic char-

acter, with Mo 4d orbital crossing the Fermi level. In conclusion, the O

atom concentration and the atomic arrangement greatly affect the electronic

structures of the MoS2 monolayer, and the noted band gap variation can be

beneficial for electronic device design.
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[19] C. González, B. Biel, Y. J. Dappe, Nanotechnology 27 (10) (2016)

105702.

[20] S.-C. Lu, J.-P. Leburton, Nanoscale Res. Lett 9 (1) (2014) 676.

[21] K. Dolui, I. Rungger, C. D. Pemmaraju, S. Sanvito, Phys. Rev. B 88

(2013) 075420.

[22] A. V. Krivosheeva, V. L. Shaposhnikov, V. E. Borisenko, J.-L. Laz-

zari, C. Waileong, J. Gusakova, B. K. Tay, J. Semicond. 36 (12) (2015)

122002.

[23] J. Suh, T.-E. Park, D.-Y. Lin, D. Fu, J. Park, H. J. Jung, Y. Chen,

C. Ko, C. Jang, Y. Sun, et al., Nano letters 14 (12) (2014) 6976–6982.

[24] Y.-C. Lin, D. O. Dumcenco, H.-P. Komsa, Y. Niimi, A. V. Krashenin-

nikov, Y.-S. Huang, K. Suenaga, Adv. Mater. 26 (18) (2014) 2857–2861.

[25] Q. Yue, J. Kang, Z. Shao, X. Zhang, S. Chang, G. Wang, S. Qin, J. Li,

Phys. Lett A 376 (12-13) (2012) 1166–1170.

[26] P. Lu, X. Wu, W. Guo, X. C. Zeng, Phys. Chem. Chem. Phys. 14 (37)

(2012) 13035–13040.

[27] E. Scalise, M. Houssa, G. Pourtois, V. Afanasev, A. Stesmans, Nano

Research 5 (1) (2012) 43–48.

34

34



[28] K. He, C. Poole, K. F. Mak, J. Shan, Nano letters 13 (6) (2013) 2931–

2936.

[29] P. Johari, V. B. Shenoy, ACS nano 6 (6) (2012) 5449–5456.

[30] D. Dumcenco, K. Chen, Y. Wang, Y. Huang, K. Tiong, J. Alloys Compd

506 (2) (2010) 940–943.

[31] Y. Chen, J. Xi, D. O. Dumcenco, Z. Liu, K. Suenaga, D. Wang, Z. Shuai,

Y.-S. Huang, L. Xie, Acs Nano 7 (5) (2013) 4610–4616.

[32] T. L. Tan, M.-F. Ng, G. Eda, J. Phys. Chem. C 120 (5) (2016) 2501–

2508.

[33] X.-L. Wei, H. Zhang, G.-C. Guo, X.-B. Li, W.-M. Lau, L.-M. Liu, J.

Mater. Chem. A 2 (7) (2014) 2101–2109.

[34] P. M. Larsen, A. R. Kalidindi, S. Schmidt, C. A. Schuh, Acta Mater.

139 (2017) 254–260.

[35] L.-Y. Gan, Q. Zhang, Y.-J. Zhao, Y. Cheng, U. Schwingenschlögl, Sci-
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