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Abstract

Single layer transition-metal dichalcogenides mater(MoS, MoSe, WS, and WSe) are
investigated using the first-principles method witie emphasis on their responses to
mechanical strains. All these materials displaydhrect band gap under a certain range of
strains from compressive to tensile (stable rangé). have found that this stable range is
different for these materials. Through studyinglo@ir mechanical properties again using the
first-principles approach, it is unveiled that tlsgable strain range is determined by the
Young's modulus. More analysis on strains indudedteonic band gap properties have also
been conducted.

Keywords:. direct band gap; 2D materials; elastic properfiest principles.
1 Introduction

The transition-metal dichalcogenides (TMDs), sushMbS, MoSe, WS, and WSe have
attracted much attention owing to their superi@c&bnic, optical, mechanical and catalytic
properties [1-8]. It has been found that the moyel@X, type (T, transition-metal atom,
chalcogen atom) have several distinctive electramid optical properties including a direct
band gap (the band gap is in the range of 1.1G@¥) at theK point in the Brillouin zone
[9-11], strong photoluminescence effects[12-15] #ral possibility of full optical control of
the valley and spin occupation[16-19]. These prigerwill significantly enhance the
potential of using them in various applications tsuas pressure sensors[20], fast

photodetection[21], and nanoelectromechanical Bys{&EMS) devices[22].



monolayerTX, changes from direct type to indirect type, morec#cally the band gap has
been narrowed, eventually leading to the CBM (catida band minimum) plunge to below
the Fermi level, which implicates that the mateb&comes exhibiting metal properties.
Applying mechanical strains is one of the most psomg ways to tune the band gap of the
monolayerTX,. However, a few theoretical groups reported tHatimnship between the
Young's modulus and the deformation region of dife&and gap[26, 29]. The study on the
directional dependence of the mechanical straimbaseen conducted so far[11, 26]. Hence
the critical issue is to conduct a thorough ingzgion to unveil the relation between their

mechanical properties and electronic properties.

In this work, we simulate the Young's modulus ofmlayerTX; cells and investigate the
band structures of hexagonal and orthorhombic nayeolTX, cells under a wide range of
strain amplitudes in different directions usingstiprinciples methods. This theoretical
method has been used in many previous studies iDS[RB-27]. Our aim is to theoretically
explore the relationship between the Young’s mosland the width of the direct band gap
region. Furthermore, the directional properties stfains acting on the orthorhombic
monolayerTX, cells will also be explored. The effect of Youngisodulus and various
directions of strains on the monolayet, will be detailed in the following sections of this
paper. The phonon spectral properties of theserf@ierials have been studied in reference
[11], and our focus was not on studying this propaiNe also neglect other properties which
could be extracted from DFT, as it was simulated,examples, in references [30, 31] for
similar zigzag sheet monolayers with high Young'®dmus and strong mechanical

anisotropy.

2 Computational method

We start modelling the monolaydiX,. By creating two types of crystal cells using the
Atomistix ToolKit (ATK)[32] simulation tools, the attice constants and key bond
lengths/angles calculated are listed in Table keBHaon the lattice constant of Table 1, the
initial model of monolayeiTX, are established. Shown in the Figure 1, the mgeol&X;

can be viewed as composed of two-dimensional (0}X sheets stacked on top of one
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Table 1. Lattice parameters of monolay&e

Material a(A) d(A) 6(A)
MoS, 3.160 2.440 80.165
MoSe 3.288 2.524 82.477
WS, 3.160 2.450 80.452
WSe 3.290 2.531 82.749

Tope view

®
»—k\ Ay

Side view

/\/v\/ v\I

Figure 1. Schematic graphs of the 2D monolayer type cells. Thex andy lattice vectors

are shown. The hexagonal (green) and orthorhoméd) (inite cells are indicated.

The band structures of the monolayet type cells are calculated by the density functiona
theory (DFT) using the ATK. In our DFT calculationye use a numerical Linear
Combination of Atomic Orbitals (LCAO) basis sets)axe the method was described in [33].

We use the generalized gradient approximation (GG#) the parametrization of Perdew-



conditions. In order to optimize the geometries, ave utilized the Limited-memory
Broyden Fletcher Goldfarb Shanno (LBFGS) algoritB&}[ with the maximum stress
tolerance value of 0.01 eViAThe structure is fully relaxed until the force each atom
becomes smaller than 0.01 eV/A. Show in the Figyréor the hexagonal cell, in order to
maintain the crystal symmetry, the biaxial symnoatristrains have to be applied in both
the x/ly plane. However, for the orthorhombic cell, we egply biaxial asymmetric strains
along the armchairef) and zigzag g,) directions within thex/y plane. The deformation is
simulated by setting the lattice parameter to aditarger value and relaxing the atomic
positions. The amplitude of deformation is defirgsds = (a — ag)/ay, whereap anda are the

lattice parameters of the unstrained and straieds, cespectively.

TX2-hexagonal TX2-orthorhombic X

-&

‘\_.z—»v

/
l,

Figure 2. The applied strains directions are irtéidaby white arrows. (a) Symmetrical
biaxial strains on the hexagonal cell. (b) Asymigatrbiaxial strains on the orthorhombic

cell.

Using the DFT-GGA calculations, we show that thadagap Eg) of the monolayer Mo§
MoSe, WS, and WSeare 1.76 eV, 1.43 eV, 1.95 eV and 1.62 eV, whigh\ary close to
recent DFT calculations[11, 13, 36, 37], but slighdémaller than that measured using
complementary techniques of optical absorption,tghminescence and photoconductivity
of monolayer TX;;11, 155 Although the PBE exchange correlation functiomal DFT
underestimates the band gap, the GLLB-Sc and hyhuridtional lead to better agreement

with experiments. This trend is not generalized| amore often depends on the material and
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by approximately 1 eV and 0.45 eV, respectively[33, Moreover, Atacat al also reported
a higher value of the band gap by ust\g(2.78 eV) and G\W/(2.50 eV)[38]. Analyzing the
aforementioned data, we believe that our choicth®fPBE exchange correlation functional

for monolayer Mog MoSe, WS, and WSeis appropriate.
3 Simulation results and discussion

We calculated band structures for various amplguafebiaxial symmetric compressive and
tensile strains on the monolay&K, hexagonal cell, as show in Figure 3 and Figure 4,
respectively. The bold black lines are the bandnuie strain is applied. At equilibrium, the
monolayerTX, are direct band gap semiconductors with the cammudand minimum
(CBM) and valence band maximum (VBM)Kafpoint. Under strains (Figure 3 and Figure 4),
the conduction band is decreasing and the valeand I3 increasing as the value of strains
increase. The band structures have also changeddrdirect band gap to an indirect band

gap. The electronic states near the CBM and VBM contributed mainly from d,z, d,2_,2 and
d,, orbitals of the 7 atom (Mo and W) and the p orbitals of the X atom (S and Se)[11]. The
strong coupling between p orbitals of the X atom and d,, + d,,, orbitals of the 7 atom leads

to a large splitting between their bonding and antibonding states, which influence the strain-

induced band structures.
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Figure 4. Band structures of monolayer Mo@), MoSg (b), WS (c) and WSeg (d)
corresponding to 0%, 2%, 4%, 6%, 8%, 10% symmetrical biaxial tensile strains, respectively.
The shift trend of the CBM and VBM are indicateddygnge arrows.

In equilibrium, the monolayefrX, are direct band gap semiconductors with the CBEI an
VBM at theK point. Figure 5 shows the CBM evolution with thmpked symmetrical biaxial
strains for monolayeilX,; hexagonal cells into three regimes. (1) In thetre¢émregime,
monolayerTX; retains direct bang gap. The deformation range$ i6 which the materials
remain in the direct band gap regid®y)(of the CBM-strain curves are 0.04, 0.08, 0.02 and
0.06 for monolayer MoS MoSe, WS, and WSe, respectively. It is deduced thaf ws< Ry-
Mos<Ra-wse<R4-mosez (2) Exceeding gray dashed lines, the tensile dpressive strains
turn monolayefTX; into indirect band gap semiconductors and the inaa of the CBM
keep decline. (3) Under red dot chain line, the pssive strains turn the CBM lower than 0
ev.
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Figure 5. CBM variation of monolayer Me&), MoSe (b), WS (c) and WSg (d) with

compressive and tensile symmetric strains.

As seen from Figure 6, we depict the spatial distion of the charge density for the
monolayer Mog MoSe, WS, and WSe under the strain-free state. All of four TMDs are
formed by covalent bonding with four electrons frexternal shells of metal atoms being
donated to the counterpart non-metal atoms. Theirfmnenergy E) of these four materials
are therefore predominately determined by the blemgth () between adjacent atoms.
Figure 7 shows that the calculat®eX bond length of monolayer MgSMoSe, WS, and
WSe become closer due to Poisson contraction. Xt€bond lengths become smaller by
about 0.0244, 0.0254, 0.023A and 0.0214 per +1% biaxial strains for monolayer MoS2,
MoSe2, WS and WSe2, respectively. Moreover, theX bond length nearly decreases
linearly with the deformation from -10% to +10%gkre 7 shows a trend &fos<Lws<
Lmose<Lwse2from -1% to +5% deformation, which is the the mistormation change width

of direct band gap region of the CBM-strain curmeFigure 5. From this result, we can



Figure 6. The isosurface plot of the charge derdditymonolayer Mogand MoSe (a), WSe

and WS (b). The isosurface value was taken as @,05.
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Figure 7. Evolution of th&-X bond length with respect to strains.

Young’'s modulus Y) of all four TMDS (Ymos2 Ymosez Yws2 and Ywsep can be calculated
using the first-principles methods[26, 29, 36]. Blation results in Figure 8 shows that

stress-strain curve firstly display a nonlinearrelsteristic, indicating Young's modulus has a



the bonding forceR) and the atomic separation),(where,F « 1/r%. By stretching the
material, atomic separation increases, leadingettucedF, which is macroscopically
reflected the reduced elastic modulus. The mateonétening of the monolayer Mg3as
been reported previously in[29, 40]. Second, Figushows that in the small strain region
(from -0.012 to 0.012), the elastic modulus for sthematerials are calculated to be
Ymosz=217.6 GPaYmoser=171.4 GPaYws=218.8 andYwse=201.5 GPa, which demonstrate
a trend ofYwsz>Ymosz>Ywse2 >Ymose2

I I I T
15 B i %ﬁd 7
0Fr -
T ' ]
o ) :
@ -15 e -
) i |
0 © YMoeSe2=171.4GPa .
szezfz(]].f(}}’a
-30 + YMog2=2176GPa | 7
Yws2=218.8GPa
-0,I01 0.60 0.61
-45 - Strain (Ag) 7
1 L 1 1 1 1
-0.1 0.0 0.1 0.2
Strain (Ag)

Figure 8. Stress-strain curve for monolayer d%0Se, WS, and WSe

Macroscopically the inter-atomic bonding force eflected by the Young’s modulus,
characteristic of material stiffness defined assstrper unit strain. It is a logical elucidation
that a higher Young’s modulus leads to a highesriatomic bonding force, hence under an
identical strain, the material that has a higheunfgs modulus will experience a greater
stress. For example, the Young's modulus of,\is&Shigher than MoSthan WSe than
MoSe in Figure 8. Application of tensile strains on YW#creases the S-S bong length. The
effect is a reduction in the W-orbital and $ orbital coupling, which is revealed as the
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demonstrates Wihas the lowest stability and resulting in the oamst deformation region
of the CBM-strain curve in Figure 5. Results frdm tibove analysis and data of the Young'’s
modulus, it is deduced th&.wsz>Egmosz>Egwsez>EgmosezaNd Ry-ws< Ro-mMos<Ra-wse<Ro-
Mosez Which is exactly matching with the results frohe tfirst-principles simulations about
the band gap and the direct band gap region. Itbeaconcluded that &X, having smaller
young’s modulus will be more immune to mechanidahiss, exhibiting greater electro-
mechanical stability.

Figure 9 and Figure 10 show the band structuresuton with the asymmetrical biaxial
compressive and the tensile strains along the ain@h) and zigzagd,) directions on the
monolayerTX, orthorhombic cell. We investigate the CBM of thenbadue to strains in
directions betweenm, ande,. Firstly, the simulation was conducted by settihg ¢, -
direction strains to increase while keeping ¢he@nchanged. Then we repeat the calculation
whene,-direction strains increases by a small step. iy, the strains direction between

&4~ ande,- that leads to the most notable change of the @M be obtained. We define a

total strains of, = \/e,2 + &,2. It is seen from the simulation results in theufig9 that for
the compressive strains, the reduction of the CBMeue,-direction is faster thas,-
direction. Thes; threshold deformation of the CBM reaching to 0 &¥ roughly 13%, 9%
and 11% for monolayer MeSMoSeg and WSe, respectively. The CBM declines more
quickly under a pure,- ors,- direction deformation than the deformations aldhg 45
angle between,- ande,- direction, which displays a strong directionapeéedence effect.
However, Figure 10 shows for the tensile straihs, reduction of the CBM under uniaxial
g4- Org,- direction is smaller than biaxial symmetrical arefation both ire,- ande,-
direction. From Figure 10, it can be concluded tioatthe tensile strains, theg threshold
deformation for the CBM reaching to 0 eV are roygBP.6%, 21.2% and 19.8% for
monolayer Mog MoSe and WSe, respectively. For the tensile strains, the effactthe

band structures is almost independent on the dtreof the strains.
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Figure 9. CBM variation of the monolayer Mg@8), MoSe (b) and WSg (c) orthorhombic
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4 Conclusion

To summarize, the first-principles methods havenhesed to investigate the electronic and
mechanical properties of four monolayer TMD matsriaMoS, MoSe, WS, and WSe.
Hexagonal and orthorhombic cell structures of kst materials have been built and
subsequently simulated when subjecting to tensitt@mpressive strains. Main conclusion
is deduced that the region of the direct band gape CBM-strain curves exhibiting a trend
of Ry-ws=<R4-Mos<Ry-wse<Rd-mosea Which has been systematically underpinned byhéurt
first-principles studies on the stress-strain refatin the Young’s modulus and band gap
study, it has been analyzed that the Young’'s madahd band gap of these four materials
demonstrate a pattern Ofws2>Ymos2>Ywsez>Ymosez aNd Eg.wsz>Egmos2>Eg-wsez>EgMmosea
Therefore, it is reasonable to conclude that “sdfteonolayerTX, have wider direct band
gap regions and higher band gap, which is a ddsirptoperty for photoluminescence
applications. Then, for the orthorhombic cell, ttBM declines more quickly under a pure
g, Or g, direction compressive strains than the strairtsetweere, ande, , which displays a

strong directional dependence effect. However,stin@ins effect on the band structures is
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