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MECHANICAL AND STRAIN-TUNABLE ELECTRONIC PROPERTIES
OF JANUS MoSSe NANOTUBES
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China

Using first-principles calculations, we systematically investigate the electronic and
mechanical properties of the MoSSe nanotubes (NTs). It is found that the chirality and the
different surface atoms rain influence on their electronic structures, Young’s modulus and
Poisson’s ratios. Similar with MoS, (MoSe,) NTs, zigzag SMoSe (S outside and Se inside
of the NT) and SeMoS (Se outside and S inside of the NT) NTs are direct band gap
semiconductors, and armchair SMoSe and SeMoS NTs are indirect band gap
semiconductors. We also find the order of the band gap is Egsemos) > Egmmos2) > Egmose2) >
Egsmose) TOr the NTs with the same index n. Meanwhile, the band gap and the electron
effective mass of the NTs can be effective modulated under the uniaxial strain, even there
is a semiconductor-to-metal transition at the tensile stain of about 8% for (14, 0) SMoSe
NT. The order of the Young’s modulus iS Yyos2 > Ysemos > Ysmose > Ymosez TOr NTS with the
same index n. Our results could help to design the nanoscale strain sensor and
optoelectronic devices.
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1. Introduction

Since the synthesis of WS, NTs in 1992[1], one dimensional transition metal
dichalcogenide (TMD) NTs have triggered extensive research interest, such as MoS, NTs[2-5],
MoSe, NTs[6], WSe, NTs[7], WS,1-4Sexx NTs[8], SnS, NTs[9], CrS, NTs[10], and so on. Because
of their outstanding physical and chemical properties, the TMD NTs have many potential
applications, such as, photo-emitting devices[11], catalysis[8], transistors[12], Li-ion batteries[13],
solid lubricants[14], and so on.

Recently, the Lu[15] and Zhang[16] groups have successfully synthesized independently
the monolayer (ML) Janus MoSSe by fully replacing the top-layer S (Se) atoms of MoS, (MoSe,)
ML with Se (S) atoms. As shown in Fig. 1(a), ML Janus MoSSe is sandwiched S-Mo-Se
configuration, such structure breaks the out-of-plane symmetry, leading to vertical dipoles. Owing
to the distinctive structure, outstanding physical and chemical properties of the Janus ML MoSSe,
many potential applications have been investigated, such as, water-splitting photocatalyst[17,18],
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piezoelectricity[19], catalysis[20,21], optoelectronic  device[22], phonon transport[23],
pyroelectricity[24], and so on. Motivated by the successful synthesis of Janus ML MoSSe in
experiments, its one-dimensional (1D) nanostructure has been investigated as a promising 1D
material for the next-generation nanoelectronic device. Wang et. al have studied the electronic and
magnetic properties of zigzag MoSSe nanoribbon modulated by the strain and external electric
filed[25]. Wu at. al have investigated the tuning the indirect-direct band gap transition in the
MoS,.,Se, armchair NT by diameter modulation[26]. Previous studies have proved that strain
engineering is a simple and promising way to modulate the electronic properties of low
dimensional nanomaterials, such as, MoS, NTs[27], MoS, nanoribbons[28], CrS, NTs[10], MoSSe
ML[29], SiC ML[30], and so on. To the best of our knowledge, mechanical properties and strain
effects on the electronic properties of the MoSSe NTSs is still lack.

In this work, we systematically investigate the mechanical and strain tunable electronic
properties of the MoSSe NTs. We observe the electronic properties, Young’s modulus and Possion
ratio of the MoSSe NTs are dependent on the chirality and the different surface atoms. The band
gap and effective mass of electron of the MoSSe NTs can be modulated by the uniaxial strain.

2. Computational methods

All the calculations are performed using the Vienna ab initio simulation package (VASP)
with the density functional theory (DFT) wusing projector-augmented-wave (PAW)
potentials[31-33]. The exchange-correlation potential is described by the generalized gradient
approximation (GGA) of the Perdew-Burke-Ernzerhof (PBE) parameterization[34]. A cutoff
energy of 500 eV is applied for the plane wave expansion of the valence wave functions. A k-point
mesh of 1x1x11 is used for Brillouin zone sampling of the NTs for the structural optimizations,
and thirty k points are sampled for computing the band structure. All the structures are fully
relaxed until the atomic force is less than 0.01 eV/A, and the convergence thresholds of energy is
set to 10 eV. To avoid interactions between adjacent images, the vacuum region is more than 15
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Fig. 1. The top and side view of the optimized structure of (a) MoSSe Janus monolayer, and (b) (14, 0)
SMoSe, (c) (14, 0) SeMosS, (d) (10, 10) SMoSe and (e) (10, 10) SeMoS Janus nanotubes.
The arrows indicate the rolling direction.
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3. Results and discussion

At first, we optimize the geometry of ML Janus MoSSe, as shown in Fig. 1(a). The
optimized lattice constant is a=b=3.25 A, which is consistent with the previous results [23].
Similar to the carbon NTs, we can obtain the MoSSe NTs by rolling the MoSSe ML. Based on the
zigzag and armchair rolling directions of the ML MoSSe, as shown in Fig. 1(a), the well-known
zigzag for (n, 0) and armchair (n, n) NTs can be achieved. Besides, according to the different
atoms of outer surface of the MoSSe NT, we also can obtain two different NTs for the same index
n. For convenience, we name the MoSSe NT with the S outside as SMoSe NT, similarly, the
MoSSe NT with the Se outside is hamed SeMoS NT. Fig. 1(b), (c), (d), (€) show the top and side
view of the (14, 0) SMoSe, (14, 0) SeMoS, (10, 10) SMoSe, and (10, 10) SeMoS NTs. The
optimized lattice constant and the radius of the NTs are shown in Table 1. For the (14, 0) SMoSe
(SeMoS) NT, the lattice constant is 5.54 (5.52) A, which is smaller than the value of 5.63 A for the
zigzag direction of MoSSe ML. On the contrary, the lattice constant of (10, 10) SMoSe (SeMoS)
NT is slightly stretched with the value of 3.27 A, compared to that of 3.25 A for MoSSe ML.

Table 1. The calculated lattice constant (L), tube radius (Ry), Poisson ratio (v) and Youngs modulus (Y) of
SMoSe and SeMoS Janus nanotubes, together with the MoS, and MoSe, nanotubes for comparison.

System Lo (A) Ro (A) v Y (GPa)
MosS, (14, 0) 5.42 7.618 0.319 159.7
MoSe; (14, 0) 5.63 8.078 0.337 124.6
SMoSe (14, 0) 5.54 7.914 0.310 139.4
SeMoS (14, 0) 5.52 7.782 0.344 148.3
MoS, (10, 10) 3.20 9.083 0.317 175.7

MoSe, (10, 10) 3.34 9.576 0.318 145.0
SMoSe (10, 10) 3.27 9.413 0.333 153.4
SeMoS (10, 10) 3.27 9.236 0.304 165.4

As one of the important characterizations of mechanical properties of the NTs for practical
applications of nanodevices, Young’s modulus Y is defined as the second derivative of the total

energy E with respect to the strain &, at the equilibrium volume V, by the following
equation[27]:
1 0’E B 1 =

Y=cXx——= X ——
Vo Og 27RL, 0 Og

where Ry and Ly are the radius and the lattice constant of the unstrained NTs, 6 indicates the
thickness of the tube wall. In order to obtain the Young’s modulus, the stain energies are calculated
in the uniaxial strain range of -1% to 1%. For comparison, we also calculate the Young’s modulus
of MoS, and MoSe, NTs, as shown in Table 1. The Young’s modulus of (14, 0) and (10, 10) MoS,
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NTs are 159.7 GPa and 175.7 GPa, respectively, which can be compared with those reported by
Ansari et al.[35]. The Young’s modulus of (14, 0) and (10, 10) SeMoS NTs are larger than that of
(14, 0) and (10, 10) SMoSe NTs, respectively. We also find the order of the Young’s modulus of
the (14, 0) and (10, 10) NTs iS Ymos2 > Ysemos > Ysmose > Ymosez, Which is identical to that of the
MoS,, MoSSe, and MoSe, ML (MoS, > MoSSe > MoSe,)[23].

We also calculate the Poisson ratio of the NTs, which can be obtained using the ratio of
transverse contraction and axial elongation:

yob L R

& R, oL

where &, is the externally imposed strain along the tube axial direction, and ¢, is the radial

contraction strain. In table 1, the Poisson ratio of (14, 0) SeMoS NT is larger than that of (14, 0)
SMoSe NT, on the contrary, the Poisson ratio of (10, 10) SeMoS NT is smaller than that of (10, 10)
SMoSe NT. Which is due to the different topologies of the Mo-S and Mo-Se bonds of different
orientation for zigzag (14, 0) and armchair (10, 10) NTs, as shown in Fig. 1. Comparing to the
MoS, and MoSe, NTs, we also find the order of Poisson ratio for (14, 0) NTS iS isemos > imose2 >
imos2 > Tsmose, While, for the (10, 10) NTs, which iS ismose > ivose2 > Imos2 > isemos- The above Young’s
modulus and Poisson ratio analysis results indicate the different surface atoms of MoSSe NTs will
obviously affect their mechanical properties.
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Fig. 2. Band structure of the zigzag (14, 0) (a) MoS,, (b) MoSe,, (c) SMoSe and (d) SeMoS nanotubes,
and armchair (10, 10) (e) MoS,, (f) MoSe,, (g) SMoSe and (h) SeMoS nanotubes.

Fig. 2 shows the band structures of the (14, 0) and (10, 10) SMoSe, SeMoS, MoS, and
MoSe, NTs without the uniaxial strain. The (14, 0) SMoSe and SeMoS NTs exhibit direct band
gap with the valence band maximu (VBM) and conduction band minimum (CBM) at A-point,
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while (10, 10) SMoSe and SeMoS NTs are indirect band gap semiconductors, which are similar with
MoS; and MoSe, NTs. Interestingly, we find the band gap of (14, 0) SMoSe (E,=0.268 eV) and (10,
10) SMoSe (E4=0.465 eV) NTs are obviously smaller than that of (14, 0) SeMoS (E;=1.019 eV) and
(10, 10) SeMosS (E4=1.207 eV) NTs, respectively. Comparing with MoS, and MoSe, NTs, the order
of the band gap iS Egsemos) > Egvos2) > Egviose2) > Egsmose) fOr (14, 0) and (10, 10) NTs, respectively.
So the band gap of MoS, (MoSe;) NT can be modulated by replacing the surface atoms of the NTs
using the similar method to synthesize the MoSSe ML.

Energy (eV)

Energy (eV)

Fig. 3. Band structures of (a) (14, 0) SMoSe and (b) (14, 0) SeMoS nanotubes
under uniaxial strain, respectively.
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Energy (eV)

Fig. 4. Band structures of (a) (10, 10) SMoSe and (10, 10) SeMoS nanotubes
under uniaxial strain, respectively.
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The effects of strain on the band structures of the zigzag and armchair SMoSe (SeMoS)
NTs have been investigated. Fig. 3 and Fig. 4 illustrate the band structures of the (14, 0) and (10,
10) SMoSe (SeMoS) NTs under uniaxial strain, respectively. We can see the compressive (tensile)
strain can increase (reduce) the band gap for the zigag and armchair SMoSe (SeMoS) NTs. For (14,
0) SMoSe and SeMoS NTs, the VBM and CBM will maintain at A under uniaxial strain. While, for
(10, 10) SMoSe (SeMoS) NTs, the moving of the VBM occurs, but which are still indirect band gap.
Interestingly, there is a semiconductor-to-metal transition at the tensile stain of about 8% for (14, 0)
SMoSe NT. In contrast, for (14, 0) SeMoS and (10, 10) SMoSe (SeMoS) NTs, the band gap does
not vanish up to 8% tensile strain.
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Fig. 5. Energy gap of (14, 0) SMoSe, SeMoS, MoS, and MoSe, nanotubes as a function of uniaxial strain.
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Fig. 6. Energy gap of (10, 10) SMoSe, SeMoS, MoS, and MoSe, nanotubes as a function of uniaxial strain.

Fig. 5 and Fig. 6 show the variations of the band gap of the zigzag and armchair NTs
under the uniaxial strain. For the (14, 0) SMoSe and SeMoS NTs, the band gap decrease linearly
under uniaxial tensile strain, while the band gap increase at first then decrease under uniaxial
compressive strain. For the (10, 10) SMoSe NT, the band gap almost decrease linearly under the
strain from -8% to 8%. However, for the (10, 10) SeMoS NT, the band gap decrease linearly under
the strain from -4% to 8%, while the band gap decrease under the compressive strain from -4% to
-8%. The variation trend of the band gap for the zigzag and armchair SMoSe (SeMoS) NTSs is
similar to that of the MoS, (MoSe;) NTs.
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Fig. 7. The effective mass (in unites of the free electron mass m,) of electron for (14, 0) SMoSe,
SeMoS, MoS, and MoSe, nanotubes under uniaxial strain.
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Fig. 8. The effective mass (in unites of the free electron mass m,) of electron for (10, 10) SMoSe,
SeMoS, MoS, and MoSe, nanotubes under uniaxial strain.

As shown in Fig. 3 and Fig. 4, the unaxial strain can change the band structures of the NTs,
which is supposed to change the effective mass of electron. It can be calculated using the formula

m"* :hz[dzE(k)/deJ_l from the band structures, where E(k) is the energy band, k is the

coordinate vector in the reciprocal space, and 7 is the reduced Planck constant. Fig. 7 and Fig. 8
show the effective mass of electron for the zigzag and armchair NTs under unaxial strain. Without
strain, the effective mass of electron are 0.97, 0.38, 0.62 and 0.47 mfor (14, 0) SMoSe, (14, 0)
SeMoS, (10, 10) SMoSe and (10, 10) SeMoS NTs, respectively. It is obviously the effective mass
of electron of SMoSe NT is larger than that of SeMoS NT without strain for the NT with the same
index n. Comparing to MoS, and MoSe, NTs, the order of the effective mass of electron is
MesMose) > Me(mose2) > Me(mos2) > Mesemos) FOr (14, 0) and (10, 10) NTs under zero strain. For (14, 0)
NTs, the effective mass of electron is sensitive to both compressive and tensile strain. The
variation trend is similar with the (14, 0) CrS, NTs[10]. In contrast, for the (10, 10) NTs, the
effective mass of electron is not sensitive to the tensile strain, while which increase with increasing
the compressive strain.
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4. Conclusions

In summary, the mechanical properties and the strain effects on the electronic properties of
MoSSe NTs are systematically investigated. It is found that the Young’s modulus of SeMoS NT is
larger than that of SMoSe NT for the NT with the same index n. Similar with MoS, (MoSe;) NTs,
zigzag SMoSe and SeMoS NTs are direct band gap, and armchair SMoSe and SeMoS NTs possess
indirect band gap. Interestingly, the band gap of SeMoS NT is obviously larger than that of SMoSe
NT for the NT with the same index n.

Meanwhile, the band gap and the electron effective mass of the NTs can be effective
modulated under the uniaxial strain, even there is a semiconductor-to-metal transition at the tensile
stain of about 8% for (14, 0) SMoSe NT. Our results provide the fundamental insights of the
MoSSe NTs, and pave the way for the potential applications of MoSSe NTs in optoelectronic
devices and strain sensor.
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