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Abstract 

Intrinsic polarization has been demonstrated in layered structures to reduce the energy gap. 

Here we demonstrate that strain-induced polarization can increase energy gap and induce a 

metallic-to-semiconducting phase transition in zigzag nanoribbons of single-layered transition-

metal dichalcogenides, such as MoS2, MoSe2, WS2 and WSe2. This study provides a guidance 

for designing quantum piezotronic devices. 
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I. INTRODUCTION 

Two-dimensional (2D) materials have been attracting more and more attentions in 

fundamental researches [1-3] and device applications [4, 5], such as graphene and monolayer 

transition-metal dichalcogenides (TMDs) [6, 7]. TMDs have strong spin-orbit coupling, large 

band gap and boundary metallicity compared with gapless graphene [8-10]. By manipulating 

edge states, such as strain engineering [11], applying electric field [12] and external exchange 

field [13], electronic properties of TMDs nanoribbons can be half-metallic [13], magnetic [14] 

and superconductive [15]. Topological superconductivity and Majorna zero-energy modes have 

been demonstrated based on edge states of monolayer MoS2 [15]. Edge states can be used for 

MoS2 field effect transistors [16], and a wideband Q-switching fiber laser [17].  

Strain-induced polarization provides an effective method to tune/control carrier transport 

properties without changing the interfacial structure or chemistry [18]. Based on strain-induced 

polarization, piezotronics and piezo-phototronics are two emerging fields in nanotechnology 

for sensors, actuators, energy-harvesting and active optoelectronic devices [18, 19]. 

Polarization can drive a topological insulator transition in GaN/InN/GaN and GaAs/Ge/GaAs 

quantum wells [20, 21]. The mechanical properties and layered structures allow 2D 

piezoelectric materials to overcome bulk piezoelectric material flexibility limitations. 

Monolayer MoS2 exhibits piezoelectric property due to the broken center inversion symmetry 

[22, 23], allowing monolayer MoS2 to be applied in low-dimensional electro-mechanical 

devices [24-27]. Strain-induced polarization on two-dimensional materials have been applied 

for self-powered electro-mechanical devices [24, 28], such as nanogenerators [24], strain 

sensors [29] and field effect transistors [26, 27]. MoS2 zigzag nanoribbons showed the metallic 

edge states [30]. A transverse electric field can drive the electrons to transfer between the Mo- 

and S- terminated boundary, resulting in the edge states phase transition [13]. Whether 

polarization can increase energy gap for edge states transition remains an open question.   

 

II. MODELLING AND RESULTS 

In this study, we theoretically study polarization-driven edge-state transport of single-layer 

zigzag nanoribbons of MoS2, MoSe2, WS2 and WSe2. Strain-induced polarization can increase 

edge-state band gap, and result in a phase transition from metallic to semiconducting. Single-
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layer TMD consists of one transition metal layer sandwiched between two chalcogen layers 

with the form MX2, where M is the transition metal (Mo, W…), and X is the chalcogen (S, 

Se…). Schematic diagram of MoS2 nanoribbon is sketched in Figure 1(a).  

An 11-band Hamiltonian has been widely used for the basic electronic properties of single-

layered MoS2 [31]. By performing a unitary transformation based on horizontal reflection 

symmetry , the Hamiltonian can be described in the reduced atomic orbital basis as [32] 
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where t  and b  stand for top and bottom Sulfur layers respectively. Then the Hamiltonian 

is given by [13] 
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where ,i j  and ,u v  stand for lattice sites and atomic orbital indices, respectively, M

i  and 

S

i  represent onsite energies for Mo and S atoms, 
†

,ic   (
†

,ib  ) is creation operator for Mo (S) 

and ,ic    ( ,ib   ) is the corresponding annihilation operator, ,

M M

i j vt   , ,

S S

i j vt   , and ,

M S

i j vt   

respectively represent hopping energy between Mo-Mo, S-S and Mo-S atoms with a matrix 

form.  

We simultaneously consider the effects of deformation potential and polarization on 

transport properties in this model when an external strain is applied. In the presence of a tensile 

strain, MoS2 unit cell becomes stretched along strain direction while the unit cell is compressed 

under compressive strain, as illustrated in Figure 1(a). Polarization is induced by separating the 

center of transition metal atoms (with positive charge) and chalcogenide atoms (with negative 

charge), leading to a polarization inside the material.  

In our model, strain-induced polarization is included in the onsite energies, which are 

written as [13],  
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where i  stands for lattice site, M = 0.075 eV and S = 0.052 eV are the spin-orbit coupling 

of Mo and S atoms, respectively, zs  represents z-component spin degree of freedom, piezoV

is the piezoelectric potential at the site, I  is identity matrix and xxt⊥ , yyt⊥  and zzt⊥  indicate 

the interlayer hopping between two Sulfur layers, 0 , 2 , p  and z  are the crystal field 

of atomic level at the 2 23
0 ( )

z r
l d

−
= , 2 22 ( , )xyx y

l d d
−

=  Mo orbitals, the in-plane 

( , )x yp p  and the out-of-plane zp  S orbitals, respectively. In our study the spin-orbit 

coupling is ignored as we only focus on the transport properties of the nanoribbons under strain. 

Other Slater-Koster tight-binding parameters are cited from Ref [33]. The hopping terms ,

M M

i j vt  , 

,

S S

i j vt  , and ,

M S

i j vt   are detailed in Ref. [31, 33, 34].  

Similar to previous works [34, 35], the effect of strain-induced deformation potential in 

our model is included by modifying the hopping energies as,  
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where ,i j  and ,u v  stand for lattice sites and atomic orbital indices, respectively, 
0

i jR  is the 

equilibrium position vector of i- and j-th atoms, ,i j v   is the electron-phonon coupling 

coefficient, i jR  is the modified position vector under strain. The electron-phonon coupling 

,i j v  is respectively estimated to be 3, 4 and 5 for pp, pd and dd orbital hybridizations [34]. 

Under homogenous strain, i jR  can be obtained by 
0= (1 )i j i j  +R R s , where s  is the strain 

tensor.  
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Hexagonal structured MoS2 has only one independent piezoelectric coefficient 11e  due 

to its 3hD  point group [24], and the other non-zero piezoelectric coefficients can be described 

as 11 12 26 / 2e e e= − = −  [36]. Therefore, for an axial strain, polarization is induced only along 

armchair direction and can be expressed as 1 11 11 12 22 11 11 22( )P e s e s e s s= + = −  [24]. When a 

uniform strain 11s   is applied along y direction (armchair direction), strain-induced 

polarization and electric potential can be given from an infinite long charged wire model as 

follows [37-39] 
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where 11e   is the piezoelectric coefficient along y direction, r   is the relative dielectric 

constant, 0   is the vacuum dielectric constant, L   is the nanoribbon width. Piezoelectric 

coefficients of four TMDs are cited from Ref. [23]. Figure 1(b) calculates polarization in a 

single-layer MoS2 nanoribbon with the width of 4.1 nm under 2% strain. The polarization 

reaches the order of MV/cm at two boundaries.  

Based on tight-binding model, we use open source software package KWANT to calculate 

quantum transport [40]. Figure 2(a) shows band structure of unstrained zigzag MoS2 

nanoribbon, and ribbon width is set to be 4.1 nm. The conduction minimum (CM) and valence 

maximum (VM) respectively correspond to S-terminated edge state and Mo-terminated edge 

state [13]. The band gap is negative with the CM lower than the VM, leading to metallic phase 

of edge states. With increasing external strain, the negative band gap starts to increase and then 

becomes zero at a critical strain 2.7%, as shown in Figure 2(b). Increasing strain to 5%, edge 

states have a band gap of 0.34 eV, as shown in Figure 2(c). Positive potential of S boundary 

raises the CM, and the VB is reduced by negative potential of Mo boundary, giving rise to the 

phase transition from metallicity (negative band gap) to semiconductor (positive band gap). 

This behavior has also been observed in armchair MoS2 nanoribbon by applying an electric 
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field [41].  

When the ribbon accounts for spin-orbit interaction (SOI), the band structure shows a 

slight spin splitting for edge states, as shown in Fig. 2(d)-2(f). The effect of strain-induced 

polarization on edge state is the same as the case without SOI in Figures. 2(a)-2(c) whereas 

only a slight spin splitting appears. The spin subbands are separated along momentum axis, 

leading to the spin-dependent electronic transport.  

According to Ref. [13], strong external electric field can induce a peculiar half-metallic 

state for zigzag MoS2 ribbon when accounting for SOI and exchange field. Actually, strain-

induced polarization field can also trigger such half-metallic state at a proper strain. For instance, 

in a 4.1 nm MoS2 ribbon with an exchange coupling strength 
Mh =  and intrinsic SOI, strain 

11 4%s =  can induce a half-metallic state. APPENDIX A shows that although the ribbon width 

and exchange field are smaller than those in Ref. [13], strain-induced polarization can also 

trigger the half-metallic state. Half-metallic state can be used to design spin-related devices, 

such as spin filtering devices [13]. Therefore, strain-induced polarization is an effective 

approach to design spintronic devices based on the edge states of zigzag nanoribbon. 

Edge-state transport properties of zigzag MoS2 are explored in the presence of strain. 

Figure 3(a) shows the conductance versus electronic energy under various strains. Here, 

conductance unit is 2

0 /G e h=  (e is electron charge and h is Planck constant). In the insert of 

Figure 3(a), the gradient color signifies the potential distribution, and the direction of 

polarization Epiezo is reverse to y axis. There is a 
04G  conductance range without strain, owing 

to an overlap of electronic energies for two edge states. Under the gap closing threshold strain 

(2.7%), the conductance remains a constant over the entire edge-state region with the 

conductance of 02G . The nanoribbon becomes semiconducting at 5% strain. There is a zero 

conductance range where electronic energy is located on the gap.  

Figure 3(b) shows edge-state band gap versus external strain for four TMDs. Without 

strain, MoS2, MoSe2, WS2 and WSe2 have a negative band gap of -0.38 eV, -0.59 eV, -0.11 eV 

and -1.19 eV, respectively. Band gap approximately linearly increases with the strain. When the 

strain increases to 8%, the band gap of MoS2, MoSe2 and WS2 becomes a positive value of 0.78 
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eV, 0.34 eV, and 0.22 eV respectively. WSe2 still has a negative gap of -0.37 eV. The different 

gap behavior of WSe2 is due to its wider inverted gap and weaker piezoelectricity. WSe2 has a 

negative gap -1.19 eV, much lower than three other materials. For opening such large negative 

gap, a high piezoelectric potential is required. From Eq. (7), piezoelectric potential is dependent 

on the piezoelectric coefficient divided by the relative permittivity 𝑒11 𝜀𝑟⁄  that is ~ 12 pC/m 

for WSe2, lower than MoS2, MoSe2 and WS2 (18, 16 and 15 pC/m). This indicates that at a fixed 

external strain, WSe2 has smaller piezoelectric potential in comparison with other three 

materials. 

For a wider ribbon such as 10 nm and 50 nm, the edge state still exists and its gap also 

shows a linear increase with the applied strain, similar to the case of 4.1 nm width ribbon. 

APPENDIX B shows that the critical strain decreases with the ribbon width and being 2.07% 

and 1.37% for the ribbon width of 10 nm and 50 nm, respectively. 

We calculate the conductance in Figures 4(a) - 4(d) for MoS2, MoSe2, WS2 and WSe2 

respectively. Dashed lines signify the change of two edge states (M-terminated and X-

terminated boundary). The results show that for four different materials, strain increases M-

terminated edge-state energy and decreases S-terminated edge-state energy. There is an 

intersection indicating the opening of band gap. For MoS2, MoSe2, WS2 and WSe2, the critical 

strains to open the band gap are 2.7%, 5.2%, 3.8% and 11.5%, respectively. Bulk states lead to 

higher conductance which is shown in the red region in Figure 4.  

Different from the situation in zigzag nanoribbons, armchair nanoribbons have an intrinsic 

edge-state band gap. There are many differences between zigzag and armchair nanoribbons. 

Zigzag nanoribbon has two separated edge state (Mo edge and S edge) which are degenerate in 

armchair nanoribbon [12]. These degenerated edge states can be separated by a y-axis electric 

field [12, 42]. Moreover, the modulation mechanism of electronic transport is also quite 

different for these two forms of nanoribbons. To be more explicit, polarization (y axis) is 

perpendicular to the transport direction (x axis) for zigzag nanoribbon, as shown in the insert 

of Figure 3(a). For armchair nanoribbon, the polarization is parallel to the transport direction 

[43]. 

 

III. CONCLUSION 
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To summarize, we theoretically investigate polarization-driven edge-state transport in 

zigzag TMDs nanoribbons. Edge-state band gap changes from a negative to positive value with 

the increase of the externally applied strain, indicating a phase transition from metallicity to 

semiconducting. This study provides a guidance for designing high-performance piezotronic 

devices based on strain modulated quantum states. 
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APPENDIX A: HALF-METALLIC STATE 

Figure 5 shows band structure of the MoS2 ribbon at strain 𝑠11 = 4%  when SOI and 

exchange coupling are simultaneously taken into account. Exchange coupling is set at the 

strength ℎ = 𝜆𝑀, which is lower than ℎ = 2.4𝜆𝑀 in Ref. [13]. In spite of a lower exchange 

coupling, strain-induced polarization can induce a peculiar half-metallic state, as shown in 

Figure 5. We note that despite different ribbon width (4.1nm in this study and 6.4 nm in Ref. 

[13]), the edge-state subbands can also touch each other, similar to Figure 2(a) of Ref. [13], 

where exchange coupling is fixed at ℎ = 2.4𝜆𝑀. 

 

APPENDIX B: INFLUENCE OF WIDTH ON GAP OPENING BEHAVIOR 

Due to the width dependence of piezoelectric potential (Eq. (7)), the edge-state gap 

behavior is associated with the ribbon size. Figure 6 calculates the edge-state gap as a function 

of strain for three widths, namely 4.1, 10 and 50 nm. The monolayer MoS2 with those widths 

can be synthesized in experiment [44-46]. It shows that regardless of ribbon width, the gap 

always increases linearly with external strain. Increasing ribbon width can decrease the critical 

strain for zero gap, which is due to the rising piezoelectric potential with width. The critical 

strains are 2.72%, 2.07% and 1.37% for the ribbon width of 4.1, 10 and 50 nm, respectively. 
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Figure caption 

Figure 1.  (a) Schematic diagrams of zigzag MoS2 nanoribbon and MoS2 unit cell without 

strain, with tensile strain and compressive strain, respectively. External strain is applied in the 

armchair (horizontal) direction. Positive and negative signs represent positive and negative 

charge centers, respectively. Yellow and black atoms represent Sulfur and Molybdenum atoms, 

respectively. (b) The electric potential and piezoelectric field (polarization) for MoS2 

nanoribbon under 2% external strain. Here, the ribbon width L is set at 4.1 nm. 

 

Figure 2.  Band structures of zigzag MoS2 nanoribbon (a, d) without strain, (b, e) with 2.7% 

strain and (c, f) with 5% strain. The edge channels are marked in (a). The intrinsic spin-orbit 

interaction is ignored in (a)-(c) but included in (d)-(f). 

 

Figure 3.  (a) The conductance of zigzag MoS2 nanoribbon under 0%, 2.7% and 5% strain, 

respectively. The insert shows the direction of the polarization (reversely along y axis), and the 

gradient ramp of the insert shows the distribution of the electric potential. (b) Variation of edge-

state band gap with external strain for zigzag nanoribbon of four TMDs. The dashed horizontal 

line indicates the zero value of band gap. 

 

Figure 4.  The conductance versus electronic energy and strain for zigzag nanoribbons of four 

TMDs, (a) MoS2, (b) MoSe2, (c) WS2 and (d) WSe2. The edge states and the gap opening point 

(GOP) are marked in each figure.  

 

Figure 5.  Band structure of half-metallic state for zigzag MoS2 nanoribbon under a strain 

𝑠11 = 4% and exchange coupling ℎ = 𝜆𝑀. 

 

Figure 6.  Variation of edge-state band gap with external strain for zigzag MoS2 nanoribbon 

with the width 4.1, 10 and 50 nm. The dashed horizontal line indicates the zero value of band 

gap. 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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