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Strain magnitude and direction effect on the energy
band structure of hexagonal and orthorhombic
monolayer MoS»

Shuo Deng, Yan Zhang, Lijie Li, Senior Member, IEEE

Abstract—We report changes of the band structure of hexag-
onal and orthorhombic cells of the monolayer molybdenum
disulfide (MoS2) subject to various magnitude and direction of
the mechanical strains based on the first principle method. The
conduction band minimum (CBM) of this two-dimensional (2D)
material has been calculated to establish the relation with both
the magnitude and direction of the strains. It is found that the
CBM at I'" point of the hexagonal cell decreases in a slight
concave shape for the tensile strain, and a convex shape for the
compressive strain. For the orthorhombic cell, we demonstrate
that the effect is almost independent on the direction of the
applied tensile strain. However, there is a strong directional
dependence for compressive strain.

Index Terms—Band structure, MoS2, Mechanical strain

I. INTRODUCTION

HE transition-metal dichalcogenide semiconductor

molybdenum disulfide (MoS3) has attracted much
attention owing to its superior electronic, optical, and
catalytic properties [1] [2] [3] [4]. It has been found that
the monolayer has several distinctive electronic and optical
properties including a direct bandgap with a band gap of
about 1.8eV [2], strong excitonic effects [5] [6] [7] [8]
and the possibility of full optical control of the valley and
spin occupation [9] [10] [11] [12]. These properties will
significantly enhance the potential in applications such as
lithium ion battery [13] and nanoelectromechanical systems
(NEMS) devices [14]. A vast number of first principle
calculations [15] [16] [17] [18] and experiments [19] have
been recently reported that under large mechanical strains,
the band gap of the monolayer MoSs changed from direct to
indirect, more specifically the band gap has been narrowed,
eventually leading to the CBM plunge to below the Fermi
level [16] [18]. This implicates that the material becomes
exhibiting metal properties. However, the study on the
directional dependence of the mechanical strain has not
been conducted so far. It is worth to state that in the real
applications it would be hard to have a mechanical strain
precisely along a certain direction and magnitude. Hence the
critical issue is to study the band structure under strain in
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various magnitudes and directions. In this work, we investigate
the band structure of hexagonal and orthorhombic monolayer
MoS;, cells under a wide range of strain magnitudes in
different directions with various amplitudes using first
principle method. This theoretical method has been used in
many previous studies on 2D materials [15], [16], [20]-[22].
Our aim is to theoretically explore the impact on the band
structure of hexagonal monolayer MoS,; i.e. CBM and
band gap when the material undergoes mechanical strains.
Furthermore, the directional properties of strains acting on the
orthorhombic monolayer MoSs transition will be explored.
The effect of various directions and magnitudes of strains
on the monolayer MoS, will be detailed in the following
sections of this paper.

II. COMPUTATIONAL METHOD

We start modelling the monolayer MoS; by creating two
types of crystal cells using the Atomistix ToolKit (ATK) [23]
simulation tools. Based on a lattice constant of MoS5 bulk
(a=b=3.164) [24] [25] [26], and the arrangements with the
bond length between S and Mo being 2.40 A, the initial model
of monolayer MoS; is established. Shown in the Figure 1a and
1b,the hexagonal cell of monolayer MoS, can be viewed as
cleaved from the (0001) surface of bulk MoS,, where one Mo
atom binds to six S atoms covalently. For the hexagonal cell,
in order to maintain the crystal symmetry, the strain has to
be applied in both the a— and b— directions. Figure 1c and
1d show that the orthorhombic cell of monolayer MoS,. We
define the a’— and b’ — direction along the armchair and zigzag
edge, respectively. We can apply a strain in any direction
within the z/y plane.

The energy band of the monolayer MoS; is calculated by the
density functional theory (DFT) using ATK. We use the gener-
alized gradient approximation (GGA) with the parametrization
of Perdew-BurkeErnzerhof (PBE) [27], mush cut-off energy
of 75 Hartree and 9x9x1 k-point grid are used for the
relaxation calculations. A large vacuum spacing of at least
20 A is added along the z-direction to avoid the interactions
that arises while calculating the periodic boundary conditions.
In order to optimize the geometries, we have utilized the
Limited-memory Broyden Fletcher Goldfarb Shanno (LBFGS)
algorithm 24 with the maximum stress tolerance value of
0.05 eV/A3. The structure is fully relaxed until the force on
each atom becomes smaller than 0.01 eV/A. The strain is
simulated by setting the lattice parameter to a fixed larger value



Fig. 1. Schematic graphs of the MoS> cells: (a) Top views of hexagonal MoS2
cell, where a— and b— directions are defined; (b) Side views of hexagonal
MoSs cell; (c) Top views of orthorhombic MoS2 cells, where a’— and &' —
directions are defined; (d) Side views of orthorhombic MoSs cell.

and relaxing the atomic positions. The magnitude of strain is
defined as: € = (a — ag)/ag, where ap and a are the lattice
parameters of the unstrained and strained cells, respectively.
Using the DFT-GGA calculations, we show that the band
gap of monolayer MoS; is 1.76 eV which is very close to
recent DFT calculations [28] [29] [30] [31] [32], but slightly
smaller than that measured using complementary techniques of
optical absorption, photoluminescence and photoconductivity
(1.80 eV) of monolayer thick MoS, [2]. The band gap problem
can be addressed more accurately by the different exchange
correlation approximations which have not been carried out
in this paper. However, this trend is not generalized, which
depends on the material considered. Therefore, we believe that
our choice of using the DFT-GGA for the MoS, structure is
appropriate.

III. RESULTS AND ANALYSIS

Firstly, the hexagonal cell has been simulated subjecting to
e > 0 and € < 0. The strains are evaluated as the lattice
stretching percentage. A wide range of strain along (up to
13%) both directions has been employed in the study. The band
structure was calculated for the path through I' — M — K — T
points. It is seen in the Figure 2 that the CBM was observed to
move toward O eV. At very large strains the CBM plunges to
below 0 eV. The ¢ > O(tensile strains) leads to a slight concave
shape, whilst € < 0 (compressive strains) causes a convex
shape. The threshold strain for the tensile strain is at around
11%, and 12% for the compressive strain. Figure 2 also shows
that the total energy of monolayer MoS,; under compressive
strain is higher that the tensile strain. When the compressive
strain is applied, the semiconducting MoS, monolayer turns
out to be less stable than under the tensile strain.

The bold black lines in Figures 3 and 4 are the energy
bands when there is no strain is applied. It is also found that
the tensile strain causes the energy band in K point decreasing
as the value of strain increases (Figure 3). The band structure
has also changed from a direct bandgap to an indirect bandgap
when 3% < € <11% and the metal-semiconductor transition
occurs in € >11%. It is also shown that the valence band
maximum (VBM) of the energy band at I increases with the
increasing strain. For a compressive strain (Figure 4) the trend
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Fig. 2. CBM vs. strains (e > 0 and € < 0) for the hexagonal MoS3 cell.
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Fig. 3. Energy band structures of the hexagonal MoS» cell under tensile
strain in a— and b— directions. The radio of a/b remains unchanged.

is similar as shown in Figure 3, it transits into indirect semi-
conductor within region 1% < e <12%, when ¢ >12%, the
monolayer MoS;, experiences semiconductor-metal transition.
However, the CBM of an energy band decreases more rapidly
at the middle of points K and I', which is different with
Figure 3. Analysis of the partial density of states indicates that
the CBM is mainly contributed to by Mo-4d orbitals, while
the VBM is contributed to by Mo-4d and S-3p orbitals [15]
[16] [17]. Mo-4d and S-3p orbitals are together hybridized at
the VBM. It means that a strong bonding exists between Mo
and S atoms. The mirror symmetrical bonding configuration
in the tri-layer S-Mo-S system results in a weak 7 bond-
like interaction, which is very sensitive to the variation of
the distances between the atoms. Application of compressive
strains on MoS; decreases the Mo-Mo and Mo-S bong length.
The effect is an increase in the Mo-d orbital and S-p orbital
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Fig. 4. Energy band structures of the hexagonal MoS2 cell under compressive
strain in a— and b— directions. The radio of a/b remains unchanged.

coupling. However, for the tensile strains, the Mo-Mo and
Mo-S bong length increases. The net effect is a reduction
in the Mo-d orbital and S-p orbital coupling. As a results,
the CBM change under compressive strain decreases more
rapidly than under tensile strain. Although the decline of the
CBM is difficult to elucidated analytically, simple atomic chain
model can be used to qualitatively interpret the DFT results.
From the model, the changing of the energy band is mostly
due to the change of the interaction energy between an atom
and its nearest two atoms assuming the overlap of the atomic
orbitals to be negligible. So the total energy of the system E;
is the sum of the energy of an electron in one atomic orbital
Es and the interaction energy E; multiplying N (where N
is total number of electrons), which is E; = N(E; + E;).
E; can be derived from the Bloch equation that describes
electron wavefunction in a chain of atoms, E, = [} Hy,
where 1, (z) = Y e*"d¢, (x). Here n is the atom number,
d is the lattice spacing. Then the FE; can be expanded to
E; = N(e " 4 ¢ikd) [ ¢ H¢y,. This model qualitatively
explains that a stronger orbital interaction causes the bands to
become more disperse (higher energy values). For the tensile
strains on the hexagonal cell, the atoms are brought further
apart, leading to reduced interaction energy, subsequently
reducing the total energy. Eventually the CBM declines to the
Fermi level at very large tensile strain. For the compressive
strain on the hexagonal cell, it is more complicated, the point
in between K and T is affected by the compressive strain,
where the energy reduces significantly. The energy at K point
actually increases at small strains (Figure 4), which aligns with
the simplified model prediction.

For the orthorhombic cell, the strain can actually have a
random direction. Hence we are able to investigate the CBM
of the energy band due to strain in directions between a’—
and o'—. Firstly, the simulation was conducted by setting
the a—direction tensile strain increasing from € = 0 to
around ¢ = 17%, and then repeating the calculation when
b’ —direction tensile strain increases by a small step. In this
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Fig. 5. 3D plot of the orthorhombic MoS2 cell under tensile strains in both
a’— and b’ — directions.

way, the strain direction between a’— and b — that leads
to the most notable change of the CBM can be obtained.
It is seen from the simulation results in the Figure 5 that
applying tensile strains in only a’— or '— does not cause
semiconductor-to-metal transition up to the maximum strain
of 17%. When the combined tensile strains are at around
middle of the a’— and b'— (45) direction, it causes the
CBM to plunge towards zero at €,= €,=16%, corresponding
a total strain of /€2 + € = 22.6%. From the Figure 5, it
can be concluded that for the tensile strain, the effect on
the band structure is almost independent on the direction of
the strain, as indicated by the black contour lines (nearly
straight lines at the angle of 135° to the horizontal axis).
Similar approaches have been used to calculate the CBM of
energy band under the compressive strain. Calculation results
in Figure 6 display a strong directional dependence effect.
More specifically, contour lines are approximately parallel to
the vertical and horizontal axes forming a right angle facing
to the origin. This implicates that the CBM declines more
quickly under a pure a/— or ' — axis strain than the strains
along the 45° angle between a’— and b’'—. Numerically the
CBM plunges towards 0 eV at the strain magnitude of 13%
in pure a’— or b’ — direction, 17% in the 45° direction.

The direction independent absolute strain with the relation
to the CBM has been plotted in Figures 7 and 8. The absolute
strain is defined as: |¢| = (¢2 + ¢7)'/2, wherele|, ¢, and
€, are the absolute strain, a— and b— directional strain.
Figures 7 and 8 show the semiconductor-to-metal transition
at the absolute tensile strain of 22%, while this percentage
for absolute compressive strain is 17%. These results agree
closely with the one obtained in Figures 5 and 6.

In Figures 5 and 6, the CBM is independent on the direction
of strains, as the ratio of the lattice dimensions are unchanged.
With regards to the orthorhombic cell, strain in pure a — /b—
direction induces a quicker effect on the reduction of the CBM,
which is envisaged as the consequence of the combined effect
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Fig. 7. Absolute tensile strain (angle independence) vs. CBM.

from both the broken crystal symmetry and the reduced inter-
action energy. However for the strain with the direction in 45°
between a’— and b’ —, it is only the effect from the interaction
energy, the crystal structure still remains symmetric. The study
will have potential applications in engineering nanometer sized
strain sensors or mechanically adjustable resistive switching
devices. In our work, we intended to unveil the threshold
strain points at which the CBMs reach to 0 eV. Although
the monolayer MoS; may have a breaking strain at a lower
strain than the maximum value used in the analysis, it will be
interesting to theoretically widen the strain range to find out
this threshold point in terms of the magnitude and direction
of the strains.

IV. CONCLUSION

It can be concluded from our analysis that, for the 2D
monolayer MoSs, the band structure changes significantly
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Fig. 8. Absolute compressive strain (angle independence) vs. CBM.

subjecting to a large mechanical strain. For the orthorhombic
cell, applying tensile strains in only a¢’— and &'— does not
cause semiconductor-to-metal transition up to the maximum
strain of 17%. When the combined strains are at around middle
of the a’— and b’ — (45°) direction, it causes the CBM plunge
towards O at €, = €, = 16%. For the compressive strains,
the CBM declines more quickly under a pure a’— and &' —
axis strain than the strains along the 45° angle between a’—
and b’'—. Numerically the CBM plunges towards 0 eV at
the strain magnitude of about -13% in pure a’'— and o'—
direction, -17% in the 45° direction. The study reported here
reveals that CBM at I' of hexagonal cell decrease in a slight
concave shape for the tensile strain, and convex shape for the
compressive strain. For the orthorhombic cell, strain at middle
of the @’ — and b’ — (45°) has less effect on the CBM than strain
in pure o’ — /b/— directions. Our calculation shows that the
absolute strain leading to the threshold of the semiconductor-
to-metal transition is 22% and 17% for tensile strain and
compressive strain respectively. This study paves the way for
further exploitation of 2D MoSs in tunable electronic device.
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