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ABSTRACT: In this work, we present biaxial strain-induced modiﬁcation in
the structural and electronic properties of a MoS2 hybrid structure made of a
metallic (1T) ribbon embedded in the semiconducting (2H) phase. The results
are based on density-functional theory. Biaxial strain is gradually applied on the
hybrid structure, and the structural modiﬁcations are monitored. The MoS2
hybrid material was found to be stable up to 6% (extension) and −4%
(compression) strain. The onset of bending and breaking of the 2D material was
identiﬁed and correlated to its electronic behavior. The alteration of the density
of states with biaxial strain was also investigated and revealed the enhancement
of either the metallic or the semiconducting character of the hybrid depending
on the amount and direction of strain. There is also a clear mapping of the
structural asymmetry of the interfaces in the material to the anisotropy in its
electronic features. This anisotropy becomes more pronounced as the strain on
the material increases. Our results shed light on the relevance of the morphology and electronic properties and allow us to tailor these properties through straining. In the end we discuss the relevance of
this material in realizing novel nanoelectronic devices with tunable properties related to sensing, nanopore materials for
sequencing, etc.
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1. INTRODUCTION
Two-dimensional (2D) materials1−3 have generated great
interest in the past few years for their numerous potential
applications especially in nanoelectronics. The most representative members of this family of materials are graphene,4 transition
metal dichalcogenides (TMDs),5,6 and hexagonal boron
nitride.7 These materials can form heterostructures based on a
lateral8 or a stacked arrangement.9,10 In this way, diﬀerent chemical structures or diﬀerent phases can be combined giving rise to
novel materials with unique properties.11,12 Two-dimensional
materials and their combinations oﬀer excellent mechanical
ﬂexibility, optical transparency, and favorable transport properties for realizing electronic, sensing, and optical systems on
arbitrary surfaces.13−15 Applications of novel 2D materials
involve their use for example as catalysts for hydrodesulfurization reactions,16 as anodes for lithium batteries,17 as semiconductors,18 and as electrocatalysts for hydrogen evolution
reactions.19 Overall, 2D materials show high in-plane stiﬀness
and strength and low ﬂexural rigidity and may be deformed by
in-plane stretching or by out-of-plane bending; thus, the elastic
properties of 2D materials include both in-plane and bending
moduli.14
Enormous possibilities to tailor all these properties are given
through 2D TMDs, which are structures with the chemical formula MX2, with M being a transition metal such as V, Mo, W,
and X one of the chalcogens such as S or Se. These quasi-2D
layered materials show a strong interlayer ionic−covalent bonding and weak out-of-plane interactions.20 Two-dimensional
© 2018 American Chemical Society

TMDs show a polymorphism as they can be found in two phases:
a semiconducting (2H) and a metallic (1T) phase depending
on the exact positioning of the chalcogen X atoms.21 Twodimensional TMD materials, such as MoS2, can be extracted
from bulk form through mechanical exfoliation, chemical exfoliation, physical vapor deposition, and solution synthesis.22−24
Layered TMDs (especially MoS2) have attracted interest due to
their analogy to graphene and their properties complementing
those of graphene. MoS2 can also be found in the form of nanoparticles, in nested inorganic fullerenes, nanotubes,25 as
nanoclusters,26 and surfaces.27,28 Two-dimensional MoS2, like
most of the 2D TMDs, has a direct band gap,6,20 while it can also
form heterostructures in which both metallic and semiconducting phases coexist.21,29−32 Starting from the 2H phase
and gliding only one S plane of MoS2 to the center of the
hexagonal rings of this phase will impose a transformation to the
1T phase.21 This induced transformation from 2H to the metastable 1T phase can be controlled opening up routes for an
atomically precise fabrication of single-layered chemically
homogeneous electronic devices.21,33 During this transformation, while the size of the 1T part increases, three diﬀerent
boundaries, α, β, and γ, emerge. The α boundary is related with
the Mo−Mo distance shrinking; the β boundary involves the
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Figure 1. (a) Top and (b) side views of the reference unstrained MoS2 hybrid structure. The structure has been relaxed. The semiconducting (2H) and
the metallic (1T) parts are clearly shown in red and blue boxes, respectively. The axes denote the direction of the applied biaxial strain. Panel c depicts
the change in the two dimensions Lx and Lz of the structure with the applied biaxial strain. Molybdenum and sulfur atoms are shown in gray and orange
spheres, respectively. The same color coding will be used in the following.

Mo + S gliding, and the γ boundary is based on the S gliding21
with the formation of two zigzag chains.
Regarding the mechanical properties of 2D MoS2, this material has been reported to be softer than graphene.34 Exfoliated
single-layer and bilayer MoS2 nanosheets have been found to
deform and eventually become broken at an eﬀective strain in
the range 6−11% using AFM.35 The Young’s modulus of singlelayer MoS2 was measured at 270 ± 100 GPa. Nevertheless, for its
potential use in nanoelectronics,36,37 2D MoS2 needs to have a
superior mechanical ﬂexibility and stability and highly tunable
electronic performance in order to be used in nanoelectronics
devices with certain features.38 In that respect, it is important to
understand the way the properties of MoS2 structures are modiﬁed under load. Overall, it is known that strain can tune
electronic and vibrational properties of 2D materials like
hexagonal boron nitride,39 graphene,40 and TMDs.41,42 In the
case of graphene, the absence of rippling under biaxial strain is
assigned to a strain-induced hardening of the out-of-plane
acoustic-phonon mode.40 For one of its variations, another 2D
carbon allotrope known as “graphidyne”, it was shown that tensile uniaxial strain leads to a decrease of the band gap, and it
decreases until a Dirac cone-like structure is formed.43 Accordingly, one of the approaches to alter and tailor the electronic
properties of 2D materials is the application of strain.
In this work, along the above lines, we study strain-induced
modiﬁcations in 2D MoS2. We focus on a lateral MoS2 hybrid
structure made of a metallic (1T) ribbon embedded in the semiconducting (2H) phase. This we will name “1T/2H MoS2” in
the following. It has been previously shown that such a material
shows a large potential in tuning its electronic conductance
through a selective choice of the gate voltage.44 A clear structural
asymmetry in the interfaces in this 1T/2H MoS2 hybrid structure was identiﬁed as the source of the strong anisotropy found
in its electronic properties. Here, we are interested in revealing

the change in these features through the application of biaxial
strain on 1T/2H MoS2 in order to identify the inﬂuence of load
on the material’s characteristics. The article is organized as
follows: the computational details are ﬁrst presented, followed
by the discussion of the strain dependent structural and electronic properties, and the paper concludes with a summary.

2. METHODOLOGY
Density-functional theory (DFT)45,46 based simulations as
implemented in the Vienna Ab Initio Simulation Package
(VASP)47 were carried out. VASP employs a plane-wave basis
set and the projector augmented-wave method.48 We have used
the generalized gradient approximation of Perdew-BurkeErzernhof (PBE-GGA)49 and the norm-conserving TroullierMartins pseudopotentials.50 Three-dimensional periodic boundary conditions were taken with a vacuum space of 20 Å in order
to decouple periodic images from each other along the
y-direction (refer to Figure 1 for the deﬁnition of the axes).
An energy shift of 0.01 Ry with a real space sampling grid (mesh
cutoﬀ) of 430 eV and 10 × 1 × 12 k-points within the
Monkhorst−Pack scheme51 were used. This mesh was found to
be suitable for the structure shown in Figure 1. The geometries
were converged below 1 × 10−7 eV and 0.01 eV Å −1 with respect
to total energies and forces acting on ions, respectively. We have
not considered van der Waals corrections, as interatomic interactions are very weak for MoS2.20 By calculating the hydrostatic
pressure which yields a computational cell of a given volume, we
obtain from our simulations the external pressure acting on the
material. The structure we study is a monolayer MoS2 hybrid
material, which combines both the 1T (metallic) and the 2H
(semiconducting) phase of MoS2. A 1T phase is embedded in
the 2H phase as visualized in Figure 1. We have used a unit cell
with 66 atoms with a 20.5 Å wide 1T nanoribbon. The stability
of this material has been proposed previously.44
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Table 1. Mo−S, Mo−Mo, and S−S Bond Lengths in the Semiconducting (2H) and Metallic (1T) Parts upon Application of the
Biaxial Straina
2H

1T

strain %

Mo−S

Mo−Mo

S−S

Mo−S

Mo−Mo

S−S

−5
−4
−2
0
2
4
6
7

2.40−2.45
2.40
2.39−2.42
2.41−2.43
2.44
2.38−2.51
2.43−2.53
2.41−2.51

3.11
3.11−3.13
3.15−3.20
3.23−3.29
3.26−3.33
3.32−3.38
3.25−3.42
3.29−3.43

3.17
3.17−3.22
3.11−3.17
3.07−3.12
3.04−3.09
3.03−3.05
3.00−3.02
3.01−3.05

2.36−2.44
2.38−2.40
2.37−2.42
2.38−2.49
2.39−2.49
2.34−2.55
2.38−2.71
2.33−2.76

2.75−2.97
2.67−2.76
2.70−2.75
2.72−2.75
2.76−2.81
2.78−3.34
2.83−3.84
2.80−2.95

3.36−3.74
3.32−3.50
3.16
3.62
3.62
3.58

a

All bond lengths are given in Å.

diﬀerent sizes of the 1T nanoribbons embedded in the 2H phase.
In all these, the 2H phase is hosting the 1T phase. Here, we take
one of these to analyze the inﬂuence of straining. The lattice constants corresponding to this structure are 35.26 and 5.65 Å along
the z- and x-directions, respectively. We have chosen a nonsymmetric interface, which did not lead to buckling. This was
achieved by shifting by one unit cell the β- and γ-phases of the
interface in the “bottom” interface with respect to the “top” one
(“bottom” and “top” refer to the interfaces clearly seen in Figure 1).
We have observed that, though the 2H phase does not change,
the 1T phase presents a structural distortion induced by the
interface. This can also be veriﬁed by the fact that, though in the
pristine 1T phase all of the Mo−Mo distances are equal to the
lattice constant, in our hybrid structure, the observed distortion
in the 1T region can be quantiﬁed by the Mo−Mo distance
shortening along two of the Mo−Mo bonds (in the range 2.75−
2.85 Å). More details can be found elsewhere.44 In order to
check the stability of the hybrid MoS2, we have performed
vibrational analysis calculations. The resulting positive frequencies at the Γ-point are a clear evidence of the stability of the
unstrained structure. In the semiconducting (2H) part, the Mo−
S bond length is 2.41 Å; Mo−Mo and S−S bond lengths are
uniform. In the metallic part, the Mo−Mo bond lengths are not
uniform. Here in the side view of Figure 1b, we observe that
molybdenum or sulfur layers are not completely ﬂat mainly in
the metallic 1T part; this might be due to the metallic strip which
is embedded in the semiconducting part. We have calculated the
buckling in the y-direction for sulfur and molybdenum layers in
the metallic and semiconducting parts. We found that the
buckling in the semiconducting part in the Mo layer and S layers
to be 0.10 and 0.13 Å, respectively. In the metallic part, these
values are 0.38 and 0.58−0.70 Å. Evidently, a slightly more
pronounced deviation from a perfect planarity is observed in the
S layer. Nevertheless, in all cases, the amount of buckling is too
small (see Table 2) and cannot be assigned to a considerable
bending in the structure. This is also evident from Figure 1b.
The variations in the bond lengths with respect to the applied
strain on the structure are summarized in Table 1. As expected,
the Mo−Mo bond length increase as the strain increases, from
compression to expansion. The same is evident on average for
the Mo−S bond. These features can be seen in both 1T and 2H
parts of the material. Interestingly, the trend in the S−S bond is
exactly the opposite; for biaxial compression, the Mo−S and
Mo−Mo bond lengths roughly decrease, and the S−S distance
increases. On the other hand, while for biaxial expansion the
bonds involving molybdenum increase, the distance of the
S−S bonds decrease in average. This behavior of the S−S bond
compensates for the inﬂuence of strain on the Mo−S and

Here, we apply biaxial strain on 1T/2H MoS2 and investigate
its response. The material is depicted in Figure 1, where the two
phases are clearly shown. The strain ε applied is deﬁned as the
deformation of a material due to stress and can be expressed as
εi =

ΔLi
Li0

=

Li − Li0
Li0

(1)

where L0i and Li are the lengths of the structure before and after
the deformation, respectively, along a certain direction i. ΔLi is
the corresponding change in length. Hence, it is a dimensionless
quantity and is normally given in percent. The index i denotes
the direction of the strain. The label i = x denotes the x-direction,
which in MoS2 investigations is usually called armchairdirection, and i = z describes the z-direction, normally called
the zigzag-direction. We consider the case of symmetrical biaxial
strain at which the material is deformed uniformly in the directions of two lattice vectors,42 here x and z (for the deﬁnition of
the axes refer to Figure 1). In our simulations, this was done by
increasing or decreasing both lattice vectors under biaxial strain
of 1% increments. For each strain, the respective lattice vectors
were kept ﬁxed, and the geometry was optimized. Figure 1c
shows the variation of Lz with Lx under biaxial strain. The result
is a straight line denoting the uniform biaxial strain along the
x- and z-directions. We monitor the change in the planarity of
the structure due to the application of strain. As a reference, we
take the unstrained structure in Figure 1. The compression (or
expansion) along the x- and z-directions can be understood by
the buckling that is introduced along the y-direction due to the
applied biaxial strain. In this context, we deﬁne the ”buckling”
as the absolute diﬀerence between the minimum value of a
y-coordinate of molybdenum (or sulfur) atom layer and the
maximum value of the y-coordinate of the same molybdenum
(or sulfur) atom layer. This buckling is mapped through the
parameter b discussed in Table 1. All unstrained and strained
MoS2 structures have been geometrically relaxed according to
the Methodology described above. Our test with spin polarized
calculations revealed no magnetic moment justifying our choice
for spin nonpolarized simulations.

3. RESULTS AND DISCUSSION
3.1. Fracture and Bending. We begin the analysis with the
structural details of the unstrained reference MoS2 structure
depicted in Figure 1. This ﬁgure depicts the hybrid nature of this
material composed of the two diﬀerent phases 1T and 2H. The
geometrical and electronic properties of 1T/2H MoS2 in the
unstrained structure were calculated and are in accordance with
previous work.44 We have prepared diﬀerent unit cells with
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(expansion) and negative strain (compression), the external
pressure on the structure almost linearly decreases and increases,
respectively. In panel c, the stress−strain behavior links to a
rather brittle behavior of the material. The stress−strain curve is
linear up to 3% strain denoting an elastic behavior up to this
point. As the deviation from linearity until the onset of fracture
at 6% strain is very small, one can infer that the material behaves
elastically and has negligible amount of plastic energy until it
breaks. In the following, we will focus the analysis on the amount
of strain corresponding to a discontinuity in the curves of Figure 2.
We refer to strain values of −5%, 6%, and 7% and will compare
the results to those of the reference unstrained 1T/2H MoS2.
According to Figure 2, the MoS2 material can sustain
compressive strain up to −4%. Below this strain, a discontinuity
in all curves of this ﬁgure is evident denoting larger deformations
and at −5% strain bending clearly sets in. On the other end,
upon expansion, (positive strain) the hybrid MoS2 remains
almost intact until a strain of 6%. The onset of fracture can be
assigned to that point. In order to visualize the response of the
material on strains beyond this range, diﬀerent views of the
structure are shown in Figure 3. In both cases, the symmetry of
the hybrid MoS2 has changed, which can be seen assigned to the
transition point from the elastic to a nonelastic regime for the
structure. At 6% expansion, the onset of fracture can be clearly
seen, as only a Mo−S bond within the 1T part and very close to
its interface with the 2H phase still exists (see panel d of this
ﬁgure). Upon compression of 5%, panel b of this ﬁgure leads to a
buckled 2D material. Interestingly, comparison of Figure 3 with
the unstrained material in Figure 1 shows that the interface
between 1T and 2H is being deformed, but does not break when
fracture sets in. It was reported that a S atom at these interfaces is
the most unstable one in the unstrained material. However, in
the strained material, the high instability of this atom is compensated by the deformation of its environment close at the 1T/2H
interface.
The discontinuity in all curves in Figure 2 denotes that fracture sets in at 7% biaxial strain. At this point, the Mo−S bond
breaks ﬁrst in the metallic (1T) part. The fractured material at
7% extension is depicted in Figure 4. Panels a and b in this ﬁgure
clearly show that the material is indeed broken in a brittle way in
the 1T phase opening a gap and leaving on each side two sulfur
atoms with dangling bonds. The distance between the unpaired
S atom in panel a to the closest Mo atom is 2.76 Å, which is about
14% beyond that of a covalent (unstrained) Mo−S bond.52
Interestingly, biaxial strain has no major eﬀect on the semiconducting 2H part at this amount of strain. The bond lengths
given in Table 1 refer to the ones within the 1T and 2H phases.
The distances of the atoms around the fractured region, which
refers to the gap of 4.15 Å seen in Figure 4b, are larger.
In this panel, the Mo−S bonds at the left side of the gap are 2.22
and 2.61 Å, respectively. On the left, the Mo−S bonds near the
gap are 2.26 and 2.59 Å, respectively. Evidently, there is again
one shorter and one longer bond. The distances of the two
nonbonded Mo atoms close to the broken region are 3.12 Å
(left) and 3.46 Å (right).
The detailed structural parameters of the strained material are
summarized in Table 2. Inspection of this table reveals no signiﬁcant change in the total energy per atom upon application of
strain in the range of −4 to 6%. Overall, the inﬂuence of strain is
more pronounced in the 1T phase than in the 2H phase, mirroring the fact that the 1T phase is less stable than the 2H phase.
This is evident from the respective buckling parameters in this
table. A comparison of the inﬂuence of the atom types on these

Table 2. Biaxial Strain Applied on Hybrid MoS2 and
Corresponding Lattice Parameters a, c (in Å), along the xand z-Directions, with Total Energy E (in eV/atom)a
strain (%)

a

c

E

bMo/2H

bS/2H

bMo/1T

bS/1T

−5
−4
−2
0
2
4
6
7

33.50
33.85
34.56
35.26
35.97
36.67
37.38
37.73

5.37
5.42
5.54
5.65
5.76
5.88
5.99
6.05

−7.07
−7.06
−7.09
−7.10
−7.09
−7.06
−7.03
−7.03

1.54
0.08
0.07
0.10
0.10
0.14
0.14
0.04

1.56
0.14
0.13
0.13
0.13
0.14
0.15
0.09

4.00
0.37
0.36
0.38
0.38
0.36
0.32
1.05

4.38
0.63
0.59
0.70
0.70
1.10
1.11
1.57

a
bMo/2H, bS/2H, bMo/1T, and bS/1T are the buckling parameters (in Å) in
the molybdenum and sulfur layers of the semiconducting (2H) and
metallic (1T) parts, respectively.

Mo−Mo bonds. Moreover, the Mo−Mo and S−S bonds in the
metallic (1T) part are the ﬁrst to break already at a 6% strain
break. At a 7% biaxial strain, the material has already broken.
At the same amount of expansion, the atoms of the 2H part of
the hybrid MoS2 remain covalently bonded. Note that the onset
of fracture for the 1T/2H MoS2 lies in the range observed for 2H
MoS2.35 It must also be mentioned that, in this table for the
larger strain (6% and 7%), some bonds have been broken, which
is reﬂected in the larger atomic distance given in this table.
In Figure 2, the inﬂuence of biaxial strain on the relative
energy, external pressure, and stress on the hybrid MoS2 is

Figure 2. Variation of the (a) relative (to the unstrained 2D material)
energy per atom (Erel), (b) external pressure, and (c) stress σ with
respect to the applied biaxial strain on the 1T/2H MoS2. In part c, both
stress components along the x (σx)- and z (σz)-directions are shown.

shown. In panel a of this ﬁgure, it can be clearly seen that the
unstrained structure corresponds to the minimum of the energy.
As the biaxial strain is applied, the energy is increasing for both
compression and stretching. For compression, the interatomic
distances decrease leading to a stronger interaction with higher
entropy. Interestingly, the total energy deviates from the parabolic behavior with strain for compression lower than −5% and
extension over 6%. Note that the energy was given relative to the
total energy of the unstrained structure. Panel b of this ﬁgure
reveals that the unstrained hybrid material corresponds to a
negligible external pressure. Upon application of positive strain
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Figure 3. Top and side views of a strained hybrid MoS2. Panels a and b depict the inﬂuence of a 5% compression (−5% strain). In part b, the buckling
imposed at this amount of strain is clear. In panels c and d, expansion of 6% leads to the onset of fracture. In the lower 1T part and close to its interface
to the 2H phase, all bonds apart from a Mo−S bond have broken. The color coding follows that of Figure 1.

Figure 4. Hybrid MoS2 at 7% expansion, at which point the fracture has occurred as observed in the (a) top and (b) side views of the material. The
color coding follows that of Figure 1. The corresponding electronic densities of states with the diﬀerent contributions from the S and Mo atoms of both
phases as denoted in the legends are given in panel c.

parameters reveals that the sulfur atoms are aﬀected by the
application of the strain more than the molybdenum atoms. This
diﬀerence can be assigned to the diﬀerent chemical potentials of

Mo and S leading to more unstable S-sites than Mo-sites (much
lower S-vacancy formation energy compared to the Mo-vacancy
formation energy).53 Accordingly, the molybdenum layer shows
5566
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minimal structural changes for strain in the range −4 to 6% for
both 1T and 2H parts.
3.2. Strain-Induced Electronic Alterations. We continue
the analysis with the electronic properties of the strained hybrid
MoS2. As representative quantities, we probe the total electronic
density of states (eDOS) and partial density of states (PDOS)
under biaxial strain. For the latter, we decompose the eDOS into
the contributions of the Mo and S atoms in the two phases 1T
and 2H. The results are summarized in Figure 5. The unstrained

We next compare this case with the features of the compressed
and extended hybrid structures in this ﬁgure. At the vicinity of
the Fermi level, it can be clearly seen that the main contribution
to the eDOS is assigned to the 1T phase and not the 2H phase.
Regarding the diﬀerent orbital contributions to the electronic
structure, it is known from the literature that, in semiconducting
MoS2, both valence and conducting bands are mainly dominated
by the 4d states of Mo with a slight contribution from the 3p
states of S.54 The asymmetry in the electronic features below and
above the Fermi level are assigned to the structurally diﬀerent
1T/2H interfaces in the material.44 In the stretched (6% strain)
material, more electronic states are found around the Fermi level,
and the metallic behavior of the material is enhanced. We have
observed in our simulations that, the “metallicity” (i.e., the electronic states around the Fermi level) increases with increasing
extension of the material. The eﬀect of a negative strain as evident from the top panel (−5% strain) leads to a diﬀerent behavior, as less electronic states close to the Fermi level are available.
In all cases, the eDOS of the strained hybrid structures is dominated by the metallic 1T part. The molybdenum atoms have a
greater inﬂuence on the eDOS as they have more electrons, and
thus more electronic states to oﬀer to the material. The contributions from the semiconducting phase are much lower for both
types of atoms with the contribution from molybdenum atoms
again being larger.
The eDOS corresponding to a 7% biaxial expansion is given in
Figure 4c. The Mo−S and Mo−Mo bonds break, as visualized in
panels a and b of this ﬁgure, creating an instability in the metallic
part of the material. This instability enhances the metallic character of the structure more than for a lower amount of strain as
seen in Figure 5. Interestingly, the electronic features around the
Fermi level show a diﬀerent behavior, while the molybdenum
atoms of the 2H phase contribute more to the eDOS above the
Fermi level. This was also clear for the 6% extension in the lower
panel of Figure 5, but this is not the case in the unstrained and
compressed structures in the same ﬁgure. In the latter two cases,
the inﬂuence of the 2H phase and the Mo atoms therein is

Figure 5. Electronic density of states of the hybrid MoS2 for the
(a) compressed at −5% strain, (b) unstrained, and (c) stretched at 6%
strain. In all cases, the total eDOS as well as the contributions from the
Mo and S atoms in the 2H and 1T parts are shown, as denoted by the
legends.

material clearly shows a metallic behavior, consistent with
previous work.44 Although the total DOS is very low around the
Fermi energy, no gap is opened (not clearly visible in the ﬁgure).

Figure 6. Charge density contour plots of the compressed (−5% strain), unstrained (0% strain), and expanded under (7% strain) hybrid MoS2, as denoted by
the legends. The charge density is shown on an xz-plane in two diﬀerent views, across one of the Mo layers (left) and across a S layer (right). Positive
(blue colors) and negative (red color) densities are shown for isodensity values of ±0.02 e/Å3. The color coding of the atoms follows that of Figure 1.
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with the semiconducting part. On the other end, a compression
at −5% strain totally breaks the symmetry of the material, inducing a clear bending. As the material is extended, the molybdenum atoms of the 2H part contribute more to the electronic
density of states, while the anisotropy on either sides of the
Fermi level is enhanced. For increasing strain, the metallic
character of the 2D material is being enhanced, which is not the
case when compressing the material.
The results of this work are very relevant to strain engineering
of novel materials.56 In such an approach, materials with preselected properties occur. Speciﬁcally, by tuning the amount and
direction (compression or extension) of strain it is possible to
tailor speciﬁc features of a material. This approach opens up new
avenues for the practical application of such materials in ﬂexible nanoelectronics and nano-optoelectronics. Speciﬁcally, 2D
structures beyond graphene show a high potential for realizing
applications along these lines. Atomically thin single-layer MoS2
is a desirable material for its use in photovoltaics, photocatalysis,
and photodetection, and elastic strain is a way to continuously
vary its band gap proﬁle.57 Note that, in applications as all the
above, the source of strain could be assigned to diﬀerent aspects,
such as a ﬂexible substrate imposing a compression or stretching,
an external device, the lattice mismatch within a material, etc.58
Along these lines, it is of high importance to investigate the inﬂuence of strain on the electronic properties of materials in order to
assess their functionality in devices. To this end, our work provides a deeper understanding of strain-induced features in order
to identify routes for the design of tunable 2D hybrid structures.

stronger at much higher electronic energies. Another important
feature is the fact that, for a 7% extension, not only does the
material become more metallic, but also the metallic character of
the 1T phase alone is more pronounced as inferred from the
respective curves for both types of atoms in Figure 4. As a further
point, the asymmetry induced by the structurally diﬀerent
interfaces44 is enhanced in the strained materials compared to
the unstrained hybrid MoS2. This eﬀect is stronger for the Mo
atoms in both phases, as observed by the comparison of the
respective curves in Figures 5 and 4.
Finally, looking into the electronic charge distribution in the
strained hybrid MoS2 does not give any indication on any signiﬁcant charge transfer between the 2H and 1T parts of the
materials. This was inferred by a Bader charge analysis55 for
the molybdenum and sulfur atoms of the 2H and 1T parts.
As expected, though, the charge density distributions in the
structures are being altered by the application of biaxial strain.
In order to visualize these distributions and the corresponding
localization of electrons in the hybrid MoS2, we provide the
charge density contour plots in Figure 6 for the unstrained and
strained cases. We ﬁrst consider the left panels in this ﬁgure,
which depict the contour plane cutting a Mo layer. A strong
localization of the charge around those atoms can be seen. For
the compressed case in the upper panel of this ﬁgure, the electrons are more localized around the S atoms (not all visible in the
ﬁgure) closer to the part of the 1T phase with the highest
curvature. In this region, the charge densities of the sulfur atoms
seem to weakly interact. The same seems to be the case for the
Mo atoms around the bending. The charge densities of the lower
Mo atoms seem to incline to approach each other denoting this
interaction. In the stretched material, a dangling bond close to
the broken part can be seen. due to unpaired electrons (right
panel), revealing a bending of the Mo−S bond on either sides of
the gap denoting a very week interaction between the involved
Mo atoms. Note that, especially in the unstrained material, a
coupling between the Mo and S layers is evident. Inspection of
the right panels in Figure 6 reveals the charge distribution on a
plane crossing a sulfur layer. In the compressed structure, similarly to the Mo atoms in the left panel, the charge densities of the
lower S atoms show a stronger interaction than those elsewhere.
It is clear from these panels that the distance of the S atoms is
being controlled by the amount of strain and varies accordingly.
A comparison of all amounts of strain in this ﬁgure reveals that,
as the strain increases from negative to zero and then positive,
the charge densities around the sulfur atoms become more
spherical and less localized. In the stretched case, the bonds
increase allowing for a more extended electron distribution. As a
ﬁnal comment, inspection of all charge densities shows distinct
features for the 1T and 2H parts allowing us to identify these.
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4. CONCLUSIONS
In this work, using quantum-mechanical calculations, we have
investigated the biaxial strain-induced modiﬁcations on the
structural and electronic properties of a 2D hybrid material
made up of a metallic (1T) MoS2 ribbon embedded in the semiconducting (2H) MoS2 phase. Both positive (expansion) and
negative (compression) biaxial strain was applied on the structure. We ﬁnd that the biaxial strain can eﬀectively modulate the
metallic part (1T) of the hybrid MoS2, and thus the metallic
character of the whole material. Under uniform biaxial expansion, the onset of fracture occurs at a 6% strain. At 7% expansion,
the material breaks forming a gap. The fracture ﬁrst occurs
within the metallic part of the structure and close to the interface
5568

DOI: 10.1021/acsanm.8b01085
ACS Appl. Nano Mater. 2018, 1, 5562−5570

Article

ACS Applied Nano Materials

■

(24) Wang, K.; Wang, J.; Fan, J.; Lotya, M.; O’Neill, A.; Fox, D.; Feng,
Y.; Zhang, X.; Jiang, B.; Zhao, Q.; Zhang, H.; Coleman, J. N.; Zhang, L.;
Blau, W. J. Ultrafast Saturable Absorption of Two-Dimensional MoS2
Nanosheets. ACS Nano 2013, 7, 9260−9267.
(25) Feldman, Y.; Wasserman, E.; Srolovitz, D. J.; Tenne, R. HighRate, Gas-Phase Growth of MoS2 Nested Inorganic Fullerenes and
Nanotubes. Science 1995, 267, 222−225.
(26) Lauritsen, J.; Bollinger, M.; Lægsgaard, E.; Jacobsen, K.; Nørskov,
J.; Clausen, B.; Topsøe, H.; Besenbacher, F. Atomic-Scale Insight into
Structure and Morphology Changes of MoS2 Nanoclusters in
Hydrotreating Catalysts. J. Catal. 2004, 221, 510−522.
(27) Cristol, S.; Paul, J. F.; Payen, E.; Bougeard, D.; Clémendot, S.;
Hutschka, F. Theoretical Study of the MoS2 (100) Surface: A Chemical
Potential Analysis of Sulfur and Hydrogen Coverage. 2. Effect of the
Total Pressure on Surface Stability. J. Phys. Chem. B 2002, 106, 5659−
5667.
(28) Huang, M.; Cho, K. Density Functional Theory Study of CO
Hydrogenation on a MoS2 Surface. J. Phys. Chem. C 2009, 113, 5238−
5243.
(29) Song, I.; Park, C.; Choi, H. C. Synthesis and Properties of
Molybdenum Disulphide: from Bulk to Atomic Layers. RSC Adv. 2015,
5, 7495−7514.
(30) Eda, G.; Fujita, T.; Yamaguchi, H.; Voiry, D.; Chen, M.;
Chhowalla, M. Coherent Atomic and Electronic Heterostructures of
Single-Layer MoS2. ACS Nano 2012, 6, 7311−7317.
(31) Qiao, W.; Yan, S.; Song, X.; Zhang, X.; He, X.; Zhong, W.; Du, Y.
Luminescent monolayer MoS2 Quantum Dots Produced by MultiExfoliation Based on Lithium Intercalation. Appl. Surf. Sci. 2015, 359,
130−136.
(32) Voiry, D.; Mohite, A.; Chhowalla, M. Phase Engineering of
Transition Metal Dichalcogenides. Chem. Soc. Rev. 2015, 44, 2702−
2712.
(33) Kappera, R.; Voiry, D.; Yalcin, S. E.; Branch, B.; Gupta, G.;
Mohite, A. D.; Chhowalla, M. Phase-Engineered Low-Resistance
Contacts for Ultrathin MoS2 Transistors. Nat. Mater. 2014, 13, 1128−
1134.
(34) Yue, Q.; Kang, J.; Shao, Z.; Zhang, X.; Chang, S.; Wang, G.; Qin,
S.; Li, J. Mechanical and Electronic Properties of Monolayer MoS2
Under Elastic Strain. Phys. Lett. A 2012, 376, 1166−1170.
(35) Bertolazzi, S.; Brivio, J.; Kis, A. Stretching and Breaking of
Ultrathin MoS2. ACS Nano 2011, 5, 9703−9709.
(36) Radisavljevic, B.; Whitwick, M. B.; Kis, A. Integrated Circuits and
Logic Operations Based on Single-Layer MoS2. ACS Nano 2011, 5,
9934−9938.
(37) Akinwande, D.; Petrone, N.; Hone, J. Two-dimensional Flexible
Nanoelectronics. Nat. Commun. 2014, 5, 5678.
(38) Zhu, W.; Park, S.; Yogeesh, M. N.; Akinwande, D. Advancements
in 2D Flexible Nanoelectronics: From Material Perspectives to RF
Applications. Flex. Print. Electron. 2017, 2, 043001.
(39) Jha, P. K.; Soni, H. R. Strain Induced Modification in Phonon
Dispersion Curves of Monolayer Boron Pnictides. J. Appl. Phys. 2014,
115, 023509.
(40) Rakshit, B.; Mahadevan, P. Absence of Rippling in Graphene
Under Biaxial Tensile Strain. Phys. Rev. B: Condens. Matter Mater. Phys.
2010, 82, 1−4.
(41) Ghosh, B.; Kishor, N. An Ab Initio Study of Strained TwoDimensional MoSe2. J. Semicond. 2015, 36, 043001.
(42) Soni, H.; Jha, P. K. Ab-initio Study of Dynamical Properties of
Two Dimensional MoS2 Under Strain. AIP Adv. 2015, 5, 107103.
(43) Cui, H.-J.; Sheng, X.-L.; Yan, Q.-B.; Zheng, Q.-R.; Su, G. Straininduced Dirac Cone-like Electronic Structures and SemiconductorSemimetal Transition in Graphdiyne. Phys. Chem. Chem. Phys. 2013,
15, 8179.
(44) Sivaraman, G.; de Souza, F. A. L.; Amorim, R. G.; Scopel, W. L.;
Fyta, M.; Scheicher, R. H. Electronic Transport Along Hybrid MoS2
Monolayers. J. Phys. Chem. C 2016, 120 (41), 23389.
(45) Hohenberg, P.; Kohn, W. Inhomogeneous Electron Gas. Phys.
Rev. 1964, 136, B864−B871.

REFERENCES

(1) Wang, J.; Ma, F.; Sun, M. Graphene, Hexagonal Boron Nitride,
and Their Heterostructures: Properties and Applications. RSC Adv.
2017, 7, 16801−16822.
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