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To enhance the transport properties of monolayer MoS; (ML-MoS,)-based electronic devices, we systematically
investigate the curvature-dependent electronic structure and carrier mobility in a corrugated ML-MoS; using density func-
tional theory and the non-equilibrium Green’s function method. We reveal that localized strain induces a polarized electric
field, which modifies the band structure and delocalizes the electronic states, thereby significantly improving charge trans-
port efficiency. The conductance along the zigzag direction exhibits 107-fold enhancement with increasing curvature. At
a maximum local strain of 10%, the electronic mobility reaches 613.68 cm?-V~!.s~!, representing a 9.1-fold improve-
ment over planar ML-MoS;. Our results agree well with available evidence and provide crucial insights for designing
high-performance devices via strain engineering.
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1. Introduction

Two-dimensional (2D) materials,

atomic-scale thickness and dangling-bond-free surfaces, ex-

characterized by

hibit exceptional capabilities in suppressing short-channel
effects through quantum confinement, thereby extending
the scalability of semiconductor devices under Moore’s
law.!'l Among these materials, molybdenum disulfide (MoS,)
has emerged as a prototypical 2D semiconductor, find-
ing widespread applications in next-generation electronic, !>
ferroelectric,*3 and optoelectronic[6’7] devices due to its
superior charge transport properties and tunable optical re-
Monolayer MoS; (ML-MoS,) exhibits excellent

air stability,®! and possesses a direct band gap (~ 1.8 eV)

Sponses.

approximately twice that of silicon, rendering it particu-
larly advantageous for low-power transistor architectures.
However, intrinsic limitations, such as low carrier mobil-
ity (<200 cm?-V~!.s~! at room temperature) and high con-
tact resistance, hinder its full performance potential in prac-
tical devices.["!°1 For instance, limited carrier mobility re-
mains a key challenge for MoS;-based field-effect transistors
(FETs),['!] photodetectors!!?! and sensors. '3

To optimize the performance of MoS;-based devices, re-
searchers have employed various strategies, including con-

[14-16 [17-19

tact engineering, I chemical doping, I ayer thickness

modulation®” and heterostructure integration.*’-*?!' Among
these, strain engineering has emerged as a powerful method

s. [23,24

for tailoring electrical propertie 1 Unlike global strain

techniques, local strain engineering enables precise spatial
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CSTR: 32038.14.CPB.ae0d59
control at the nanoscale. Experimentally, local strain can
be introduced into 2D materials via pre-strained elastomers,
lattice mismatch, thermal expansion coefficient (TEC) mis-
match, patterned substrates, bubbles and atomic force mi-

(251 This capability is particularly criti-

1,126

croscope (AFM) tips.
cal for atomically thin MoS,, where Tang et al.!*®! observed
layer-dependent bending behavior during mechanical defor-
mation using in situ microscopy and molecular dynamics
simulations. Recent theoretical and experimental investiga-
tions further confirm that localized strain gradients can sys-
tematically modulate the electronic band structures of MoS;
(e.g., direct-to-indirect bandgap transition) and charge trans-

5.127-31 However, when ML-MoS; undergoes

port propertie:
nonuniform corrugation, flexoelectric polarization occurs, sig-
nificantly altering carrier mobility and conductance. Under-
standing these strain-mediated electromechanical coupling ef-
fects is thus essential for advancing high-performance ML-
MoS; devices.

In this study, we construct a corrugated ML-MoS, device
with tunable curvature gradients to systematically investigate
the relationship between localized strain and charge transport
properties. We find that a strong anisotropic enhancement in
conductance along the zigzag direction scales monotonically
with curvature-induced strain. Remarkably, at a local strain of
10%, the electron mobility surges to 613.68 cm?>-V~!.s~! rep-
resenting a 9.1-fold improvement over flat monolayer devices.
Our findings reveal that this transport enhancement arises from
strain-mediated band structure modulation, which reduces car-
rier effective mass and delocalizes electronic states. These re-
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sults not only quantify the strain-transport coupling in ML-
MoS; but also establish a predictive framework for optimizing
curvature-engineered 2D electronics.

2. Theoretical methodologies

All the optimizations of geometry and the electronic
structure are implemented using the Vienna ab initio simula-
tion package (VASP)!3233] based on density functional theory
(DFT). The exchange—correlation energy is addressed using
the Perdew—Burke—Ernzerhof (PBE) function within the gen-
eralized gradient approximation (GGA).!**! The calculations
were conducted using the projector-augmented plane wave
(PAW) method, with a plane wave cutoff energy set to 500 eV.
The optimization of the crystal cell structure was conducted
with a force convergence criterion of 0.005 eV/A, and the en-
ergy difference between two sequential steps was less than
107> eV. Brillouin-zone integration of ML-MoS is performed
with the 1 x 6 x 1 k-point grids determined by the Monkhorst—
Pack scheme. 3 In addition, a vacuum space of 30 A is se-
lected to prevent interactions between periodic replicas. The
pre-processing and post-processing of data are performed us-
ing the VASPKIT. 3!

The electronic transport calculations were performed us-
ing the Nanodcal package, which combines DFT and non-
equilibrium Green’s function (NEGF).B7-381 A 1 x 10 x 1 k-
point grid is used in self-consistent calculations of the ML-
MoS, device, and the k-point grid for calculating the trans-
mission coefficient is 1 x 101 x 1. The transmission for elec-
trons incident from the left part through the device region to
the right part is expressed as follows:

T(E,V)=tr[Ix (E,V)GY(E,V)IL(E,V)G*(E,V)], (1)

where I" and G* denote the coupling matrices of the electrodes
on both sides and the Green’s function of the central region, re-
spectively. The current was calculated based on the Landauer

formula 340!

2e [HrR
1) =5 [P B (E - ) - e (E - m)IT (EV). @

where V displays the applied bias voltage, fi. (E — i) and
Jr (E — uR) are the Fermi distribution functions of the left and
right leads, with yy and ug the electrochemical potentials in
the corresponding leads. Thus, the conductance (G) can be
represented as

_ 1 _ 2
(UL —uR)/le]

when using the Nanodcal package to calculate conductance,

T, 3)

the built-in temperature is set to 0 K.

The carrier mobility is calculated by the deformation po-

tential (DP) theory proposed by Bardeen and Shockley.*!]

Based on the effective mass approximation, the carrier mo-
bility of 2D materials can be calculated using the following
formula: 4!
3
by 2eh C2 7 @)
3kgT |m*| E12

where T represents the temperature, m* denotes the effective
mass, E; is the DP constant, and C is the elastic modulus of
the crystal. For 2D systems, the in-plane stiffness is given by
C = (9*E/d8%) /So, where E is the total energy of the super-
cell, § is the applied uniaxial strain, and Sy is the area of the
optimized supercell.

3. Results and discussion

Figure 1(a) illustrates the atomic structure of ML-MoS,
with an orthogonal supercell outlined by dashed lines, where
ao1 and ay correspond to the armchair and zigzag direc-
tions, respectively. ML-MoS, exhibits two distinct phases,
IT and 2H, with the 2H phase being the more stable config-
uration. Thus, we adopt 2H ML-MoS, for device construc-
tion. The smallest unit selected, shown in Fig. 1(b), consists
of 24 Mo atoms and 48 S atoms. The lattice constants for
flat and corrugated ML-MoS, are provided in Table S1. The
local bending strain in ML-MoS, follows a sinusoidal func-
tion x' = x + asin(27z), where a represents the amplitude in
fractional coordinates. Devices were constructed for both flat
and corrugated MoS; along the zigzag (Fig. 1(c)) and armchair
(Fig. S1(a)) directions.

o Mo (%) iy
¢S

i

o

i

“;OE%R?E&. \k. i
v

2l

Scattering
region

Left electrode Right electrode

Fig. 1. (a) Atomic structure model of ML-MoS,. Dashed lines represent
the orthogonal supercell (defined by ao; and ay). (b) Relaxed struc-
tures of the flat (¢ = 0) and corrugated (@ = 0.1) ML-MoS,. (c) Side
views of flat and corrugated MoS, devices along the zigzag direction.
(d) Top and side views of MoS, devices with 1 T-MoS; electrodes along
the zigzag direction.

For the corrugated surface, the strain (€) is given by!*?!
€= % = RO‘V;W, where L, AL, W, R and « denote the orig-

inal length, length change, width, radius and arc angle of the

047701-2
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corrugated layer, respectively. The values of R and ¢ can be
derived from R = dz%z/z)z, and o = 2arcsin (WRﬂ, where w
is the chord length corresponding to o, while d is the distance
from the vertex to the chord, as illustrated in Fig. S1(b). Ac-
cording to the derivation, the strains corresponding to different
amplitudes a are: 2.96% (a = 0.06), 5.20% (a = 0.08), 8.02%
(a =0.10) and 10% (a = 0.115). Notably, 2D TMDs exhibit
high flexibility, enduring strains up to 10% (a = 0.115) before
fracture. 3]

Figure 2(a) shows the conductance variation with parame-
ter a for the armchair and zigzag directions. The results reveal
anisotropic behavior in MoS, under local strain. This shows
that the conductance increases significantly along the zigzag
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direction but remains nearly unchanged along the armchair
direction. This anisotropy arises because strain enhances the
density of states near the Fermi level and reduces the band gap
in the zigzag direction, while these properties show minimal
variation in the armchair direction, as illustrated in Fig. S2.
Consequently, subsequent analyses focus solely on the zigzag
direction. Remarkably, at @ = 0.1, the zigzag conductance
increases by approximately seven orders of magnitude com-
pared to the flat structure (a = 0). Figure 2(b) presents the
I-V curves for ML-MoS, under varying bending strains along
the zigzag direction. Clearly, transport performance improves

significantly with increasing local strain upon bias application.

b) 9 -
(b) ' = z+asin(27z) —o—0
—o0—0.06
< —2—0.08
‘ 104 | —o—
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Fig. 2. (a) Conductance of ML-MoS; versus parameter a. Black and red lines denote the armchair and zigzag directions. /-V curves of
ML-MoS, devices with (b) 2H- and (c) 1T-MoS; electrodes in the zigzag direction. Different colored lines represent varying parameters a of
ML-MoS;. Insets are the schematic diagram of /-V curves under bias voltages of 0-0.5 V (b) and the conductance of devices with 1T-MoS;
electrodes as a function of parameter a (c). (d) Variation of p with strain (€) and the corresponding fitted curve.

Although local strain significantly enhances the electri-
cal conductance of MoS, compared to its flat counterpart, the
maximum conductance only reaches 1.05x 1078 2¢/h. Given
the relatively low conductance and current when using MoS;
as an electrode, we employed metallic 1T-MoS, as the elec-
trode material to better simulate experimental conditions, as
illustrated in Fig. 1(d). This choice serves as an efficient buffer
layer to reduce central scattering effects while maintaining
excellent lattice matching between the two crystallographic
phases. The conductance and /-V characteristics for devices
with 1T-MoS; electrodes were also calculated, as shown in
Fig. 2(c). The trends closely resemble those observed in 2H-
MoS, electrode devices, but with a dramatic increase in con-

ductance from 9.67x 1077 2¢2 /h (a = 0) to 1.02x10~* 2¢% /h
(a=0.1). Moreover, at a bias of just 0.5 V, the current reaches
10~7 A, consistent with values reported by other studies.[*+4’]
To ensure computational reliability, we performed a k-point
convergence test for conductivity along the periodic direction
of the device, as shown in Fig. S3. The results confirm that the
conductivity converges with increasing k-point density, and
the selected 1 x 100 x 1 grid is sufficient for accurate calcu-
lations.

For quantitative analysis, we calculated the elastic mod-
ulus, deformation potential (DP) constant, and effective mass
of corrugated MoS,. Using Eq. (4), we derived the carrier mo-
bility, with the results summarized in Fig. S4 and Table 1. A

047701-3


https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ae0d59
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ae0d59
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ae0d59
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ae0d59

Chin. Phys. B 35, 047701 (2026)

polynomial fit reveals the strain (€)-dependent electron mo-
bility, u = —ae® + be + ¢, where a = —35579.3, b = 9148.3
and ¢ = 61.6, aligning well with experimental data,!*647]
as illustrated in Fig. 2(d). Notably, the mobility increases

nonlinearly with strain, but the enhancement rate diminishes

at higher strains due to finite electronic state delocalization.
For comparison, we evaluated mobility under in-plane biaxial

strain, 2448

as shown in Fig. S5. Strikingly, local strain in-
duces a more pronounced mobility enhancement than biaxial

strain, consistent with experimental observations.

Table 1. Strain (¢), band gap (Ey), elastic modulus (C), DP constant (E), electron effective mass (m,) and electronic mobility (i) along
the transport direction in ML-MoS, with different a.

a £ Eg (eV) C (N/m) E (eV) e U (cm2.V-lg™h
0 0 1.661 (dir.) 124.34 -11.02 0.451 67.48
0.06 2.96% 1.356 (ind.) 124.34 -5.60 0.414 277.89
0.08 5.20% 0.144 (ind.) 124.34 -5.03 0.398 441.97
0.10 8.02% 0.908 (ind.) 124.34 —4.50 0.396 557.31
0.115 10% 0.739 (ind.) 124.34 —4.08 0.416 613.68

To investigate how local strain affects transport proper-
ties, we performed Bader charge analysis on corrugated MoS;
(Fig. 3(a)), quantifying charge transfer relative to the flat struc-
ture at a = 0.1. Local strain breaks structural symmetry, in-
ducing electron transfer from the inner curve (valley) to the
outer curve (peak). This occurs because mechanical bending
elongates Mo-S bonds in the peak region (tensile strain) while
shortening them in the valley (compressive strain), leading to
charge redistribution towards the tensile-strained areas. As the
curvature increases, the charge redistribution becomes more
pronounced, causing electron accumulation in the S atomic
layers at the peak, where tensile strain is maximized. This
creates a polarization electric field perpendicular to the trans-
port direction, facilitating electron—hole pair separation. In ad-
dition, the valence band maxima (VBM) wave functions for
zigzag-aligned ML-MoS, (Figs. 3(b) and S6) show uniform
in-plane distribution in the unstrained case. Under strain gra-
dients, however, wave function overlap and bonding charac-
teristics emerge in the peak region. With increasing strain, the

wave functions delocalize, directly enhancing conductance.

ABC (e)

(a)

; Flexoelectric field , s

(b)
Side | .5
‘98¢ ¢ e ¢ ¢ " |- t
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fetetete e e e e e s s ‘%\w&t%ﬁ\*\%—qq
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A AAAA AL Al AN “W’V‘*M"“’\*V‘W

Fig. 3. (a) Bader charge transfer in corrugated (¢ = 0.1) ML-MoS; with
respect to flat (@ = 0) ML-MoS,. Color indicates the extent of charge
transfer. (b) Top and side views of ML-MoS, wave function correspond
to the valence band maxima at a = 0 (flat) and 0.1, respectively.

2.0p= =T 2.0=— — -
@) 50 B B O B e
1.50 == 1. R e R IR
A 11 S PN
—~ = il —~ N bl
= 1.0, L1 cMod,, |7 1O |1 * Mo dy,
o Mody |2 Mo,
> 0.5 Mo d,2 > 0.5 Mo d,2
% | 1 *Mod,. | ¥ : | 1 *Mo dex
<] 1 oMo dg2y2| g I 11 e Mo dg2_ 2
_ =0 ¥ R ¥
7 = D _o05k L
> / —05 ] 1 i 1
L 4 t Il =t -
n —1.0+ o —1.0—= i
o) I'x SY r Ir'x SY r
g
(d) —3.1 .
_ —3.2F G,/
>
504 0-Mo 3zy % —3.3r 0/
vz
d.s 3 _3a4b 0/
25t 4, /
dz27y2 —3.5F ?
O 1 L 1L 1L n 1 1 1 1 1 1 1
—1.0 0 1.0 2.0 0 0.02 0.04 0.06 0.08 0.10 0.12
a

Energy (eV)

Fig. 4. (a) PDOS for MoS; supercell at different parameters a. Effects of local strain on the electronic structure of ML-MoS,; for a = 0 (flat) (b) and
a =0.1 (c) cases. Orbital projected eigenvalues are represented by different colors. (d) Fermi energy varies with parameters a under local strain.
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Generally, strain-driven structural relaxation alters bond
lengths and angles, modulating orbital coupling strengths and
band gaps.!**! Figure 4(a) shows the projected density of
states (PDOS) for Mo atoms in ML-MoS, under strain. Obvi-
ously, in flat MoS,, the conduction band minimum (CBM) and
VBM arise primarily from p orbitals of S atom and d,y (blue),
d (green) and d,2_,» (yellow) orbitals of Mo atom. The d,,
and dy; orbitals (red) contribute minimally due to strong cou-
pling between p orbitals of S atoms and d,; + d,; orbitals of
Mo atoms, which splits bonding and antibonding states. Local
strain reduces crystal symmetry from D3y, to Cy, lifting degen-
eracy between d,y and d,»_» orbitals, as well as d. and dy or-
bitals. Projected band structures under various curvatures are
shown in Figs. 4(b) and 4(c) as well as in Figs. S7(a) and S7(b).
Notably, flat MoS, exhibits a direct band gap of 1.661 eV,
with both the VBM and CBM located at the I" point of the
first Brillouin zone. Upon the application of local strain, the
direct band gap transitions to an indirect type, accompanied
by a gradual reduction as the strain increases. At the max-
imum curvature limit, the band gap reaches 0.739 eV when
a = 0.115. The corresponding bandgap values for different
degrees of curvature are presented in Table 1. Concurrently,
compared to the unstrained state, strain induces an upward
shift of the Fermi level (Fig. 4(d)), a phenomenon also con-
firmed in other periodic structures. 9231 Therefore, these ef-
fects, including bandgap narrowing and barrier reduction sig-

nificantly enhance the transport properties of ML-MoS.

4. Conclusion

In summary, we systematically investigate the transverse
flexoelectric and charge transport properties of corrugated
ML-MoS; using DFT and the NEGF method. Our results
demonstrate that localized strain induces a significant en-
hancement of transport properties along the zigzag direction,
with electron mobility following a characteristic curvature-
dependent relationship, u = —35579.3¢ + 9148.3¢ + 61.6.
This improvement stems from strain-gradient-mediated elec-
tronic structure modulation, which reduces the band gap and
promotes delocalization of electronic states, thereby optimiz-
ing charge transport in ML-MoS, devices. Through detailed
analysis of the effective mass and mobility variations under
strain, this study provides fundamental insights for the ra-
tional design of high-performance MoS;-based electronic de-
vices via strain engineering.
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