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Abstract 

High performance edge states-based quantum piezotronic tunneling transistor with MoS2 

nanoribbon device architecture at room temperature is demonstrated. The edge states are 

identified by the tight-binding band calculations. The Fermi energy position related to carrier 

concentration and tunneling probability are investigated based on quantum mechanics theory. 

It is found that the tunneling current can be exponentially controlled by piezotronic effect, and 

the Schottky barrier height can also be modified. The edge states transport behavior is further 

elucidated by conductance and electronic density distribution with applied strains. The strain 

sensitivity of the quantum piezotronic transistor can reach over 103. This study is capable of 

advancing the design of new generation of transistor devices based on edge states, and 

providing prospects of realizing high performance room temperature quantum piezotronic 

devices. 
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1. Introduction 

Piezotronics has been attracting tremendous research interests dur to their unique two-

way coupling of piezotronic effect and semiconductor properties. Strain-induced piezoelectric 

polarization charges at the junction can effectively control the carrier generation, transport, 

and recombination process [1-3]. Benefiting from the mechanism, many high performance 

piezotronics devices have been innovatively developed, such as nanogenerators [4-6], strain 

sensors [7], piezoelectric field-effect transistors [8], addressable transistor arrays [9] and 

piezotronic logic nanodevices [10, 11]. Piezotronic and piezo-phototronic devices have  high 

performances because strain-induced polarization controls Schottky barrier heights [1, 2, 12]. 

Typical ZnO nanowire-based piezotronic strain sensor has gauge factor of 1250 by the 

piezotronic effect [7]. Recently, ultrahigh sensitivity of strain sensors based on piezotronic 

Ag/HfO2/n-ZnO junction reached up to 4.8 ×105 gauge factor at 0.10% strain, because strain-

induced polarization controls the metal/insulator/piezoelectric semiconductor structure [13]. 

Piezotronic effect is effectively exploited to develop oxygen [14], glucose [15], protein [16] 

and humidity [17] sensors based on strain-controlled Schottky barrier. 

Piezotronic and piezo-phototronic transistors can be good candidates for high 

performance quantum devices. Room-temperature quantum devices face great challenge for 

quantum communication and computation [18-20]. Piezo-phototronic spin lasers operated at 

room temperature have been studied theoretically and experimentally [21-23]. Edge states, as 

a novel feature of transition metal dichalcogenide (TMDC), holds enormous potential towards 

future high performance electronic applications at room temperature. The edge states of MoS2 

nanoparticles and nanoclusters have been directly observed by atom-resolved scanning 

tunneling microscopy at room temperature [24, 25]. Theoretical analysis has identified that 

the insulating or metallic edge states can be stable according to the temperature and ambience 

[26]. Furthermore, edge states can be utilized to realize the topological superconducting 

phases and search for Majorana zero modes [27, 28]. Most importantly, composite wide-band 

saturable absorbers and field-effect transistors have been fabricated based on the edge states 

in layered MoS2 [29, 30]. Two-dimensional layered TMDC materials have been outstanding 

options for transistor application in the research community because of their atomically thin 

planar structure, finite band gap, ease of fabrication, excellent flexibility and electrostatic 
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controllability [31-36]. Abundant effort has been contributed to develop electronic devices 

based on the quantum mechanical transportation, such as band to band tunneling (BTBT) [37, 

38] and Schottky barrier tunneling [39, 40]. 

In this study, we have constructively designed high performance monolayer armchair 

MoS2 nanoribbon-based quantum tunneling transistor to utilize the edge states transport at 

room temperature. The influence of strain-induced piezotronic effect on barrier potential and 

Schottky barrier height has been discussed in detail. The existence of edge states can be 

explicitly observed in the band structure through tight-binding model. In order to calculate the 

tunneling current, we have also investigated the carrier concentration-related Fermi energy 

and quantum mechanical tunneling probability. The tunneling current change under strain, 

temperature and carrier concentration has been studied systematically. Strain reveals an 

exponential control with ultrahigh sensitivity over 103 which is also verified by the 

conductance and electronic density distribution of edge states transport. These results not only 

open up instructive design guidance for electronic devices based on edge states, but also 

provide innovative ideas for high performance piezotronics device at room temperature. 

2. Model and method 

TMDC monolayers are intrinsically piezoelectric materials due to the lack of 

centrosymmetry [41]. When an external strain s  is applied in the armchair direction, the 

strain-induced polarization can be expressed as 11P e s , where 11e  is the piezoelectric 

coefficient of monolayer MoS2 [42]. The source side is set to be ohmic contact, then there 

only exists piezoelectric polarization charges at the drain side. The strain-induced 

piezoelectric potential distribution can be approximately obtained through 1D infinite charged 

wire model [43-45] 

0

ln
2

piezo

r

P L x
V

L 

 
  

 
                                                 (1) 

where L  is the nanoribbon length, 0  and r  are the vacuum and relative dielectric 

constants, respectively, x  is the distance along the armchair direction away from Mo-

terminated edge. 
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The electronic structure and edge states dispersion properties can be well characterized 

by employing the tight-binding model. The tight-binding Hamiltonian reads as follows [46, 

47] 

†

, , , , ,

,

†

,

, [ H.c.]TB

i i j

i i

i j i

j

H cc t c c      

 

                                (2) 

where 
, 

 is the onsite energy of corresponding atom, 
,ijt   is the hopping term, †

,ic 
 is the 

creation operator to create an electron, ,i j  and ,   represent lattice site and atomic orbital, 

respectively. 

For two-dimensional MoS2 materials, the Fermi energy FE  is related to the carrier 

concentration n  as [48, 49] 

/
ln(exp 1)Cn N

F C BE E k T                                              (3) 

where CE  is the conduction-band minimum, Bk  is the Boltzmann constant, T  is the 

temperature and CN  is the effective density of states. 2D 22

v s
C B B

g g m
N D k T k T





    , 

where 2DD  is the 2D density of states, vg  is the valley degeneracy, sg  is the spin degeneracy, 

m
 is the effective mass which can be fitted through parabolic band model and  is the 

reduced Planck constant. The relevant parameters used here are set as 1vg  , 2sg  , 

00.13m m   ( 0m  is the free-electron mass). 

The tunneling current through the Schottky contact barrier can be numerically evaluated 

as [39, 50] 

d

0
( ) ( ) ( )dI q M E T E f E E



                                            (4) 

where q  is the electronic charge, d  is the Schottky barrier height at drain contact, ( )M E  

is the product of density of states 2DD  and electronic average velocity v , ( )f E  is the 

Fermi-Dirac distribution function and ( )T E  is the tunneling probability which can be 

calculated quantum-mechanically by Wentzel-Kramers-Brillouin (WKB) approximation [50-
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52]. Further, 
0

2 2
( ) exp ( ) d

Lm
T E U x E x

 
   

 
 

 , where ( )U x  is the distribution of 

barrier potential energy. 

3. Results and Discussion 

The schematic drawing of quantum tunneling transistor is shown in Fig 1(a). A single-

layered armchair MoS2 nanoribbon is placed between two electrodes. Mo-terminated edge 

(left boundary composed of blue spheres) is in contact with the source electrode while S-

terminated edge (right boundary composed of yellow spheres) is for the drain electrode. The 

two red arrows indicate the edge states transport of nanoribbon from source to drain. Two-

dimensional MoS2 possesses strong piezoelectricity which is advantageous for realizing 

electromechanical coupling. When an external strain is imposed, a strong piezoelectric 

polarization field up to MV/cm could be created by the localized piezoelectric polarization 

charges [53]. This polarization field can be further increased while strain increases [33, 42]. 

Fig 1(c) demonstrates the different strain-induced barrier potential distributions of 100 nm 

length nanoribbon. The metal-semiconductor contact of source side is ohmic contact and the 

other drain side forms Schottky contact, so there exists a negligible barrier height in the left. 

The ohmic contact can be constructed through Schottky barrier height engineering. For 

example, low Schottky barrier height ~30meV has been realized in multilayer MoS2 with 

scandium material contact [54] and zero Schottky barrier height can be produced for 

monolayer MoS2 in contact with semimetallic bismuth [55]. As it can be seen, the barrier 

potential is distributed gradually except the right boundary because strain-induced 

piezoelectric polarization charges are mainly assembled at the zigzag edge of the nanoribbon. 

And the barrier height at Schottky contact increases distinctly in a larger amplitude with an 

increasing strain. 

For a Schottky contact composed of monolayer MoS2 with strong piezoelectric property 

and metal electrode, piezoelectric charges will be generated near the zigzag edge of the 

nanoribbon under an externally applied strain as shown in Fig 1(b) and (d). Tensile strain can 

induce negative piezoelectric charges near the interface which can effectively increase the 

Schottky barrier height and globally raise barrier potential distribution inside the 

Jo
ur

na
l P

re
-p

ro
of



semiconductor as depicted in Fig 1(b). This phenomenon has also been studied in several 

previous works [12, 42, 56, 57]. The green arrows indicate the band diagram change from 

black dotted line to red solid line after applying tensile strain. Fig 1(d) shows the opposite 

situation that compressive strain can induce positive piezoelectric charges to lower the 

Schottky barrier height and barrier potential distribution. Thus, the charge carrier transport 

property through Schottky contact can be tuned by piezotronic effect depending on the strain 

direction. 

In order to catch the edge states properties of armchair MoS2 nanoribbon, Fig 2(a) plots 

the band structure of 20 nm width nanoribbon. It is noteworthy that the gapped edge modes 

with its edge states spectrum well-isolated from bulk states as indicated by the red lines. This 

specific characteristic provides direct access to study the edge states property based on low-

dimensional materials. Strain-induced piezotronic effect can modulate the local Schottky 

barrier height and Fig 2(b) shows the barrier height as a function of applied strain. Monolayer 

MoS2-metal contact usually has a barrier height based on the work function of metal contact, 

electron affinity of MoS2, voltage drop at the interface and other factors [58] and 0.2 eV is set 

here as a reasonable value [59]. Tensile strain can increase the Schottky barrier height while 

compressive strain can decrease barrier height which is an effective way to regulate quantum 

tunneling properties. 

Fig 2(c) shows the Fermi potential versus carrier concentration which can be tuned by 

field-effect doping technique [60-62]. The effective 2D carrier concentration reached  ~1014 

cm-2 in MoS2 [63]. High-level doping concentration ~1013 cm-2 of monolayer MoS2 has been 

studied based on dual-gated device structure [64]. Cesium carbonate and potassium are 

utilized as n-type doping technologies to enhance the carrier concentration in MoS2 field-

effect transistors [65, 66]. The Fermi level can be shifted with respect to conduction-band 

minimum through different carrier concentrations and when the concentration is set to be 

0.4×1013 cm-2, the corresponding Fermi level is at 0 eV. Tunneling probability is a key 

parameter for quantum tunneling transistor and Fig 2(d) shows the tunneling probability 

versus electronic energy for various strains. When the electronic energy is higher than barrier 

height, the probability is equal to 1 here. The barrier height is increased under an increasing 

strain thus electron needs higher energy to transport entirely. 

Jo
ur

na
l P

re
-p

ro
of



Fig 3(a) calculates the tunneling current density for different temperatures against strain. 

The tunneling current density indicates an exponential decrease especially for lower 

temperature. The inset of Fig 3(a) shows the logarithmic scale for current density under strain. 

Current density is larger under a lower temperature for a lower barrier height while it 

becomes the reverse for higher barrier heights. It is noteworthy that strain-induced piezotronic 

effect can efficiently modulate the tunneling current density through modifying the barrier 

height and this strain control is at an exponential scale. Fig 3(b) shows the relative current 

sensitivity as a function of strain which is defined as 0/I I

s




, where 0I  is the current without 

strain. This control mechanism shows an ultrahigh sensitivity which can reach over 103 for 

small compressive strain. When we further increase the strain, the sensitivity decreases due to 

the low tunneling current under high barrier. The systemic study of tunneling current density 

versus temperature and carrier concentration under strain effect by contour plot is shown in 

Fig 3(c) and 3(d), respectively. Upon increasing carrier concentration, the tunneling current 

density becomes larger. Strain reveals a remarkable control method for the performance of 

quantum tunneling transistor that strain can increase or decrease tunneling current density in 

several orders of magnitude. 

Edge states transport behaviors of single-layer armchair MoS2 nanoribbon under strain-

induced piezotronic effect are further explored by Kwant Python package [67]. Fig 4(a) shows 

the transport conductance as a function of electronic energy under various strains for only 

considering strain-induced polarization and the conductance unit 0G  here is 
2 /e h  ( e  is the 

elementary charge and h  is the Plank’s constant). As we can see, the edge states transport 

conductance is heavily decreased with an increasing strain. The inset of Fig 4(a) demonstrates 

the direction of strain-induced polarization electric field which is parallel to the edge states 

transport along armchair direction and the gradient background shows the potential 

distribution. The band structure, transport properties and spin polarizations of edge states in 

monolayer zigzag MoS2 can be effectively controlled by piezotronic effect. The strain-

induced piezoelectric field is perpendicular to the transport direction [53, 68]. For armchair 

MoS2 nanoribbon, the strain-induced piezoelectric field is parallel to the edge states transport 

direction. Fig 4(b), (c) and (d) show the electronic density distribution of edge states transport 
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under 0%, 2% and 8% strain, respectively. Monolayer MoS2-based transport is n-type [69, 

70], as a result, the electronic energy is fixed at 0 eV here. The electronic behaviors provide 

the evidence of edge states transport as well. When there is no applied strain, electrons can 

pass through the nanoribbon without block as shown in Fig 4(b). Further increasing strain, the 

electronic transport is gradually blocked leading to the decrease of conductance as shown in 

Fig 4(c) and (d). 

Strain-induced piezoelectric field can modify the Schottky barrier height, which is 

piezotronic effect on two-dimensional materials [42]. Edge states act as conducting channels 

[30]. The piezotronic effect can destroy the edge states in the device. Strain-induced 

piezoelectric field can localize the electrons at the left side, as a result, the conductance of 

edge states transport can be manipulated. Local strain can increase the saturation current from 

3.5 pA to 17 nA in MoS2-metal vertical devices through engineering the Schottky barrier 

height [40]. Both the edge states and the height of the Schottky barrier can affect the current 

density due to piezotronic effect. While the height of the Schottky barrier decreases by 

piezotronic effect, the edge states will dominate the current density. While the height of the 

Schottky barrier increases by piezotronic effect, both the edge states and the height of the 

Schottky barrier can affect the current density. 

The temperature effect on transport conductance is shown in Fig 5(a) and (b). The edge 

states transport conductance for -0.7 eV and 0.2 eV is still 04G  when the temperature 

increases from 0 K to 300 K as shown in Fig 5(a). Strain-induced piezotronic effect can lead 

to the decrease of transport conductance as well when the temperature is taken into 

consideration as shown in Fig 5(b). The size of nanoribbon can change the sensitivity in this 

quantum piezotronic transistor. Previous works reported that the tunneling current and current 

sensitivity depend on the length of nanoribbon. For simplicity, the width is neglected based on 

previous models [39, 50, 51]. The sensitivity has been calculated with various lengths of 

nanoribbon, as shown in Fig 5 (c). It is found that the length of nanoribbon changes the 

sensitivity. The sensitivity of different nanoribbon structures changes significantly due to the 

strain-induced piezotronic effect. The sensitivity can reach up to 103. 

The body current can be reduced by gate voltage. Previous experiment reported that the 
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edge states conductance increased from 2×10-7 S·sq to 10-5 S·sq with the gate voltage varied 

from -20 V to 0 V [30]. The bulk states conductance was 10-9 S·sq. The bulk states 

conductance increases while gate voltage increases from 0 V to 30 V. At gate voltage of 20 V, 

the conductances of edge states and bulk states were 3×10-5 S·sq and 2×10-7 S·sq, 

respectively. The conductance of edge states is at least two orders of magnitude greater than 

conductance of bulk states. Therefore, the body current can be neglected in our model. 

Substrate pre-treatment is a typical way to improve device performance [71]. Theoretical 

results suggested that SiO2 substrate might be absent for MoS2 transistor with HfO2 gate 

dielectric and an interfacial layer for best performance [72]. For example, the cantilever 

structure can suspend the device. ZnO nanowires can be suspended by enclosed electrodes 

[73]. Micro-electro-mechanical-systems (MEMS) suspension technologies may be applied in 

this structure [74, 75]. 

Fig 5(d) demonstrates two schematic diagrams of possible experimental design structure 

for quantum piezotronics transistor. The strain is introduced through the bottom flexible 

substrate. The carrier concentration in MoS2 nanoribbon can be controlled by the applied top-

gate voltage gV  [30]. MoS2 nanoribbon is encapsulated by HfO2 dielectric which improves 

carrier mobility and reduces phonon scattering [64, 76, 77]. MoS2 nanoribbon is suspended 

with enclosed electrodes, as shown in the lower structure of Fig 5(d) [73]. 

The defects and free carrier concentration should be reduced to avoid free carriers screen 

effect [78]. The n-type edge states transport requires the carrier concentration of ~1012 cm-2 in 

our model, as shown in Fig 2(c). The free carriers screen can be effectively avoided by sulfur 

vacancy passivation and carrier concentration manipulation in experiments [79, 80]. DFT 

calculation reveals that the screen can be suppressed by contacting with metal electrodes [81]. 

The free carrier density decreases while temperature decreases from 320 K to 270 K [82]. The 

impurities in CVD growth process will be harmful to the normal operation of this piezotronic 

quantum tunneling device, because the free carriers from the impurities screen the strain-

induced piezoelectric charges. There is a need to reduce the impurities in sample preparation 

[83]. In practice, it is an effective way to employ the high-quality exfoliation methods by 

mechanical approaches [84]. The S edge of MoS2 nanoribbons has high stability and the S 
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edge has been grown experimentally without defects for MoS2 nanoribbon [85-87]. 

The quantum piezotronics transistor is three-terminal device, which can be used for 

typical electrical circuit. The basic units for piezotronic digital circuits can be designed as 

shown in this work [11]. There are special strategies of the input and output interface 

matching circuits for electronic circuits using this device. Because this high performance 

quantum piezotronics transistor can operate at room temperature, this new device can even be 

designed directly into the typical circuits using specially designed interface circuits. 

4. Conclusion 

In summary, we have demonstrated a high performance piezotronic quantum tunneling 

transistor based on armchair MoS2 nanoribbon, which can exploit edge states transport at 

room temperature. Band structure calculated from tight-binding model clearly shows the edge 

states spectrum. The tunneling current can be exponentially tuned by piezotronic effect. The 

impact of temperature and carrier concentration is discussed. The strain sensitivity can reach 

more than 103 under external strain. Besides, transport conductance and electronic density 

distribution under various strains are also evaluated to verify this transport behavior. This 

work can effectively promote the development of edge states-based applications and high 

performance quantum piezotronic devices at room temperature. 
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Figure caption 

Figure 1 (a) Quantum tunneling transistor based on armchair MoS2 nanoribbon. The left 

boundary atoms are Mo (blue spheres) while S (yellow spheres) for right boundary atoms and 

the red arrows indicate the edge states transport from source to drain. (b) Tensile strain-

induced piezotronic effect on the schematic band diagram. (c) Strain-induced barrier potential 

distribution from source ohmic contact to drain Schottky contact for 100 nm nanoribbon 

length. (d) Compressive strain-induced piezotronic effect on the schematic band diagram. The 

red solid line and black dotted line represent the band diagram considering and not 

considering polarization charges, respectively. 

 

Figure 2 (a) Band structure of armchair MoS2 nanoribbon for 20 nm width. (b) Schottky 

barrier height as a function of applied strain. (c) Fermi potential against carrier concentration. 

(d) Tunneling probability versus electronic energy under different strains. 

 

Figure 3 (a) Tunneling current density for different temperatures versus strain (carrier 

concentration is 1013 cm-2). The inset shows the logarithmic scale. (b) Relative current 

sensitivity as a function of strain under different temperatures. Contour plot of tunneling 

current density versus strain and (c) temperature and (d) carrier concentration. 

 

Figure 4 (a) Conductance of armchair MoS2 nanoribbon versus electronic energy under 

various strains for only considering strain-induced polarization at 0 K. The inset indicates the 

direction of strain-induced polarization field and the gradient background shows the electric 

potential distribution. The width is 20 nm and the length is 100 nm. Electronic density 

distribution of edge states transport under (b) 0% strain, (c) 2% strain, (d) 8% strain. The 

electronic energy is fixed at 0 eV. The nanoribbon is of 4 nm width and 6 nm length for an 

intuitive presentation. 

 

Figure 5 Conductance of armchair MoS2 nanoribbon versus electronic energy under different 

temperatures for (a) 0% strain and (b) 2% strain. (c) Relative current sensitivity versus strain 

for different nanoribbon lengths (carrier concentration is 1013 cm-2 and the temperature is 300 

Jo
ur

na
l P

re
-p

ro
of



K). (d) Schematic diagrams of possible experimental design structure for quantum 

piezotronics transistor. 
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Graphical abstract: 

 

 

Edge states-based quantum piezotronic tunneling transistor using an armchair MoS2 nanoribbon is 

constructed. The tunneling current can be exponentially controlled by the piezotronic effect, which 

exhibits ultrahigh sensitivity over 10
3
. The edge states transport properties are further studied by 

the transport conductance and electronic density distribution under various strains. 
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Highlights: 

 Quantum tunneling transistor based on armchair MoS2 nanoribbon is innovatively 

designed to exploit edge states transport. 

 Piezotronic effect can exponentially tune the tunneling current through adjusting the 

Schottky barrier and the sensitivity can reach over 103. 

 Edge states transport behaviors are further investigated by simulating the conductance 

and electronic density distribution under different strains. 

 This study provides constructive design methods for realizing edge states-based 

electronic devices and high performance room temperature quantum piezotronics 

devices. 
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