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Abstract

Density functional theory calculations have been performed to study the thermodynamic stability, structural and electronic proper-
ties of various chromium (Cr) line-ordered alloy configurations in a molybdenum disulfide (MoS;) hexagonal monolayer for band
gap engineering. Only the molybdenum (Mo) sites were substituted at each concentration in this study. For comparison purposes,
different Cr line-ordered alloy and random alloy configurations were studied and the most thermodynamically stable ones at each
concentration were identified. The configurations formed by the nearest neighbor pair of Cr atoms are energetically most favorable.
The line-ordered alloys are constantly lower in formation energy than the random alloys at each concentration. An increase in Cr
concentration reduces the lattice constant of the MoS, system following the Vegard’s law. From density of states analysis, we found
that the MoS, band gap is tunable by both the Cr line-ordered alloys and random alloys with the same magnitudes. The reduction
of the band gap is mainly due to the hybridization of the Cr 3d and Mo 4d orbitals at the vicinity of the band edges. The band
gap engineering and magnitudes (1.65 eV to 0.86 eV) suggest that the Cr alloys in a MoS, monolayer are good candidates for
nanotechnology devices.
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1. Introduction graphene in the nanotechnological devices. Many experimental

and theoretical efforts have been made to open a band gap in
In the last few years, two dimensional (2D) layered materi- .
a graphene system [7, 8, 9, 10, 11]. A sizable band gap was
als have become an important area of research in material sci- . ) .
achieved, but it was found to be either too small [7, 8, 9] or too

ence. Due to their reduced dimensionality, they possess unique .
large [10, 11]. This issue drove researchers to explore other 2D

electronic and optical properties different from their bulk coun- . . .
materials such as boronitrene (h-BN) [12] and transition metal

terparts [1, 2, 3, 4]. These fascinating properties make 2D . .
dichalcogenides (TMD) [13]. Some of the TMD 2D systems

materials suitable candidates for various applications in nano- . . . . .

are particularly interesting due to their tremendous properties
electronic technologies [2, 4, 5]. The successful synthesis of . . . .

such as high mechanical strength, direct band gap and optical
graphene [6] was the starting point for the extensive explo- .

transparency [14, 15, 16, 17]. Because of these exotic proper-
ration of different types of 2D materials. Graphene has ex- . . . o )

ties, TMD materials are suitable for applications in the nano-
tremely high charge carrier mobility and exceptional mechan- . ) )

electronic and optoelectronic devices [15, 18, 19].
ical flexibility [1, 4]. However, it is a zero band gap ma- ) ]

TMD materials have the chemical formula MX,, where M

terial [1]. Consequently, this limits the direct application of

is a transition metal element and X stands for chalcogen from

group VIB element. Depending on the type of the transition
*Corresponding author
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lator (e.g. Zirconium disulfide (ZrS,)), metal (e.g. Niobium
disulfide (NbS,)), semimetal (e.g. Tungsten telluride (WTe,))
and semiconductor (e.g. Chromium disulfide (CrS;), Molyb-
denum disulfide (MoS;) and Tungsten disulfide (WS,)) [20].
Amongst the various TMD monolayers, MoS, monolayer is
the most widely studied material owing to some of its spe-
cial semiconducting properties similar to those of carbon-based
graphene [21, 22]. As in other semiconductors, the electronic
and optical properties of MoS, 2D material are usually control-
lable by tuning the band gap. Thus, engineering the band gap
of MoS, monolayer is important for designing nanoelectronic

devices.

Historically, alloying has been used as an effective method
to tune electronic structures of 3D semiconductor materials
[23, 24, 25]. Recently, several experimental and theoretical
studies have investigated the formation possibilities and elec-
tronic properties of alloys in the 2D TMD materials [26, 27,
28, 29]. For instance, Xu et al. [26] reported a chemical va-
por deposition (CVD) strategy for the growth of Mo;_,W,S,
and MoS;_,Se, monolayers. It was found that W (Se) al-
loys increase (reduce) the band gap of pristine MoS, mono-
layer from 1.83 eV to 1.97 eV (1.55 eV). It was suggested
that this band gap engineering is important to further optimize
the performance of nanoscale photoelectronic devices. Ton-
gay et al. [29] successfully synthesized Mo;_,W,Se, and re-
ported that the band gap of a MoS, monolayer can be tuned
by varying the W concentration. Using density functional the-
ory (DFT) approach, Xi et al. [27] reported that the band gap
of MoS, monolayer is tunable by W alloying and its enthalpy
of formation is exothermic. Komsa et al. [28] investigated
the thermodynamic stability and electronic properties of ran-
dom Mo;_,W,S,, MoS,_,Se,, MoS,_,Te, and MoSe,_,Te, al-
loys using DFT. They found that the formation energies for
MoS;_,Te, and MoSe;_,Te, alloys are positive although very
small and for Mo;_,W,S, and MoS,_,Se, are negative. They
also noted that the chalcogen alloys usually reduce the band

gap of a MoS, monolayer, whereas W alloys raise it during the

increase in concentration. In general, Se, Te and W alloys in

a MoS, monolayer are exothermic and fine tune the band gap.
This band gap engineering in a MoS; system is essential for the
fabrication of nanoelectronic devices. Chromium (Cr) is in the
same periodic table group with Mo and W, and thus deserve to
be investigated as well. Xie [30] reported that creating TMD al-
loys within the same transition metal group is usually feasible.
This has been noted in the case of W replacing Mo or Se and
Te replacing S in a MoS, monolayer. These type of systems
have a very small lattice mismatch with the MoS, monolayer.
To the best of our knowledge, there is no detailed publications
on the study of Mo;_,Cr,S, and the transition from MoS, to
CrS; monolayer through Cr alloying.

Studying all the possible configurations of alloys in a MoS,;
monolayer using a DFT method is not a tractable task. Alloys
in a 2D materials can appear in different configurations such as
clusters (many shapes : triangle-like, square, circular, etc), lines
and can randomly scattered away from each other in different
forms. The number of possible distinct configurations at any

concentration with a number n of the Cr atoms is obtained by :

!

ﬁ , (D

where N is the total number of Mo sites in a monolayer. For
instance, in the case of 20% concentration constituted by a to-
tal of 5 Cr atoms replacing the Mo atoms in a 5 X 5 super-
cell, there are 53130 possible configurations. Computing all of
these possible configurations is practically impossible as this re-
quires huge computational resources. To reduce this difficulty,
adopting typical configurations is helpful. Experimentally, it
was reported that the TMD alloys are usually synthesized in
random phases at high temperatures [30]. However, DFT stud-
ies at 0 Kelvin have reported that ordered phases have a lower
formation energy than random phases [30, 31, 32]. Most of
the previous studies on TMD alloys considered various cluster
configurations using a DFT approach [30, 31, 33]. A line alloy
which is another form of ordered alloy can appear in differ-
ent configurations in a MoS, monolayer, therefore worth to be
studied and to know the most energetically favorable configu-

ration. Komsa et al. [34] have studied line-ordered alloys of the



Se atoms substituting the S atoms in a MoS; monolayer. They
stated that line-ordered alloy can be a way to alter the electronic
properties of MoS; monolayer. The knowledge of the transition
metal line-ordered alloys substituting the Mo sites is scarce.

In this paper, we present a comparative study of the physi-
cal properties of line-ordered alloys and random alloys of Cr
atoms in a MoS; monolayer using a DFT approach. In a MoS,
monolayer supercell, the possible line-ordered alloy configura-
tions are few and can easily be identified at each Cr concentra-
tion. However, for the random alloys, a large number of differ-
ent configurations are possible. Special quasi-random structure
(SQS) method [35] is a tool that can mimic the possible random
alloy configurations at each concentration. This method has
been successfully applied to various alloys in a MoS; mono-
layer [33].

Based on the alloy formation energy analysis, we identify the
lowest energy configurations for line-ordered alloys as well as
random alloys at each concentration, when the Cr atoms substi-
tute the Mo atoms. To have an insight to the electronic proper-
ties of the lowest energy configurations, the densities of states
(DOS) were plotted. As opposed to W alloys, the band gap
of Mo, _,Cr,S, decreases with the increase in Cr concentration.
The band gap of MoS, monolayer is finite but tunable, making

it a good candidate in nanoelectronic devices.

2. Methodology

We have systematically investigated the thermodynamic sta-
bility, the structural and electronic properties of Mo;_,Cr,S,
alloys using the DFT method implemented in the Vienna ab-
initio simulation package (VASP) [36, 37]. To describe the core
electron interactions, projector augmented wave (PAW) pseu-
dopotential [38] were used. The generalized gradient approxi-
mation (GGA) exchange correlation parameterized by Perdew,
Burke, and Ernzerhof (PBE) [39] was employed to treat the
exchange correlation interactions. The supercell size, kinetic
energy cut-off and Brillouin zone sampling convergence tests
were conducted, and a 5 X 5 supercell was chosen. A ki-

netic energy cutoff of 300 eV for the plane wave expansion and

2 x 2 x 1 k-point mesh were used. All the structures were fully
relaxed. The convergence threshold was 107> eV for energies
and 2 x 1072 eV/A for forces. To suppress interactions between
adjacent supercells, a vacuum spacing of 15 A was constructed
in the perpendicular direction.

To examine the relative stability of the distinct possible con-
figurations of Mo;_,Cr,S, alloys, the formation energy of each
configuration was evaluated. The formation energy (Ey,,) is

given by:
Eform = EMol,xCrXSZ - (1 - x)EMoSz - xECrsz s (2)

where Ey,, cr.s,, Emos, and Ec,s, are the total energies of
the mixed compound, the pristine MoS, and the pristine CrS,
monolayers, respectively. The x parameter is the concentration
of Cr introduced in a MoS; monolayer [40].

The different flavors of GGA functional [39, 41, 42, 43, 44]
are known to underestimate the energy band gap of a material.
In order to improve our band gap values, the hybrid functional
of Heyd, Scuseria, and Ernzerhof (HSEQ06) [45] was also used.
At the end of our discussion, we briefly compare the band gap
values obtained from GGA functional with those obtained from
the HSE functional.

The Cr substitution alloys in a MoS; monolayer
(Mo;_,Cr,S;) can be generalized as a binary A;_,B, al-
loy. For a perfect random alloy, the correlation function is
given by [];,,(R)= 2x — 1)*, where k = 2,3,... indicates the
pair (2), triple (3).... correlation functions; m = 1,2, 3, ... indi-
cates the first, second and third,...,nearest-neighbor distances
and x represent the concentration of the substituted atoms [46].
In the SQS method, the sites i occupied by atoms A or B are
assigned to a variable o; equals to -1 or 1, respectively. The
correlation function for this binary alloy can be written as
[Tem = ﬁ Dikm} T102...0%, Where Ny, is the total number
of shape that can be obtained when varying k and m. In the
present study, only the nearest-neighbor pairs are scrutinized,
since the interactions between far distant neighbors have been

reported not to have much effect on the total energy [33]. In

this model (nearest neighbor pair), the correlation function
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I, is given by I, = 0 jop, Where Npopg is
the number of bonds between nearest neighbor metals, N is
the total number of transition metal in the supercell, j and &
represent the two pair sites considered. If the total number of
the nearest-neighbor bonds between A — A (Mo-Mo), B — B
(Cr-Cr) and A — B (Mo-Cr) atoms are denoted by Naa, Npp and

Nap, respectively, the correlation function can be written as :

Nya + Npg — Nap
Naa + Ngg + Nag’

The number of atoms A (Mo) and B (Cr) in an A;_,B, alloy

I, = 3)

is given by: Ny = N(1 —x) and Ng = Nx. In addition, assuming
that z is the coordination number of atoms in the system, N4

and Njp are related to the number of bonds as:

NA _ Napt2Naa

) “

Np NAB*'ZZNBB

Therefore, the correlation function in equation. 3 becomes :

8N,
My =1-4x+ —2, 5)
Nz

Thus, equation. 5 shows that the correlation function can be
completely described by Npg. The SQS configurations are con-
sidered to have the same correlation functions as the perfect
random alloys: [],;(R) = [[,(SQS) [46]. Using this equal-
ity and equation. 5, we found that the number of Ngg = %szz
in a TMD monolayer. In our study, N = 25 and z = 6 in a
5 x 5 supercell of MoS; monolayer. It can be shown that at
x=0.2,0.4,0.6 and 0.8 the Npp = 3, 12,27 and 48 respectively,
yielding the SQS random alloy configurations. Many random
alloys configurations are possible but the optimum SQS config-
urations are those that have the same correlation function as the

perfect random alloy, i.e, pair, triple, etc.

3. Results and discussion

In order to study the effect of the Cr substitutional dopants
on the thermodynamic stability, structural and electronic prop-
erties of a MoS, monolayer, the physical properties of the pris-

tine MoS; and CrS, monolayers need to be understood first. In

this section, we investigate the structural and electronic prop-
erties of these pristine systems. Thereafter, the Cr atoms are
introduced into a MoS; monolayer by occupying the Mo sites
only. An incorporation of the Cr atoms into a MoS, monolayer
is treated in two cases; firstly, the low Cr concentration has been
considered and secondly, the high concentration has been taken

into account to form the alloys.

3.1. Pristine MoS, and CrS, monolayers
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Figure 1: (a) Top view and (b) side view of the 2D TMD MoS; or CrS,. The
blue spheres indicate the transition metal atoms and the light yellow spheres
indicate the sulfur (S) atoms. 4] and a3 are the lattice vectors. A unit cell is

drawn with dashed lines.

The 2D TMD (MoS; and CrS,) have different polymorphs
such as the hexagonal and tetragonal [47]. Previous studies re-
ported that the hexagonal structures of MoS, and CrS; mono-
layers are the most stable ones [20]. Top view and side view
of the hexagonal TMD monolayer are shown in figure. 1. The
transition metal (Mo or Cr) layer is sandwiched between the
two adjacent sulfur (S) layers and form covalent bonds. The
transition metal atoms occupy one sublattice of the hexagon and
the S atoms occupy the other.

The fully optimized lattice constant for the MoS, and CrS,
monolayers are found to be 3.18 A and 3.05 A, respectively.
The bond lengths Mo-S and Cr-S are 2.41 A and 2.29 A, re-
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Table 1: The theoretical and experimental energy band gaps of the pristine

MoS; and CrS; monolayers.
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Figure 2: The total density of states (TDOS) for the pristine (a) MoS, and
(b) CrS; monolayers (black lines). The red and green curves are the projected
density of states (PDOS) for the transition metal d orbitals and S 3p orbitals,

respectively. The dashed vertical lines indicate the Fermi level.

spectively. These values agree quite well with the experimental
and the previous DFT data [48, 49, 50].

To study the electronic properties of the pristine MoS, and
CrS, monolayers, density of states (DOS) were evaluated. Fig-
ure. 2 shows the total DOS (TDOS) for pristine MoS, (fig-
ure. 2(a)) and CrS; (figure. 2(b)) monolayers. These plots
present a gap between the top of the valence band (VBM)
and the bottom of the conduction band (CBM) indicating that
both the pristine systems are semiconductors. We found that
the band gaps of MoS, and CrS; monolayers are 1.65 eV and
0.86 eV, respectively. These values are consistent with the pre-
vious theoretical and experimental data shown in Table. 1. The
PDOS in figure. 2 show that the VBM and CBM states of MoS,
and CrS; monolayers arise mainly from the 4d and 3d orbitals
of the transition metal, respectively. Small contribution from
the 3p orbitals of the S atoms is noted in both figures. This is

in agreement with the results of Dolui ef al. [55] and Zhuang

Structure  Method Band gap (eV) Ref.
MoS, Experimental 1.9 [51]

Experimental 1.75 [52]

GGA 1.67 [49]

GGA 1.65 This work

HSE 2.25 [49]

HSE 2.14 [53]

HSE 2.17 This work
CrS, GGA 0.89 [33]

GGA 0.86 This work

HSE 1.48 [54]

HSE 1.31 This work

et al. [54].

Spin polarized calculations were carried out for all of the cal-
culations in this paper. However, the majority spin DOS are
symmetrical to the minority spin DOS, indicating that the sys-
tems are non magnetic in nature [33, 56]. Therefore, we only

show the DOS for spin-up channel, for the entire paper.

3.2. Isolated Cr dopants in a MoS, monolayer

Next, we examine the effect of isolated (/) one and two Cr
dopants on the thermodynamic stability, structural and elec-
tronic properties of a MoS, monolayer. As mentioned earlier,
the Mo and S atoms occupy different sublattices of the hexago-
nal MoS; monolayer as shown in figure. 1.

The Mo atoms occupy one sublattice for the entire struc-
ture, and due to the symmetry of the system, we only have one
possible unique configuration for single Cr doping shown in
figure. 3(a) called C;;). However, in the case of the two Cr
dopants, different configurations are possible.

All the distinct configurations of the two Cr dopants are
shown in figure. 3(b)-(e), namely configurations Cyy), Cs),
Cuq and Cs(y. Configuration Cy;) is constructed by introduc-
ing the two Cr atoms at the Mo sites within the same hexago-

nal ring-like in a 5 X 5 supercell of a MoS, monolayer. These



Figure 3: (a) The relaxed structure of a single Cr doping in a MoS; monolayer.
The various configurations of the two Cr dopants (b) Cy(y), (c) C3(), (d) Ca(py
and (e) Cs(). The blue, red and light yellow spheres indicate the Mo, Cr and S

atoms, respectively.

two dopants are first nearest neighbor to each other (see fig-
ure. 3(b)). The second possible configuration Cs;, involves the
second hexagonal ring-like. Csy is obtained when the second
Cr atom is the second nearest neighbor of the first Cr atom (see
figure. 3(c)). Configuration Cyy is obtained when the second
Cr atom is placed as the third nearest neighbor with the first Cr
atom (see figure. 3(d)). The last configuration Cs;) is obtained
when the second atom is the forth nearest neighbor of the first
Cr atom (see figure. 3(e)) considering only the Mo sites.

In order to study the stability of these different configura-
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Figure 4: The formation energies for distinct configurations of the two dopants
in a MoS; monolayer. Along the x axis, configurations Cy(7), C3(1), C4() and

Cs(1) denote the first, second, third and forth nearest neighbor Cr atoms.

tions, we calculated the formation energies using equation. 2.
The formation energy for Cy(; is 2 meV, revealing an endother-
mic reaction. Figure. 4 summarizes the formation energies for
the different configurations of the two dopants in a MoS; mono-
layer (Cyy, Cs(y, Caqry and Cs(py). It can be seen that Cy ) has
the highest formation energy, while C,(;) possessing the lowest.
We realize that the Cr-doped system becomes more unstable
when the Cr atoms move farther away from each other. Thus,
this is an evidence that the two Cr dopants prefer to be closer
to each other in a MoS; supercell, when considering the Mo
sites only. Although positive, the formation energies shown in
figure. 4 are very low, suggesting that Cr-doped configurations
can form under reasonable conditions.

In all configurations considered, the Cr-S bond distance is
0.10 A on average lower than the initial bond length of the
MoS; monolayer. Various bond lengths can be read from fig-
ure. 3. This relatively small value reveals that Cr does not cause

significant structural distortions in a MoS, monolayer.
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Figure 5: (a) The TDOS of single Cr doping in a MoS; monolayer (Cy(z)). The
TDOS of the configurations (b) Ca(z), (¢) C3(s), (d) Ca(ry and (e) Cs(;). The black

dashed vertical lines indicate the Fermi level.

Figure. 5 presents the TDOS of our distinct Cr configura-
tions in a MoS; monolayer. It is found that the incorporation

of the Cr dopants preserves the semiconducting properties of
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Figure 6: All the possible configurations of line-ordered alloys of Mo;_,Cr,S; at each concentration. Configurations (a) Cy(o.2)z, and (b) Cx.2) correspond to 20%,
(¢) Ci(0.4)z and (d) Ca(0.4)z. to 40%, (e) Ci.6)z. and (f) Cy(0.6)r to 60%, and (g) Ci(o.8)z and (h) Ca(o.8)z to 80% of the Cr atoms. The blue, red and yellow spheres

represent the Mo, Cr and S atoms, respectively. The formation energy (Ef,.m) of each configuration obtained using equation. 2 is shown at the bottom of each

diagram.

MoS, monolayer but reduces the band gap of the system sig-
nificantly. Even at a very low concentration of 4% Cr dopant
(one Cr dopant), the band gap has been reduced from 1.65 eV
(pristine MoS,) to 1.48 eV. Comparing different configurations
of the two dopants, it is noted that the most stable configuration
Cy(1) has the smallest band gap (see figure. 5b), while Cs;y pos-
sessing the largest (see figure. 5e). Revealing that the band gap
can be fine tuned by variation of the distance between the two

Cr dopants.

Since these preliminary results suggest that the Cr atoms pre-
fer to be closer to each other, it is important to examine the ef-
fect of Cr dopants at high concentrations. In this study, the Cr
line-ordered alloy and random alloy at different concentrations
and in various configurations are studied. This is further sup-
ported by Lewis et al. [57] who reported that Cr substituting Mo

in a MoS, monolayer can be synthesized at high concentration.

3.3. Line-ordered and random alloys of Cr atoms in a MoS,

monolayer

3.3.1. Thermodynamic stability and structural properties of
Moy_Cr,S; alloys

As mentioned earlier, simulation of the alloys in a layered
systems is a great challenge due to thousands of possible atomic
arrangements. In this section, a systematic study of Cr line-
ordered alloys and random alloys has been considered. Five
concentrations (x = 0.2,x = 0.4,x = 0.6 and x = 0.8 corre-
spond to 20%, 40%, 60%, 80% and 100% Cr atoms) have been
chosen.

To create the line-ordered alloys, we substitute the Mo atoms
in a MoS; monolayer with the Cr atoms at different concentra-
tions, along a particular direction (zigzag and diagonal). At
each concentration, distinct configurations are identified and

examined. All the possible Cr configurations are shown in fig-
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Figure 7: Various selected unique Cr random alloy configurations at 20% of Cr atoms (left panel): (a) Cy(0.2)r, (b) C2(0.2)r» (€) C30.2)&, (d) Ca0.2)r, (€) Cs(0.2)r, (f)

Co(0.2)r> (8) C70.2)r and (h) Cg(o.2)r- Those obtained at 40% (right panel) are : (i) Ci0.4)r. G) C20.48> (K) C30.48> (1) C40.4)r- (m) Cs5(0.4)r, (n) Cg(0.4)r> (0) C70.4r

and (p) Cg(0.4)r. At 60% and 80% concentrations, the selected configurations are the same as those obtained at 40% and 20%, respectively, but with transition metals

swapped. The blue, red and yellow spheres represent the Mo, Cr and S atoms, respectively.

ure. 6 named Cy 0.2z, C20.2)L, Ci0.42, C20.4)L> Cr0.6)2, C20.6)L5
Ci.sr and Cjg)r. To avoid repetition, the periodic bound-
ary conditions are always taken into account when constructing
the line-ordered alloys. Configurations Cj(g 2z, and Cy 2, cor-
respond to 20% of the Cr atoms. Configuration Cy2), is ob-
tained when the Cr atoms are placed along a zigzag path of the
hexagonal MoS; monolayer occupying the same Mo sublattice
(see figure. 6(a)) and configuration Cy g2y, is formed by substi-
tuting the Mo atoms along the diagonal of the supercell, also

occupying the same Mo sites (see figure. 6(b)).

Configurations Cj.4)r, and Cyg .4y, correspond to 40% of the
Cr atoms. In Cy( 4, the Cr atoms constitute two adjacent par-
allel lines along the zigzag path (see figure. 6(c)). Configura-
tion Cy4). is constructed by two lines of the Cr atoms along
the zigzag, but separated by a line of the Mo atoms (see fig-
ure. 6(d)). At 40% concentration, the line-ordered alloy along
the diagonal is not possible. Following the same pattern, con-
figurations Cy .61, and Cy(o6), are identified in 60% concentra-
tion (see figure. 6(e) and figure. 6(f)). Lastly, configurations
Ci.s)r and Cyg). are obtained when 80% of the Cr atoms
substitute the Mo atoms. These configurations are similar to
those of Cy(9.2)r. and Cy(2)z, but the transition metal elements are
swapped (as shown in figure. 6(g) and figure. 6(h)). It is clear

that at each Cr concentration, only two distinct line-ordered al-

loy configurations are possible.

For random alloys, many unique configurations at each con-

centration are identified using SQS method. figure. 7 presents
the selected unique configurations at 20% and 40% concentra-
tions. For a perfect alloy (optimum pair correlation function
of the SQS) at 20% concentration, three Cr-Cr bonds (Ngg =
3) should be formed at each configuration as described in the
methodology. For instance in configuration Cj2)z shown in
figure. 7(a), the three Cr atoms adjacent to each other form two
Cr-Cr bonds (Npp) and the third Cr-Cr bond is formed rela-
tively far away. In configuration Cyq2r, three of the intro-
duced Cr atoms substitute the three Mo atoms in the hexago-
nal ringlike showing a triangular arrangement, forming the re-
quired three bonds (figure. 7(b)). The remaining two Cr atoms
do not necessarily need to form Ngg (Cr-Cr bond). Follow-
ing the same procedure, configurations C30.2)r, Ca0.2)r> Cs50.2)r>
Ces02)r> Cr02)r and Cg(o2)r are also identified. The same pro-
cedure (SQS model for nearest-neighbor pair) has been applied
at 40% concentration. Hence, at 40%, the required Ngg = 12
has been met and all the identified configurations are also pre-
sented in figure. 7. At 60% and 80% concentrations, all the se-
lected configurations are the same as those obtained at 40% and
20%, respectively, but with transition metals swapped. Some
of our configurations are the same as those in ref. [58] for

MO(I,X)WXS}

In order to compare the relative stabilities of the Cr line-
ordered alloys and random alloys, we have calculated the for-

mation energies using equation. 2. The calculated formation
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energies of the line-ordered alloys are presented in the bottom
of each diagram in figure. 6. Although formation of the Cr line-
ordered alloys seems to be endothermic (positive formation en-
ergy), their magnitude values are relatively very small, suggest-
ing that formation of the Cr alloys in a MoS, monolayer can
be spontaneous. Comparing the formation energies of the line-
ordered alloy configurations at each concentration, we found
that C02), Ci0.4)r, Cio.6r and Cjs). are energetically the
most stable configurations at 20%, 40%, 60% and 80%, respec-
tively. Configuration Cy2z is 1.1 meV lower than Cy 2y in
energy at 20% concentration. Since the separations between the
Cr atoms are larger in configuration Cy 2y, than in configura-
tion Cy(o2)r, this observation suggests that the interaction of Cr
alloys in a MoS; monolayer is desirable. Moreover, the major
driving force on the stability of these systems is the concen-
tration, because figure. 8(a) shows a parabolic curve revealing
that the formation energies of the configurations rise with the
increase in Cr or Mo concentration. At 40%, it is noted that
configuration Cj4);, is more energetically favorable than con-
figuration Cyi4y.. This emphasize an idea that the Cr atoms
prefer to be grouped together. It can be seen that when the two
Cr lines alloys are separated by a line of the Mo atoms (see fig-
ure. 6(d)), the relative stability of configuration Cj 4z, reduces
significantly. This trend is also noted in 60% of the Cr atoms. In

configuration C¢)z, three Cr lines alloy are grouped together

(see figure. 6(e)) but in configuration Cy )., three Cr lines al-
loy are separated by a line of the Mo atoms (see figure. 6(f)).
We observe that configuration Cy ), is more energetically fa-
vorable than configuration Cy¢)r. At 80% concentration, we
note the same behavior as that of 20%. This is not surprising
because in 80% concentration, the Cr atoms occupy the sites of

Mo in 20%.

Table. 2 presents the stability of the various Cr random alloy
configurations. Just like in the line-ordered alloys, the forma-
tion energies of all configurations are positive. Although posi-

tive formation energies indicate that Mo;_,Cr,S, would prefer

Table 2: Formation energies of the selected unique Cr random alloy configura-
tions at different concentrations x. The bold values represent the lowest energy

configurations at each concentration.

Formation energies (eV)

Conf. | x=02 | x=04 | x=06 | x=0.8
Cig | 0.0086 | 0.0139 | 0.0149 | 0.0090
Cyr | 0.0104 | 0.0181 | 0.0169 | 0.0997
Csg | 0.0089 | 0.0149 | 0.0147 | 0.0122
Csg | 0.0103 | 0.0144 | 0.0146 | 0.0119
Csg | 0.0102 | 0.0185 | 0.0179 | 0.0124
Cer | 0.0095 | 0.0130 | 0.0145 | 0.0095
Cszr | 0.0097 | 0.0182 | 0.0169 | 0.0091
Cgg | 0.0100 | 0.0167 | 0.0161 | 0.0124




segregation at OK [33], their magnitudes are very small sug-
gesting that they can form at temperatures of few degrees Cel-
sius. These Cr random alloys are plausible structures and some
of these configurations were synthesized at low concentra-
tion [57]. The thermodynamic stability of these alloys greatly
depends on the Cr pair coordination (Cr-Cr), see the lowest en-
ergy configuration Cj2)r shown in figure. 7(a). Apart from
Ci0.2)r and C3(o)r, all other configurations have slighty high
formation energies since they possess an unpaired Cr atoms.
This is in agreement with Wei et al. [33] who reported that the
long distance neighbors interaction contribute less energy than
nearest-neighbor. Following the pair correlation function, the
same behavior is noted at 40% concentration. The most ener-
getically favorable configuration at 40% concentration, Ce(.4)r
is shown in figure. 7(n). In this configuration, it is noted that
all the Cr atoms are paired showing Npp correlation. All the
selected configurations at 60% behave as those at 40%. Sim-
ilar finding is observed also for 20% and 80% concentrations.
Configurations Cgo )z and Cj.g) to be the most stable at 60%
and 80% reveal that even Mo alloys in CrS, monolayer would

prefer pair coordination.

The formation energies of the most stable structures at each
concentration for the two types of alloys considered are plot-
ted in figure. 8(a). We found that at x = 0.2 and x = 0.8,
the energy difference between the Cr line-ordered alloys and
Cr random alloys are very small. This might originates from
the fact that in both configurations Cj ), and Cy2)r, the Cr
atoms are completely paired to each other enhancing the stabil-
ity. However, at x = 0.4 and x = 0.6, the line-ordered alloys
have significant lower formation energy than the random alloys.
The most stable configurations for the Cr line-ordered alloys
Ci0.4 and Cyo6)r, present a continuous Cr atom pair coordi-
nation, whereas in the Cr random alloy configurations (Ce(.4)r
and Ce(.6)r), there is a Mo line separating the group of paired Cr
atoms compromising the stability. Therefore, our results reveal
that the line-ordered alloys are plausible structures and can be

synthesized at the same conditions as random alloy structures.

We now study the effect of the Cr line-ordered alloys and
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random alloys on the structural properties of a MoS, mono-
layer. After full relaxation, we note that the incorporation of the
Cr atoms into MoS; monolayer preserves the hexagonal sym-
metry of the system but the area changes due to the change in
lattice constants. Figure. 8(b) shows how lattice constants of
Mo, _,Cr,S, alloys change as a function of Cr concentration.
We find that the values of the lattice constants for the alloys
range between those of pristine MoS, and CrS, monolayers in
both cases. It is also noted in figure. 8(b) that the lattice con-
stants of the configurations are inversely proportional to the Cr
concentration. This reduction is specifically due to the smaller
atomic radius of Cr atom compared to that of Mo atom. The
atomic radii of Cr and Mo are 166 picometers and 190 picome-
ters, respectively [59].

Usually, the physical properties (e.g. lattice constant and
band gap) of an alloy Mo,_,Cr,S; as a function of the dopants
concentration x are described by the following quadratic equa-

tion [25, 31, 60]:

P(x) =(1 = x)P(MoS ) + xP(CrS,) —bx(1 -x), (6)

where P(MoS,) and P(CrS,) are the physical properties of the
pristine MoS, and CrS; monolayers, respectively and b is called
bowing parameter. It characterizes the degree of deviation from
linearity trend.

If b in equation. 6 is equal to zero, the so called Vergard’s
law is obeyed. This law states that there is a linear relation-
ship between the physical properties of a host material and the
concentration of alloys [61, 31]. Then equation. 6 reduces to:

P(x) = xP(NX,) + (1 — x)P(MX3) . @)

We plotted in figure. 8(b) the lattice constants of the lowest
energy configurations for the line-ordered alloys and random
alloys as a function of Cr concentration. For comparison pur-
pose, we have plotted also in figure. 8(b), the lattice constants
of the alloys using equation. 7. We note that the three plots, for
the random and line-ordered alloys and equation. 7, are super-

imposed on top of each other. It can also be seen in figure. 8(b)
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that the lattice parameters change almost linearly with the Cr
concentration. This characteristic of the line-ordered and ran-

dom alloys obeys Vergard’s law.

3.3.2. Electronic properties of Mo,_.Cr\S, alloys
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concentration Ci.2), C10.4)L, Ci(0.6). and Cy(o.8)z, while the green line con-

nects those for the random alloys Ci(0.2)r, Cs0.4)r» Co(0.6)r and Ci(o.8)r-

To examine the electronic properties of the Mo;_,Cr,S, al-
loys, DOS calculations were carried out. Figure. 9 and fig-
ure. 10 show the TDOS and PDOS of the stable structures at
20%, 40%, 60% and 80% of the Cr atoms for the line-ordered
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alloys and random alloys, respectively.
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Figure 12: (a)Top view of Mo;_,Cr,S; line-ordered alloys showing the devia-
tion in bond lengths due to Cr atoms. (b) Side view of the same Moj_,Cr, S,
structure. The blue, red and yellow spheres indicate the Mo, Cr and S atoms,

respectively.

We find that these two types of alloys significantly fine tune
the band gap of a MoS, monolayer. For all Cr concentrations
considered, the semiconducting behavior of a MoS, monolayer
is preserved but the band gap is reduced. Figure. 11 presents
the band gap values of the Mo,_,Cr,S, alloys calculated at dif-
ferent Cr concentrations. We find that the band gap decreases

when the Cr concentration increases. The reason might be due
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to the inward strain along the xy-plane induced by small atomic
radii of the Cr atoms compared to those of Mo atoms. No Cr
buckling is noted along the z-axis of the MoS, monolayer (see
figure. 12(b)). Bond lengths of the line-ordered alloys are dis-
played in figure. 12(a) . The relaxed Cr-S bond length is about
231 A on average (same for both line-ordered alloys and ran-
dom alloys). This value is 0.1 A less than that of Mo-S of about
2.41 A. The deviation in bond lengths should be responsible for
reduction of the MoS, monolayer band gap as well as the lat-
tice constant. This is opposite to the previous result on isovalent
substitution Mo, W;_,S,, where the band gap increases with the
concentration of W atoms [28]. The band gap of Mo;_,Cr,S,
line-ordered alloys as well as random alloys range between 1.65
(x = 0) and 0.86 eV (x = 1).

suitable for solar spectrum and thus tuning the band gap of a

This range of band gap is

MoS, monolayer has an important role in the solar energy con-
version [53]. These values might improve when using other
exchange-correlation functionals such as HSE or Green’s func-

tion (GW) [62].

Subsequently, in order to study the contribution of the Cr or-

bital states on the reduction of band gap, we analyze the PDOS
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for stable configurations at 20%, 40%, 60% and 80% shown in
figure. 9 and figure. 10. This is to examine if there is any hy-
bridization of Cr, Mo and S orbitals. For all cases, it is noted
that the 4d orbitals of the Mo atoms and 3d orbitals of the Cr
atoms are the major contributors for the VBM. The 3p orbitals
of the S atoms also contribute for the VBM but in a small mag-
nitude. We also find that CBM state is mainly contributed by
the 3d orbitals of the Cr atoms. These Cr 3d orbitals states get
more populated at the band edges when the Cr concentration
increases, thus reducing the band gap significantly as shown in
figure. 9(d) and figure. 10(d). We further analyze the partial
charge density distribution for VBM and CBM states for the
lowest energy line-ordered alloy configurations shown in fig-
ure. 13. It is noted indeed that the VBM state is mainly dom-
inated by Mo and Cr charge densities (see figure. 13(a)). The
small cloud of charge on the S atoms next to Cr atoms is also
noted. On the other hand, the CBM state only arises from the
Cr atoms charge density at each concentration. These partial

charge densities results confirm the PDOS analysis.

The GGA exchange correlation is known to severely under-

estimate the band gap of a real material. In order to check the re-



liability of our previous GGA calculations, we have calculated
the TDOS using HSE functional. For the pristine MoS, and
CrS, monolayers, our HSE band gaps are 2.17 eV and 1.31 eV.
Our results are in agreement with the previously reported HSE
values (as shown in Table. 1). Compared to the experimen-
tal data, HSE overestimates the band gap of MoS, monolayer
(~+0.25 eV). Due to the high computational cost consuming
of the HSE calculations, we calculated the band gaps of low-
est energy configurations. At 20% of the Cr atoms, the HSE
band gap is 1.62 eV (1.71 eV) for line-ordered (random) al-
loys more than the GGA value by 0.49 eV (0.64 eV). At 40%,
a HSE band gap of 1.53 eV (1.52 eV) has been obtained also
more than the GGA predicted value. Although HSE values are
more than the GGA values in magnitude, their trends are the
same. This suggests that GGA functional can qualitatively de-
scribe the line-ordered alloys in a MoS; monolayer. Our results
suggest that Mo;_,Cr,S, line-ordered alloys are essential for

nanotechnology devices.

4. Conclusions

In conclusion, using a DFT approach, we have successfully
performed a comparative study of the thermodynamic stability,
structural and electronic properties of Mo;_,Cr,S; line-ordered
alloys and random alloys. The lowest energy configuration has
been identified at each concentration to predict new plausible
materials for nanotechnological device applications. The line-
ordered alloys are constantly lower in formation energies than
the random alloys at each concentration. Generally, the forma-
tion energies for all configurations are found to be very small
(close to zero) suggesting that the Mo;_,Cr,S, alloys can be
synthesized under ambient conditions.

Interestingly, both the line-ordered alloys and random alloys
fine tuned the band gap of a MoS, monolayer. The Cr con-
centrations are found to be the major driving force in tuning
the band gap of a MoS, monolayer. The small atomic radii of
the Cr atoms compared to those of Mo atoms induces inward
strain in the structure affecting the electronic properties of the

MoS, monolayer. The hybridization of the Cr 3d and Mo 4d
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orbitals occurs at the vicinity of the band edges resulting in the
reduction of the band gap. The magnitude of the Mo;_,Cr,S,
alloys band gap values obtained from GGA and HSE function-
als meets the requirements for solar energy conversion and nan-
otechnological devices applications. The further study of line-
ordered alloys is encouraged for other TMD, both theoretically

and experimentally.
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