o

£

g EasyChair Preprint

Ne 3977

Electromechanical Properties of Monolayer
Sn-dichalcogenides

Bach Le Xuan, Thanh Vuong Van, Bao Hoang Van,
Do Van Truong and Hung Nguyen Tuan

EasyChair preprints are intended for rapid
dissemination of research results and are
integrated with the rest of EasyChair.

July 30, 2020



Electromechanical properties of monolayer Sn-
dichalcogenides

Le Xuan Bach', Vuong Van Thanh'’, Hoang Van Bao', Do Van Truong’, Nguyen
Tuan Hung’

"Department of Design of Machinery and Robot, School of Mechanical Engineering,
Hanoi University of Science and Technology, Hanoi, Vietnam

thanh.vuongvan@hust.edu.vn

“Department of Mechatronics, School of Mechanical Engineering,
Hanoi University of Science and Technology, Hanoi, Vietnam
3Frontier Research Institute for Interdisciplinary Sciences,
Tohoku University, Sendai 980-8578, Japan

Abstract. We investigate electromechanical properties of monolayer SnX, (X = Se, Te) with
IT structure as a function of charge (electron and hole) doping by using first-principles
calculations. We find that the monolayer SnSe, shows a semiconductor-metal transition for the
case of heavy electron doping, while SnTe, retains the metallic properties under both electron
and hole dopings. The actuation strain of SnX, in the case of electron doping is substantially
larger than those of hole doping. Moreover, the effect of charge doping on ideal strength and
ideal strain of the monolayer SnX; is also discussed.
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1. Introduction

Artificial muscles are materials that can respond like a natural muscle to generate strain and
force when stimulated [1,2]. Various actuation materials have been examined to replace the natural
muscle such as polymer nanofiber films [3], shape-memory alloys [4], ionic-polymer/metal
composites [5], dielectric elastomers [6], and carbon nanotube bundles [7]. Recently, two-dimensional
(2D) materials show great potential for the artificial muscle because of their outstanding properties
such as large surface doping and mechanical flexibility [8-11]. Acerce et al. [12] observed that 2D
nanosheet MoS, generates mechanical stresses of about 17 MPa with a actuation strain ~ 0.8% at a
low voltage between -0.3 and 0.3 V. In the previous theoretical study, Thanh et al. [13] investigated
the electromechanical properties of other 2D MoS, family, and indicated that WTe, and WS, with 1H
and IT structures, respectively, show the best actuation performances among MX, (M = Mo, W; X =
S, Se, and Te) compounds. Very recently, other 2D material such as monolayer SnSe, has been
synthesized by the chemical vapor deposition method [14, 15]. Qu ef al. [16] investigated the
mechanical and electronic properties of the monolayer SnX, based on the first-principles calculations,
and pointed out that under strain, semiconductor-metal transition occurs on SnX, with the 2H
structure, while the change of the bandgap appears in SnX, with the 1T structure. Using an electric-
double-layer transistor (EDLT) gating geometry, Zeng et al. [17] reported the gate-induced 2D
superconductivity in layered 1T-SnSe,. Moreover, magnetism of the monolayer SnX, (X=S, Se) was
studied [18], in which a phase transition from nonmagnetic to ferromagnetic ground state appears once
above the critical hole density (~10" cm™). Up to date, almost studies of the monolayer SnX, have
mainly focused on synthesis, mechanical, electronic, and magnetism properties [14-18], while their
electromechanical properties are still lacking.

In this paper, by using first-principles calculations, we investigate the electromechanical
properties of the monolayer SnX, (X = Se, Te) with the 1T structure (1T- SnX,) as a function of
electron and hole dopings. We find that the semiconductor-metal transition occurs in 1T-SnSe, under a
heavy electron doping, while 1T-SnTe, retains metallic properties under charge doping. The



monolayer SnSe, shows a reversible strain ranging from 0.5% to 1.8%, making them suitable for
actuation applications. Moreover, the ideal strength and the ideal strain of the monolayer SnX, under
the different charge doping are investigated as well in this study.

2. Computational methods
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Fig. 1. Top view (a) and front view (b) of monolayer 1T-SnX,. (¢) The first Brillouin zone of
monolayer SnX, with high-symmetry points.

In this study, we perform the first-principles calculations based on the density-functional theory
(DFT) using Quantum ESPRESSO package [19]. The pseudopotentials of Sn, Se and Te from the
Standard Solid-State Pseudopotentials library are used [20]. An kinetic energy cut-off for the wave
function chosen is 60 Ry. The exchange-correlation energy is evaluated by general gradient
approximation using the Perdew—Burke—Erzerhof (PBE) function [21]. k-point grid in the Brillouin
zone is set by a 16 x 16 x 1 grid for the monolayer SnX, within the Monkhorst—Pack method [22].

The atomic structures of the monolayer SnX, is shown in Fig. 1, in which the periodic boundary
condition is applied in all models, and a vacuum space of 30 A in the direction perpendicular to the
monolayer (z-direction) is set to avoid virtual interactions between layers. To obtain optimized atomic
configurations of SnX,, the atomic positions and cell vectors are relaxed using the Broyden—Fletcher—
Goldfarb—Shanno (BFGS) minimization method [23-26] until all the Hellmann—Feynman forces and
all components of the stress are less than 0.0005 Ry/a.u. and 0.05 GPa, respectively.

The optimized structured is obtained for each charge doping from -0.1 to +0.1 electron per atom
(e/atom) to calculate the actuation strain & of the monolayer SnX,. The electron (hole) doping is
simulated by adding (removing) electrons to the unit cell with a uniform charge background [13]. To
investigate the ideal strength &' (or the maximum stress) and ideal strain & (¢ is the strain at the
maximum stress) of the monolayer SnX,, an axial tensile strain is applied to the structures by
elongating the cell in the axial direction with an increment of 0.02 of the tensile strain until the
structure is broken. Here, the dimensionless tensile strain is defined by &= (L — Ly)/Lo, where L and L,
are the lengths of the unit cells for strained and unstrained structures, respectively.

3. Results and discussion
Table 1. Lattice constant a, (A), buckling height / (A), bond lengths of Sn-X and X-X atoms (A),

and XSnX of monolayer SnX,.

Materials a h Sn-X X-X XSnx
SnSe, 3.83 3.24 2.74 3.92 91.3°
SnTe, 4.11 3.60 2.98 4.31 92.7°

Our calculated lattice constants of the monolayer SnX, are listed in Table 1, which are in good
agreement with the previous results [27-29], indicating that the present calculations are consistent. The
buckling height (%, see Fig. 1(b)) of SnSe, (3.24 A) is smaller than that of SnTe, (3.60 A) and MoSe,



(3.34 A) [30]. In addition, our calculations for the Sn-Se and Sn-Te bond lengths are 2.74 A and 2.98
A, which are in good agreement with previous DFT calculations [29].
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Fig. 2. Energy band structures of monolayer SnSe, with several (a) electron and (b) hole doping levels.

The Fermi energies (dashed line) are set to zero for all plots.
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Fig. 3. Energy band structure of monolayer SnTe, with several (a) electron and (b) hole doping levels.
The Fermi energies (dashed line) are set to zero for all plots.

To study the electronic properties of the monolayer SnX, under charge doping, we
investigate the energy band structures of SnX, for the neutral (¢ = 0) and charge doping cases (¢ # 0).
In Figs. 2 (a) and (b), we show the energy band structures of SnSe, under the electron and hole
dopings, respectively. The dashed line shows the Fermi energy level. The obtained results show that
SnSe, is a semiconductor with an indirect bandgap of 0.71 eV at the neutral case, which is in good
agreement with the previous calculated result (0.8 eV) [30, 31]. We note that, the IH-MoS, monolayer
is direct-gap (1.65 eV) semiconductor [32], while the 1T-ZeS, monolayer is an indirect-gap (1.1eV)
semiconductor [33]. For the electron doping case, the energy bands of monolayer SnSe, shift
downward compared with the energy bands in the neutral case. Therefore, the monolayer SnSe,
becomes metallic at the electron doping ¢ = -0.04 e/atom. In the case of hole doping, the energy bands
of SnSe, are almost unchanged by increasing ¢, as shown in Fig. 2 (b). On the other hand, the
monolayer 1T-SnTe, is metallic at both neutral and charge doping cases, as shown in Figs. 3 (a) and
(b). We can see that, for the electron doping, the energy bands of the monolayer SnTe, shift downward
compared with the energy bands in the neutral case, while they are almost unchanged by increasing ¢
for the hole doping case. With the stable metallic, 1T-SnTe, shows a potential for artificial muscle that



can work with a low applied voltage. Acerce et al. [12] showed that artificial muscle based on the
metallic 1T- MoS, works with very low voltage ranging from -0.3V to 0.3V.

In Fig. 4, we show the actuator strain & of the monolayer SnX, as a function of charge
doping ¢ ranging from -0.1 to +0.1 e/atom. In the neutral case (¢ = 0), we obtain & =0. For the both
electron and hole doping cases, & of SnX, is non-linear function of g. For the electron doping case (¢
<0), & of the monolayer SnX, increases with decreasing of g. At ¢ = -0.1 e/atom, the actuator strains
of monolayer SnSe, is up to 1.8%, eight times higher than maximum strain (0.21%) for graphene-
based actuator [11]. For the hole doping case (¢ > 0), SnTe, shows the highest compression strain (&
= -0.9%) at ¢ = 0.06 e/atom, while SnSe, shows the highest compression strain (&/ = -0.7%) at g =
0.05 e/atom and the expansion strain about (&/ = 0.5%) at ¢ = +0.1 e/atom.
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Fig. 4. Actuator strain of monolayer SnX, as a function of charge doping.
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Fig. 5. Engineering stress of monolayer SnX, as a function of tensile strain for several charge dopings
g. (a) ox and (b) oy, along the x (armchair) and y (zigzag) directions of SnSe, and SnTe,, respectively.

Finally, we investigate the ideal strength ¢ and the ideal strain & of the monolayer SnX,
under the tensile strain at different charge doping levels. In Figs. 5 (a) and (b), we show the stress-
strain curves of SnSe, and SnTe, in the x (armchair) and y (zigzag) directions for several charge
dopings, respectively. The obtained results indicate that SnX, shows an anisotropic behaviour with the
tensile strain. We note that the strains along the armchair and zigzag directions can be applied to the
2D materials by controllably bending the substrate beam in a four-point apparatus [34]. At ¢ = 0, &



(€) of SnSe, is 47.64 N.m™ (0.15) and 50.8 N.m™ (0.32) along the x and y directions, respectively. We
note that although &' of SnSe, in the unit of N.m™ is larger than that of graphene (& ~ 37.87 N.m™)
[11], the thickness of SnSe, about 6.16 A [35] is almost double the value of graphene (3.34 A).
Therefore, in the unit of GPa, oy and ojyy of SnSe, are 773 and 825 GPa, respectively, which are
smaller than that of graphene (~ 1000 GPa). In addition, ¢ of SnSe, is higher than that of SnTe, for
both x and y directions, as shown in Figs. 5 (a) and (b). For the hole doping (¢ > 0), the ideal stress is
decreased by increasing |g|, in which highest reduction of o is found in SnSe, along the armchair
direction, as shown in Fig. 5 (a). In contrast, for the electron doping (g < 0), & of SnSe, and SnTe, can
increase by 3.8% and 13.4% in the zigzag direction, respectively, as shown in Fig. 5(b).

4. Conclusions

We have performed a first-principles calculations for the structural deformation and the
electronic structure as a function of charge doping. Our results show that a semiconductor-metal
transition occurs in the monolayer SnSe, for the electron doping at ¢ = -0.04 e¢/atom. For the heavy
electron doping, the actuator strain of SnSe, and SnTe, can be achieved up to 1.8% and 1.6%,
respectively. Moreover, the ideal strength of SnSe, and SnTe, is increased by 3.8% and 13.4% for the
zigzag direction in the case of electron doping, respectively. This study provides a guide for the design
and fabrication of the monolayer SnX,-based artificial muscles.
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