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Abstract

Objectives. Two-dimensional transition metal dichalcogenides (TMDs) are utilized for various optical applications
due to the presence in these materials of a direct band gap corresponding to the visible and near-infrared spectral
regions. However, a limited set of existing TMDs makes the region of the used spectral range discrete. The most
effective way to solve this problem is to use two-dimensional TMD films based on multicomponent alloys, including
three or more different chemical elements (while TMDs consist of two). By varying their morphological composition,
one can control the value of the band gap and thus their optical absorption spectrum. However, since the band gap
in such structures is highly nonlinear as far as their chemical composition is concerned, it can be challenging to
select the required concentration in order to achieve uniform absorption. In this regard, the purpose of this work is
to theoretically determine the dependence of the band gap of four-component two-dimensional Mo, W, _, S, Se,;_,,
alloys on their morphological composition.

Methods. The calculations were performed within the framework of the density functional theory using the Quantum
Espresso software package. Flakes of two-dimensional TMDs alloys were prepared from bulk TMDs crystals by
mechanical exfoliation on a Si/SiO, substrate. An experimental study of the photoluminescence characteristics was
carried out using photoluminescence microscopy-spectroscopy.

Results. In this work, the dependence of the band gap on the morphological composition of two-dimensional
MoXW1_XSZySe2(1_ alloys was determined. Upon varying the composition of TMDs alloys, it was found that the band
gap changes from 1.43 to 1.83 eV. The obtained theoretical results are in qualitative agreement with the experimental
data.

Conclusions. The minimum band gap is observed in alloys close to MoSe,, while alloys close to WS, have the
maximum band gap value.

Keywords: transition metal dichalcogenides, two-dimensional semiconductors, band structure, band gap, density

functional theory
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Pe3iome

Llenun. bnarogapsa Hannunio NPSIMO30HHOIO Nepexoaa C LWMPUHONM 3arnpeLleHHON 30HbI, COOTBETCTBYIOLEN BUOM-
MOW 1 BnuxHern nHdpakpacHo ob6nacTsaM cnekTpa, ABYMEPHbIE ANXaNibKOreHnapl nepexonHbix metannos (AMNM)
HaxoOsT NPUMEHEHUE B PA3/INYHbIX ONTUYECKUX NPUoxeHnax. OaHako orpaHnyeHHbI Habop cylecTayowmx AMNM
nenaet 06n1acTb NCMNOIb3YEMOI0 CrekTpanbHOro ananasoHa auckpetHon. Hanbonee addekTMBHbIM COCOOBOM pe-
LLIEeHMS 3TOW NPOBIEMbI SBASIETCS MCMNOJIb30BaHWE ABYMEpPHbIX nieHok MM Ha 0CHOBE MHOMOKOMMOHEHTHbIX TBEP-
[OblX PACTBOPOB, B COCTaB KOTOPbIX BXOAAT TPU 1 B0siee pasinyHbiX XMMUYECKMX 3NeMeEHTa (B TO Bpemsi, kak MM
COCTOSAT 13 ABYyX). Bapbmpys nx Mop@ponornyecknii Coctar, MOXHO YNpaBisiTh 3HAYEHNEM LLUNPUHBI 3anpPEeLLLEHHON
30HbI, 1, TaKUM 06Pa30M, UX ONTUYECKMM CMEKTPOM MOroLeHMs. Tak KaK LWMpPUHA 3anpeLLeHHON 30HbI B TaKuX
CTPYKTYpax CUSIbHO HENIMHEHA MO OTHOLLEHMIO K MX XMMUYECKOMY COCTaBy, 3TO 3aTpyaHSeT noadop HeoOXxoanmo
KOHLUEHTPpaLMM AN AOCTUXKEHUS PABHOMEPHOIO MOrnoLweHns. B cBA3n ¢ 9TMM LEenbio AaHHOW paboThl SBnsieTcs
TEeopeTn4eckoe onpeneneHne 3aBUCMMOCTU LUMPUHBI 3anpeLleHHON 30Hbl HEeTbIPEXKOMMOHEHTHbIX ABYMEPHbIX
TBEp/bIX pacteopos Mo, W, _,S, Se, ;_,, OT MX MOPPONOr14eckoro cocTasa.

MeTopabl. PacyeTbl BbIMOMHEHbLI B pamMkKax Teopun GyHKLMOHana naoTHOCTU C MCMNOb30BaHNEM NPOrpaMMHOro
naketa Quantum Espresso. [JByMepHble KpUCTanTbl TBepabix pacTBopoB AMNM Obiin M3roToBNEHbl U3 06beM-
HbIX KpcTanios AMNMM meToamkon mexaHndeckon akcponmauun Ha nogsioxky Si/SiO,. kcnepumeHTanbHoe nc-
cnepoBaHne GOTONMIOMUHECLEHTHBIX XapakTEPUCTUK ObII0 NMPOBEAEHO MPU MOMoWwM (GOTONMOMUHECLEHTHOM
MWKPOCKOMNN-CMEKTPOCKOMUN.

PesynbTatbl. B paboTte 6bina onpeaeneHa 3aBMCUMOCTb LUMPYIHBI 3anpeLLEHHOM 30HbI OT MOPG)OSIOrMYECKOro Co-
CcTaBa ABYMEpPHbIX TBEPAbIX PAaCTBOPOB MoXW1_XSQySe2(1_y). YCTaHOBMEHO, YTO NPY BapbUpPOBaHUM COCTaBa TBEP-
Abix pactesopoB AMNM wunpuHa 3anpeLeHHon 30Hbl nameHsaetcs ot 1.43 go 1.83 aB. Noka3aHo, 4TO nonyyeHHble
TeopeTnyeckme pesdynbTatbl KAYECTBEHHO COBMNAAAOT C 9KCNEePUMEHTaNbHbIMY SAaHHBIMU.

BbiBoAbl. MUHMMAasbHOW LUMPUHOW 3anpeLLeHHO 30Hbl 061aaloT TBepAble pacTBOpbI, 6113KMe No CBOEMY COoCTa-
By K MoSe,, B TO BpeMs kak MakCUMasnbHOM — CTPYKTYpbl, 6113kme no ceoemy cocTasy k WS,,.

Kniouesble cnoBa: amxanbKoreHuabl nepexoaHbix MeTanios, ABYMEpPHbIE MoMyNpPOBOAHUKM, 30HHAA CTPYKTYpa,
3anpeLLeHHas 30Ha, Teopus GyHKLUMOHANa MNIoTHOCTY
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Mpo3payHocTb pUHAHCOBOM AeATENbHOCTU: ABTOPbLI HE UMEIOT PUHAHCOBOM 3aMHTEPECOBAHHOCTN B MPEACTaBEH-

HbIX MaTepuanax nin Metoaax.

ABTOpPbI 3a9BASAOT 06 OTCYTCTBMM KOHMIMKTA MHTEPECOB.

INTRODUCTION

The discovery by Novoselov and Geim of a
method for obtaining graphene in 2004 [1] aroused
great interest in the study of various two-dimensional
materials demonstrating unique physical properties.
Transition metal dichalcogenides (TMDs) can be
distinguished among such materials. TMDs comprise
materials having the formula MX,, where M is a
transition metal (Mo, W, etc.) while X is a chalcogen
(S, Se, etc.). The metal and chalcogen atoms have a
predominantly covalent bond forming a hexagonal
lattice. Bulk crystals have a layered structure with
weak Van der Waals interactions between layers [2].
Unlike graphene, which has the characteristics of
a semimetal, two-dimensional TMDs have a band
gap. The key feature of such materials is a strong
change in the configuration of their band structure
with a change in thickness: for example, bulk TMD
crystals are indirect-gap semiconductors, while two-
dimensional crystals are referred to as direct-gap
semiconductors [3]. Due to their direct transition-,
high charge carrier mobility-, and a number of
other properties [4], two-dimensional TMDs can be
used as materials for creating photodetectors [5],
phototransistors [6], solar cells [7], and other opto-
and nanoelectronic devices [8].

The parameters of devices made on the basis
of TMDs can be altered by varying the number of
layers, as well as their composition, deformation,
etc. The direct-gap transition in two-dimensional
TMDs promotes efficient absorption and generation
of light, which is important in optical applications.
An important characteristic that determines the
optical absorption of a material is the band gap. In
two-dimensional TMDs, the band gap is on the order
of 1-2 eV, which corresponds to the visible and near
infrared regions of the spectrum. Since the number
of available TMDs is very limited, the region of the
spectral range used is discrete. One approach to solving
this problem, which involves the synthesis of various
structures comprising more than two types of atoms is
possible due to the similar atomic structure of various
TMDs, allowing the creation of alloys based on them
(for example, MoSszez(l,x) or Mo W _S,) [9].
In addition, many works have been devoted to the

creation and study of heterostructures consisting
of two TPM layers of different composition (for
example, MoS,/WS,) [10] and “Janus monolayers”
(materials having the formula MXY, where M
is a transition metal atom enclosed between two
homogeneous layers of different chalcogens X and Y),
such as MoSSe or WSSe [11].

The use of alloys of two-dimensional TMDs is
due to the fact that, by changing the morphological
composition, one can quite accurately control the
band gap. This, in turn, allows for controlling the
absorption spectrum over the entire range of possible
values. The non-linear nature of the dependence of
the band gap on the morphological composition of the
solid solution makes it difficult to select the required
concentration to achieve the required parameters.
In this regard, there is a need to determine this
dependence.

At present, although there is a large number
of works devoted to the study of three-component
structures [12, 13], more complex structures remain
poorly studied. In this regard, within the framework
of the present work, a theoretical calculation of the
band structure of two-dimensional Mo, W, _ S, ySez(l_ 1)
alloys at x, y € 0—1 was carried out to determine the
dependence of the band gap on the morphological
composition.

METHODS

All calculations in this work were carried out from
first principles (ab inito) within the framework of
density functional theory (DFT) involving the Perdue—
Burke—FEisernhoff  exchange-correlation  functional
[14] and ultrasoft pseudopotentials. The calculations
were performed in the Quantum Espresso software
environment [15]. The minimum cutoff kinetic energy
was selected as 80 Ry, while the dimensions of the £-point
sampling grid were 8 x 8 x 1. The generation of singular
k-points in the first Brillouin zone was performed by
the Monkhrust-Pack method [16]. The unit cell of a
monolayer TMD contains 1 metal atom and 2 chalcogen
atoms. For calculations, a supercell was generated with
a dimension of 2 X 2 unit cells and including 4 metal
atoms and 8 chalcogen atoms. The supercell structure is
shown in Fig. 1.
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Fig. 1. Structure of the 2 x2 Mo W,_,S, Se,;_,,
supercell

In order to eliminate the influence of neighboring
layers, the cell parameter ratio ¢/a was set to about 2.5.

Two-dimensional TMD alloy crystallites were
fabricated from commercially available bulk TMD
crystals (6Carbon Technology, Shenzhen, China)! by
mechanical exfoliation onto a Si/SiO, substrate. The
initial samples were a series of MOSZXSez()H) with
different chalcogen concentrations. The parameter x in
the series varied from 0 to 1 with a step of 0.1-0.2. The
presence of interference effects allowed the thickness of
the created two-dimensional crystallites to be estimated
using optical confocal microscopy [17].

An experimental study of the photoluminescent
characteristics of the created two-dimensional solid
solutions of semiconductors was carried out using
photoluminescent microscopy-spectroscopy. A solid-
state laser having a wavelength of 532 nm was used as
a laser pump source. Next, the radiation was focused by
an objective on the sample fixed on the scanning stage.
The power density of the optical pump radiation was
approximately 15 mW/um?2. A photomultiplier coupled
to an optical monochromator was used for detecting
optical radiation.

RESULTS AND DISCUSSION

The band structures of two-dimensional
MoxwlfoZySez(lfy) alloys were calculated in several
stages. First, the two-component TMDs—MoS,,
WS,, MoSe,, and WSe,—were calculated using the
corresponding unit cells. After that, the obtained
results were compared with the calculations carried

I 'URL: http://www.6carbon.com/index-en.php. Accessed
August 3, 2021.

out earlier using a similar method. At the second stage,
three-component TMDs Mo, W,_S,, Mo W, _Se,,
MoSzySez(l,y),andWSz}}Se2 | of variousmorphological
compositions were calculated. At the final stage, the four-
component TMDs MoxWI,xSZySez(l,y) were calculated
and a general graph of the dependence of the band gap
on the morphological composition of the structures
under study was constructed.

The band structures of two-dimensional MosS,,
MoS,,, WS,, and WSe, calculated at the first stage are
shown in Fig. 2.

In all calculated structures, a direct-gap transition is
observed at the K point of the Brillouin zone. The band
gap E,, the unit cell parameter a obtained in the course
of calculations, and the results obtained using a similar
technique [18] are shown in Table.

Table. Theoretical results for two-component TMDs

TMD | agenA | @ A[18] | E,y.0neV |E, eV [18]
Mos, 3.18 3.18 1.69 1.68
MoSe, 3.32 3.32 1.44 1.45
WS, 3.19 3.18 1.79 1.82
WSe, 3.33 3.32 1.55 1.55

The calculation of three-component TMD alloys
was carried out for two cases, the first when the
concentration of transition metal atoms changes and
the second at an altered concentration of chalcogen
atoms. Figure 3 shows the dependences of the
band gap E, and the supercell parameter a for two-
dimensional Mo W, S, and Mo, W,_ Se, alloys on
changes in the concentration of transition metals in
their composition.

Both cases are characterised by a decrease in the
band gap with the predominance of Mo. The Mo W, S,
alloys are also characterized by a larger band gap than
Mo, W, Se, by 0.3 eV on average. The supercell
parameter varies insignificantly (within a few hundredths
of A) and is on average 6.36 A and 6.64 A for Mo W,_S,
and Mo, W, _ Se,, respectively.

Similar calculation results for the dependences
MoSzySez(lfy) and WSzy.Sez(.lfy) having different
chalcogen ratios are shown in Fig. 4.

For both alloys, an increase in the concentration of S
in the composition leads to an increased the band gap;
in this case, the supercell parameter decreases with the
predominance of S in the composition (by about 0.3 A
when going from Se to S).

To experimentally verify the theoretical results, the
luminescence spectra of two-dimensional TMD alloys
created by mechanical exfoliation were obtained. The
obtained luminescence spectra are shown in Fig. Sa.
It can be seen that all spectra have a characteristic
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Fig. 7. Dependence of the band gap
on the morphological composition of two-dimensional
Mo,W,_,S,, Se,;_,, alloys, where x is the relative
concentration of Mo atoms and y is the relative

concentration of S atoms in the composition

maximum in the range from 1.55 to 1.85 eV. The
positions of the maxima for each of the studied
compositions are plotted together with the obtained
theoretical results of the band gap in Fig. 5b. It can be
seen from the presented results that the theoretical and
experimental values at all TMD concentrations differ by
a fixed value of approximately 0.2 eV. This is because
DFT systematically underestimates the band gap; as a
result, the data obtained by calculations are somewhat
smaller than the experimental data [19].

The last step was the calculation of four-component
MOxWI—xSZyseZ(l—y) alloys of various compositions. The
band gap values were determined from the obtained band
structures. An example of the calculated band structure
for the Mo, ,sW, 555, 5S¢, 5 alloy is shown in Fig. 6.

As in two-component alloys, a direct-gap
transition is observed in all calculated four-component
MOxWI—xSZyseZ(l—y) alloys at the K point of the
Brillouin zone. Figure 7 shows the dependence of the
band gap on the morphological composition of alloys of
MoxWI,xSZySez(l,y) for x, y € 0-1.

The results show that in two-dimensional
MoxWI,xszySez(l,y) alloys of various morphological
compositions, the band gap can be varied within the range
of 1.83 eV to 1.43 eV. In this case, the minimum values
of the band gap have similar morphological composition
structures to the MoSe, monolayer, while the maximum
values are similar to those of the WS, monolayer.

CONCLUSIONS

In this work, a theoretical calculation of the band
structure of monolayer MoxWI,xSZySez(l,) alloys was
carried out. It was determined that all tﬁe calculated
structures are direct-gap semiconductors with a transition
to the K point of the Brillouin zone. It is shown that the
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supercell parameter depends weakly on the change in
the concentration of transition metals (Mo and W) but
is determined to a greater extent by the concentration
of chalcogens (i.e., it decreases when going from Se
to S). In two-dimensional MoxWI,xSZySez(l,) alloys,
it is possible to obtain structures having a band gap
ranging from 1.43 eV (for alloys with the compositions
close to that of MoSe,) to 1.83 eV (for alloys with
the compositions close to WS,). A comparison of the
theoretical results with the experimental data showed a
qualitative agreement of the dependences. In this case, it
is important to take into account that DFT systematically
underestimates the band gap by approximately 0.2 eV.
Further improvement of the obtained results implies
an increase in the dimension of the supercell, making

it possible to obtain band gap values for a larger set of
MoxWITx.SZySez(l_y) structures of various morphological
compositions.
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