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First-principles calculations have been performed to study the structural features of the monolayer
MoS;1-x5€ax (x =0.25) alloy and its electronic properties. We studied the effects of the relative
positions of Se atoms in a real monolayer alloy. It was demonstrated that the distribution of the
Se atoms between the top and bottom chalcogen planes was most energetically favorable. For a
more probable distribution of Se atoms, a MoS;(; x)Seax (x =0.25) monolayer alloy is a direct
semiconductor with a fundamental band gap equal to 2.35 eV (calculated with the GVJ-2e method).
We also evaluated the optical band gap of the alloy at 77K (1.86eV) and at room temperature
(1.80eV), which was in good agreement with the experimentally measured band gap of 1.79¢eV.
Published by AIP Publishing. https://doi.org/10.1063/1.5011326

I. INTRODUCTION

The discovery of graphene has opened a wide area of
research and application of 2D materials; however, its zero
band gap has limited the scope of its applications in electron-
ics." Semiconducting transition metal dichalcogenides
(TMDs) represent a class of layered materials. TMD mono-
layers such as MoS,, MoSe,, WS,, and WSe, are direct band
gap semiconductors (with an optical band gap of 1-2eV).
Owing to a nonzero band gap, rich physics, and promising
applications in electronic and optoelectronic devices, transi-
tion metal dichalcogenides have attracted much attention.”

The width of the band gap (fundamental and, as a conse-
quence, optical band gap) is a key parameter that determines
the efficiency of many devices such as field effect transistors,
photodiodes, phototransistors, and solar cells.> So, engineering
the band gap of TMD materials with the optimal band gap is
the key in fabrication of efficient devices. Because TMD
monolayers share a similar atomic structure, it is possible to
create an alloy on their base with a tunable band gap. Such a
tunable band gap will be defined by the alloy composition.

For TMD materials, depending on the chemical composi-
tion of the alloy, two types can be specified. The first type of
alloy is characterized by the presence of two different atoms of
the transition metal [Mo(;_x WS, and Mo WSe, (Refs. 6
and 7)]. Photoluminescence (PL) characterization of the Mo;.
x WS, monolayer alloys has shown the continuously tuned
emission from 1.82e¢V (reached at x=0.20) to 1.99eV
(reached at x = 1).8’9 Moreover, centimeter-scale and high-
quality Moy sWq sSe; alloy films were obtained on both a rigid
Si0,/Si substrate and a flexible polyimide (PI) substrate.'

For the second type of alloy, two different chalcogen
atoms present in the alloy [MoS;(;_x)Sexx (Refs. 11-15) and
WSsa.09€2x (Ref. 6)]. A tunable composition of the
MoSy(1.x)Seax alloy with controlled morphology and a large
domain size was obtained with physical vapor deposition
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(PVD).'®'” Additionally, ultrathin MoSy(; _,Se,y alloy nano-
flakes, with monolayer or few-layer thicknesses, were pre-
pared through a high-temperature solution method.'® Li
et al."® reported a simple one-step chemical vapor deposition
approach for the simultaneous growth of alloy MoS,,Ses_x)
triangular nanosheets with complete composition tunability.
Further continuous lateral growth of composition-graded
bilayer MoS;(;_x)Sexx alloys along single triangular nano-
sheets was demonstrated by an improved chemical vapor
deposition approach.” Also, vertical heterostructures, includ-
ing TMD monolayers and alloys, were synthesized [ex.
MoS,;—MoS;(;_x)Seax (Ref. 21) and Mo, _W,S,—WS,, and
Mo, _W,S, alloyed bilayer heterostructures>?].

The stability and the band gap of MoS,/MoSe,/MoTe,
alloys have been studied theoretically.>** The optical
band gaps of alloys were estimated within the density func-
tional theory (DFT) with Perdew-Burke-Ernzerhof (PBE)
approximation for exchange-correlation energy and ranged
from 1.65¢V to 2.0eV.? However, it is well known that the
PBE generalized gradient approximation (PBE GGA) and
GGA+U underestimate the band gap of bulk TMDs by
approximately 30%,”°7° and, for the detailed theoretical
study of TMD alloys, a more sophisticated method is needed.

Recently, we proposed the GVJ-2e method developed
within the DFT framework for an accurate band gap calcula-
tion. The GVJ-2e method is based solely on the total energy
computations and is adjustable parameter free. This method
demonstrated results with high accuracy and excellent agree-
ment with experiments for a wide range of materials, from
bulk semiconductors (ex. Si, C, Ge) to wide gap insulators
(ex. Xe, Kr).*'*2 The calculation of the fundamental and
optical band gaps of bulk and monolayer TMDs in the GVJ-
2e method showed more accurate band gaps than the results
obtained with the PBE, hybrid functionals [Heyd-Scuseria-
Ernzerhof (HSE)], and GW.**

In this paper, we present the theoretical analysis of the
energy of formation of a monolayer MoS,.xSe, alloy
(x=0.25) and the microscopic structural stability (different
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alloy configurations with variation in the positions of
substituting atoms of Se). We study electronic properties of
the MoS, 5Seq s alloy, which include the density of states
and the fundamental and optical band gap by using the
GVJ-2e method. Calculated optical band gaps are compared
with experimental PL spectra of MoS,(;x)Sexx (x = 0.25).

Il. THEORETICAL BACKGROUND

The fundamental band gap has been calculated in frames
of the GVJ-2e method based only on the DFT total energy
calculations.**® The final nonlinear equation for the funda-
mental band gap includes the local density approximation
(LDA) band gap and two correction terms when taking into
account a nonlocal part of the exchange correlation energy

functional and has the form
(0)
E,
1 S A 1
o))
(0)

where E;” is the fundamental band gap and E is used only
for the dimensionless energy in the exponent (and is deter-
mined by the unit of energy, which, in our case, is taken to
be equal to Ey = 1eV). The EéLDA) is the band gap defined as
the difference between the ionization potential and the elec-
tron affinity when two electrons are added or removed from
the system and is calculated according to Eq. (2) by using
the LDA approximation and referred to as LDA2e. The cor-
rection terms are Ay, and EETCO;C) and could be evaluated
from Egs. (3) and (4). Their precision defines the precision
of the calculated band gap

1 1 ”
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In Egs. (2)—(4), all the quantities included are the total ener-
gies of neutral (Z=0) and charged systems (Z=+42 and
Z = —2). The term EET%;C) takes into account a nonlocal part
of the exchange-correlation interaction of the pair of elec-
trons at HOMO with the rest of the neutral system.

The final form of Eq. (1) was obtained with the assump-

tion for the limit limg, o E(j3}) = 15, ~ E{5) . The
term EETZ;?) describes a nonlocal part of the exchange-

correlation energy between the (1) and (2) pairs of electrons
in the system with N + 2 electrons. The approximation gives
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good results for band gap computation for such 3D materials
as C, Si, Ge, LiF, and BN as well as for wide gap insulators
(Xe, Kr).31 For TMD materials, when a pair of electrons (1)
belongs to the d orbital (molybdenum), which is more delo-
calized compared with the s and p orbitals, we used the fol-

(c00) _ ploouxc)

lowing approximation of the limit limg,_.o E<]27Eg) (12.0)

~ EETCO)“) — EE;O 6';‘"). In this study, all calculations are made

by using a crystal supercell method as implemented in the
Quantum Espresso package.**

lll. RESULTS AND DISCUSSION

MoS, and MoSe, are semiconducting TMDs, which
possess the hexagonal symmetry with the space group
P63/mmc. The TMD monolayer (1L) consists of three atomic
planes in the configuration when two chalcogen (S or Se)
planes sandwich the plane of metal atoms (Mo). Bulk TMD
is formed when monolayers are stacked together with weak
inter-plane but strong intra-plane interactions.

The MoSy(;.x)Sexx alloy represents a 2D monolayer
alloy. It is built from the MoS, monolayer, when some of the
S atoms are substituted with Se atoms. In a real alloy, for the
same concentration x, the substituting atoms of Se could
occupy different atomic positions in the supercell. We con-
sidered the MoS,;_x)Seox alloy with the substitution rate
x=0.25 (25% of S is replaced with Se), which allows us to
study the effect of atomic positions of Se atoms in a real
alloy on the structural and electronic properties. Thus, two
Se atoms substituted two S atoms in a MoS, supercell that
contains 12 atoms. There are several possible atomic posi-
tions for the Se atoms. Such configurations include the distri-
bution of Se atoms between the top and bottom chalcogen
planes (¢/b3, t1b4, and ““stacking” t/bI) and the occupation
of a single chalcogen plane by Se atoms (¢/¢2, t/t4, and
b2b4). Figure 1 demonstrates all configurations ¢/bl, tib3,
tib4, t1t2, tit4, b2b4 of MoS, monolayer with two S atoms
substituted with Se, which corresponds to the MoS; 5Seq 5
monolayer alloy.

Quantum Espresso®* implementation of the DFT was
used for the computation of structural and electronic proper-
ties of bulk and monolayer TMDs. We used projector aug-
mented wave (PAW) pseudopotentials and Perdew-Zunger
(PZ) LDA® and PBE GGA® approximations of the
exchange-correlation energy. The Brillouin zone was sam-
pled by using the Monkhorst-Pack approach, and
10 x 10 x 1 mesh was used for the monolayer alloy. The
kinetic energy cutoff was set to 40 Ry.

For each Se substitution configuration of the MoS; 5Seq 5
alloy, first, full relaxation of atomic positions and the lattice
parameter (a) were performed. The obtained atomic positions

t1e2 b2b4

LML

FIG. 1. A MoS; 5Se( s monolayer alloy with different positions of the Se atoms: top 1 bottom 3 (#/b3), top 1 bottom 4 (¢/b4), top 1 bottom 1 (¢/b1), top 1 top 4
(t1t4), top 1 top 2 (¢112), bottom 2 bottom 4 (h2b4). Atoms on the figure: grey, Mo; yellow, S; blue, Se.
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and the relaxed lattice parameter were used in all subsequent
computations. The fundamental band gaps were calculated by
using supercell with 48 atoms.

Table I presents the relaxed lattice parameter of the
MoS;1-x5€a2x (x =0.25) alloy for different positions of Se
atoms. The lattice parameter of the relaxed MoS, and MoSe,
monolayers differs in approximately 5%. The alloy lattice
parameter deviates from the MoS, 1L lattice parameter by
approximately 1%—1.5% for all configurations. Such devia-
tion corresponds to an approximate 11% shift (LDA) of the
alloy lattice parameter from the lattice parameter of MoS,
1L toward the lattice parameter of MoSe, 1L (17% for PBE).
The shift was calculated according to Eq. (6). For the
MoS; 5Se( 5 alloy monolayer, Boltzmann probability averag-
ing (see Table I) gives lattice parameters 6.311A (PZ LDA)
and 6.442A (PBE GGA).

We analyzed the formation energy of a MoS; sSeq s
supercell with different positions of Se atoms to study the
real structure of the alloy. The formation energy of the par-
ticular configuration of the alloy is calculated according to
the following equation:

Efm'mati(m = EMOSZ(IH)SQ‘ - (1 - X)EMUSZ - xEMaSeZ. (5)

Figure 2 presents the formation energy of the
MoS; 5Seq 5 alloy for different positions of Se atoms. The
configurations with a negative formation energy are more
stable. The ¢/b3 and ¢/b4 configurations have the lowest for-
mation energy. These configurations correspond to Se atoms
located at the top and bottom chalcogen planes. The t/bl
configuration (stacking of Se atoms on top of each other) has
a higher formation energy but is still negative. This configu-
ration is the most ordered from configurations with Se atoms
located in the two planes. The configurations in which both
Se atoms are located at the same plane (¢/t4, t/t2, and b2b4)
have positive formation energy. The latter make them less
likely to appear during the synthesis of the MoS; 5Seg s
alloy.

Although it was previously reported that, for the
MoS;(ix)S€exx system, the variation in formation energies is
small (few meV), and there is no preference for any particu-
lar configuration,”® we conclude that the configurations ¢/h3
and t/b4 are energetically more favorable. In a real
MoS, 5Seq 5 alloy, all these configurations will be observed

TABLE 1. The relaxed lattice parameter (a) for MoS,, MoSe,, and
MoS;5sSeps (for each structural configuration) monolayers and the
Boltzmann probabilities of each configuration. All lattice parameters are
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FIG. 2. MoS, 5Seqs alloy formation energy for different positions of Se
atoms (calculated in PBE GGA). Energy values are provided for the cell
with 12 atoms. Atoms in the figure: grey, Mo; yellow, S; blue, Se.

with different probabilities. We calculated the partial distri-
bution function for all configurations in a real alloy (see
Table I). Most positions of the Se atoms in a real alloy corre-
spond to the configuration with Se atoms distributed between
the top and bottom layers.

Recently, we computed the fundamental and optical
band gaps of monolayer TMDs (MoS,, MoSe,, WS,, and
WSe,) by using the GVJ-2e method.** The calculated band
gaps were in good agreement with the experimental ones
obtained from the scanning tunneling spectroscopy (STS)
and PL experiments.

We calculated the fundamental band gaps of the
MoS; 5Se( s alloy with different positions of Se atoms by
using the GVJ-2e method according to Eq. (1). Table II
presents the calculated GVJ-2e fundamental band gap of the
MoS; 5Se( 5 alloy. The value of the fundamental band gap
not only depends on the substitution rate, but is also sensitive
to relative positions of Se atoms in the MoS, matrix.

To evaluate the influence of the relative distribution of Se
atoms on the fundamental band gap and the lattice parameter,
we calculated the shifts according to the following equation:

TABLE II. Theoretical fundamental band gap (GVJ-2e QP) of MoS,,
MoSe,, and MoS; 5Seq s (for each configuration) monolayers, LDA2e band
gaps, and correction terms. Experimental band gaps from STS measurement.
All values are in eV.

given in A for the cell with 12 atoms. IL GVJ-2e QP Exp. LDA2e EETC;‘) — EE;?(;')‘") A
L PZLDA PBE GGA Probability ~ MoS> 238 240° 267 038 —0.19
MoS, sSeq s 2.35 2.56 0.26 ~0.13
MoS, 6.282 6.395 113 2.37 2.57 0.26 ~0.13
MoS, sSeq s 6.311 6.442 11b4 2.37 2.57 0.26 —0.13
t1b3 6.311 6.441 0.236 11b1 2.34 2.55 0.25 —0.13
11b4 6.311 6.441 0.235 114 2.33 2.53 0.26 —0.13
11b1 6.311 6.441 0.177 12 2.33 2.53 0.26 —0.13
14 6.312 6.442 0.120 b2b4 2.32 2.53 0.27 ~0.14
e 6.312 6.442 0.116 MoSe, 2.12 218" 226 0.17 —0.08
b2b4 6.312 6.445 0.116
MoSe, 6.542 6.669 “Reference 37.

®Room temperature (RT) Ref. 39.
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MoS5Seps _ MoS,
Eg Eg
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shift(a) = (6)
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Table I highlights that the lattice parameter is almost
independent of the Se atom positions for a particular sub-
stitution rate, whereas the band gap is very sensitive to the
positions of the Se atoms (see Fig. 3). The case in which Se
atoms are located on a single plane corresponds to the band
gap of approximately 2.32 eV, whereas the distribution of
Se atoms between the planes corresponds to band gap val-
ues close to 2.37eV. The configurations in which both Se
atoms are concentrated at one plane (#/#4 and t112, b2b4)
have a higher band gap shift toward the MoSe, band gap.
For TMD monolayers, the experimental fundamental band
gaps are 2.40eV and 2.5eV for MoS,, and 2.18eV for
MoSe,.>’ We obtained the Boltzmann average value of
the fundamental band gap of 2.35eV for the MoS; 5Seq s
alloy by using the calculated probability distribution func-
tion (Table II). As expected, the calculated GVJ-2e funda-
mental band gap of the MoS; 5Se( 5 alloy lies in the range
between the MoS, and MoSe, band gaps.

We provide the calculation of the fundamental band
gap, which should be compared with an experimentally
obtained band gap via the STS measurement. Unfortunately,
only limited STS measurements are available for pristine
TMD monolayers. Usually from an experiment, the optical
band gap is available [determined from photoluminescence
spectrum (PL)]. It was previously23 shown that the MoS,;.
x3¢€y alloy band gap was mostly in the red part of a visible
spectrum (1.65-2.0eV). PBE calculations® give the value of
the MoS; 5Seq s band gap as 1.63 eV, which differs from the
experimentally obtained value of 1.79 eV (Ref. 17) on
0.16eV (9%).

Therefore, we also estimate the optical band gap for
MoS, 5Seqs alloy at a low temperature by using the E§L
= EgP — Eexc binding €quation, where Eoy. pinding 1S the exciton
binding energy. The theoretical exciton binding energy has
been calculated on the basis of the Bethe-Salpeter equation
(BSE) theory and equals 0.501eV and 0.465eV for MoS,
and MoSe, monolayers, respectively.* For the alloy
MoS; 5Seq.s, BSE exciton binding energy is not available.
Therefore, in our case, to estimate the exciton binding energy
for the MoS, 5Seq s alloy, we used the following interpola-
tion equation:

. 28} —e—GV]-2e QP
w24+ L 4
- X 20 L /Q*‘/
Q [
o 16| &
o & L
- €12}
s 7 8 /
fis] 4L 6—&
ot I 1 1 1 I 1
tib3 tib4 tib1l tit4 tit2 b2b4

MoS, ,Se . configurations

FIG. 3. Calculated shifts of the MoS; sSeqs GVI-2e quasi-particle (QP)
band gap from MoS, values toward MoSe,.
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Eal/oy o (1 o X)EMoSZ

exc.binding ~— exc.binding

+ xEMoSez (7)

exc.binding

and obtained Ej.)~*=0.492eV. Thus, for MoS; sSeo.s
alloy configurations, the optical band gap at low temperature
ranges from 1.83 to 1.88eV.

It was previously demonstrated that PL spectra of MoS,/
MoSe, depend on the temperature.*' Namely, the intensity of
the PL peak increases both for MoS, and MoSe,, and the peak
position shifts to lower energy with increasing temperature.

To estimate theoretical PL band gap values at room
temperature, we need to estimate the PL band gap shift
with temperature. The analytical expression for Ey(T) is
lacking, although the origin of band gap temperature
dependence is known.*! We estimate the PL band gap shift
with temperature according to the equation AE] = E."
—EX", which is based on the average experimental values
of PL for room and low temperature (77 K) measurements.
For MoS, and MoSe, the PL band gap shifts with tempera-
ture are AEg =0.0475eV and AE§:0.0802 eV, respec-
tively. For the MoS; sSey s alloy, the interpolated value
of PL band gap shift with temperature equals AEL<'*Y
=0.557¢eV, and the band gap at room temperature equals
E¥' = EYT — AE]. The calculated values of the optical
band gap at 0K (PL LT) and room temperature (PL RT)
are presented in Table III.

TABLE III. Calculated GVJ-2e fundamental band gaps for MoS,, MoSe,,
and MoS; 5Se 5 alloy (for each configuration) monolayers. The calculated
GV1J-2e optical (PL) band gap for low (PL LT) and room temperature (PL
RT) and for Boltzmann averaged values. Experimental values of the PL
band gap at RT and LT. Theoretical band gaps from GW, GoW,, and HSE
are referenced from the literature. Band gap values are in eV.

GVJ-2e GVJ-2¢ PLLT GW/GyW,,

1L QP (PL RT) Exp. PLLT (PLRT)  [HSE]

MoS, 238 1.88(RT1.84) 192*°(RT1.87°, 29792488
1.89°, 1.86%, 1.87°) [2.02M

MoS;sSeps 235  1.86 (RT 1.80) RT 1.79'

11b3 237  1.88 (RT 1.82)

t1b4 237  1.88 (RT 1.82)

t1bl 234 1.85(RT 1.80)

t1t4 233 1.83(RT 1.78)

12 233 1.84(RT 1.78)

b2b4 232 183 (RT L.77)

MoSe, 212 1.65@RT1.59) 1.621,1.65% 1.66' 2.4172.18¢
(RT 1.54™, 1.59", [1.72"]

1.6°, 1.52°

277K Ref. 37.

°RT Ref. 42.

°RT Ref. 43.

IRT Ref. 44.

°Our measurement at RT.

fGW Ref. 48.

g(}0\)\/0 Ref. 49.

"HSE Ref. 24.

RT Ref. 17.

J6 K Ref. 45.

K76 K Ref. 46.

12K Ref. 46.

m300K Ref. 45.

"RT Ref. 42.

°RT Ref. 47.
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FIG. 4. Comparative projected density of states for Mo, Se, and S atoms in the MoS,, MoSe,, and MoS; 5Se 5 (/b3) alloy. The projected density of states for
Mo, S, and Se in the MoS; 5Se( s alloy (#/b3 configuration). A band diagram of the MoS; 5Se 5 alloy (¢/b3) with top v-band and bottom c-band lines of MoS,

and MoSe, (LDA PZ).

We analyzed the projected densities of states (pDOS) of
the MoS; 5S¢ 5 alloy in comparison with MoS, and MoSe,
(see Fig. 4). The presence of Se atoms in the MoS, matrix
affects not only the pDOS of sulphur but also the pDOS of
molybdenum. The presence of Se atoms shifts and changes
the shape of the Mo pDOS (and the number of states/eV) in
the compound compared with the monolayer MoS,. The
MoS, sSe; 5 alloy pDOS is dominated by Moy, S;,, and Se,
states.

Figure 5 illustrates a comparison between the calculated
band gaps using the GVJ-2e method with the experimental
ones. For the MoS; 5sSeq 5 alloy, only the experimental value
for the room temperature PL band gap is available.
Averaging the RT values of the band gap over the Boltzmann
distribution function for different positions of Se atoms in a
real alloy yields E§"“!” =1.80eV, which is in good agree-
ment with the experimentally obtained 1.79 eV (Ref. 17)

3.0 & GVI-2e QP
2.8 I v GVJ-2e PLLT
> "7 * GVI-2ePLRT
s 2.6F " GW,
© r |
O gyl = BW
2L "Mt Mos
© 2.2} 2
2 L *
S 2.0F = MoSe,
+ I MoS, _Se
g 1.8} 1.5~ 0.5
L = MoS
[} 2
I'E 1.6_— -
M
1.4 A1 ) |0 e? 1 . 1 N 1 . 1 . 1
1.4 1.6 1.8 2.0 22 24 26

Experimental band gap, eV

FIG. 5. Comparison of theoretical and experimental band gaps for
MoS; 5Seg.s, MoS,, and MoSe, monolayers: QP, fundamental (quasi-parti-
cle) band gap; PL, optical band gap at low (LT) and room (RT) tempera-
tures. Theoretical band gaps include those calculated with the GVJ-2e
method (QP, PL LT, PL RT) and values from the literature (GW, GoW,,
HSE in Table III).

[which corresponds to an absolute deviation of 0.01eV
(2%)]. The calculated band diagram of the MoS; 5Se 5 alloy
leads to the conclusion that the alloy is a direct band gap
semiconductor (see Fig. 4).

Good agreement between theoretically obtained PL
band gaps for low and room temperatures also demonstrates
that interpolated values for the exciton binding energy and
PL band gap temperature shift could be used to estimate the
PL band gap from the calculated fundamental band gap of
2D alloys.

IV. CONCLUSIONS

In this study, we present the first-principles calculations
of the structure and electronic properties (fundamental and
optical band gap) of 2D alloy MoS; 5Sep.s with the GVJ-2e
method.

Analysis of the formation energies of the MoS; 5Seg 5
monolayer alloy with different positions of Se atoms shows
that alloy configurations with Se atoms distributed between
the top and bottom chalcogen planes tend to be more ener-
getically favorable during the synthesis; although the alloy
configurations when Se atoms are concentrated at the top or
bottom chalcogen plane are less likely to occur.

The calculation shows that the MoS; 5Se;s monolayer
alloy is a direct band gap semiconductor similar to mono-
layers of MoS, and MoSe,. The calculated fundamental band
gap equals 2.35eV and lies between the experimental values
of 2.40eV and 2.5eV for MoS, and 2.18 eV for MoSe,.>” ™
Such an average value corresponds to an approximate 30%
shift from an experimental band gap of monolayer MoS,
toward MoSe,. We also reveal that the fundamental band gap
is not only sensitive to the substitution rate but also the rela-
tive position of the substituting atoms. We evaluated the exci-
ton binding energy (E,yc pinding = 0.492¢€V) and evaluated the
optical band gaps of the MoS; sSeqs alloy at low (77K:
EJMH = 1.86eV) and room (E5HT = 1.80eV) temperatures.
The estimated optical gap at the room temperature of 1.80eV
agrees well with the experimental value of 1.79eV. This fact
confirms that experimentally observed PL transitions corre-
spond to an optical band gap. This study also confirms that
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the recently proposed GVJ-2e method could be used for accu-
rate band gap calculations for 2D alloys.
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