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The tunability of polar and semiconducting properties of low-dimensional transition metal dichalco-
genides (TMDs) have propelled them to the forefront of fundamental and applied physical research. These
materials can vary their electrophysical properties from nonpolar to ferroelectric, and from direct-band
semiconducting to metallic. In addition to classical controlling factors, such as field effect, composition,
and doping, new degrees of freedom emerge in TMDs due to the curvature-induced electron redistribution
and the associated changes in electronic properties.

Here we theoretically explore the elastic and electric fields, flexoelectric polarization and free charge
density for a TMD nanoflake placed on a rough substrate with a sinusoidal corrugation profile. Finite
element modelling results for different flake thickness and corrugation depth yield insights into the flexo-
electric nature of the out-of-plane electric polarization and establish the unambiguous correlation between
the polarization and static conductivity modulation. The modulation is caused by the coupling between
the deformation potential and inhomogeneous elastic strains, which evolve in the TMD nanoflake due to
the adhesion between the flake surface and corrugated substrate.

We reveal a pronounced maximum in the thickness dependences of the electron and hole conductivity
of MoS2 and MoTe2 nanoflakes placed on a corrugated substrate, which opens the way for the optimiza-
tion of their geometry towards significant improvement in their polar and electronic properties, necessary
for advanced applications in nanoelectronics and memory devices. Specifically, the obtained results can
be useful for the development of nanoscale straintronic devices based on the bended MoS2, MoTe2, and
MoSTe nanoflakes, such as diodes and bipolar transistors with a bending-controllable sharpness of p-n
junctions.

DOI: 10.1103/PhysRevApplied.15.044051

I. INTRODUCTION

The tunability of polar and semiconducting proper-
ties of low-dimensional (LD) transition metal dichalco-
genides (TMDs) with a chemical formula MX 2 (M is
a metal Mo, W, Re; X is a chalcogen S, Se, Te) [1,
2] and Janus compounds (JCs) with a chemical for-
mula MXY (X, Y are chalcogens) [3–5] in the form of
monolayers and nanoflakes have propelled them to the
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forefront of fundamental and applied physical research.
These materials offer a broad gamut of properties vary-
ing from nonpolar to ferroelectric, and from direct-band
semiconductor to metallic. It is notable that LD semicon-
ductor materials, such as graphene, MX 2, and MXY, are
ideal candidates for strain engineering [6] and straintron-
ics [7], because their strain-induced conductive domain
walls can act as mobile charged channels, similar to
the “domain wall nanoelectronics” in multiferroic thin
films [8–10] and graphene-on-ferroelectric nanostructures
[11,12].

Layered TMDs in the form of bulk materials are
typically nonpolar centrosymmetric semiconductors with
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a relatively wide band gap of approximately 1.1–2 eV [1].
However, on transition from the bulk to the nanoscale addi-
tional orderings emerge. These orderings can be nonpolar
or piezoelectric, or even ferroelectric [13–15], semicon-
ductive, semimetallic, or metallic [16–18], as are found in
different structural phases (polymorphs) of TMD monolay-
ers. Similarly, in addition to classical controlling factors,
such as field effect, composition, and doping [19], new
degrees of freedom emerge in TMDs due to the curvature-
induced electron redistribution and associated changes in
electronic properties (see, e.g., [20,21]). In particular, there
are prospective theoretical and experimental possibilities
for tuning the structural, polar, and electronic proper-
ties of LD TMDs by application of homogeneous [22,23]
and inhomogeneous [24,25] elastic strains. However, these
possibilities are barely systematized and mostly empirical.

From the theoretical perspective, a number of first-
principles studies have explored the surface-induced
piezoelectricity [26,27] and ferroelectric polarization
[15,28] in various MX 2. As predicted by several authors
[21,29], and later discovered experimentally [24], an elas-
tic bending can induce polar phenomena in LD TMDs,
either intrinsic or induced by the external structural and
charge disorder. Large curvatures enabled by small bend-
ing stiffnesses can give rise to a significant polarization
induced by a flexoelectric effect [30,31]. The bending-
induced out-of-plane dipole moment with density p ∼
0.01 − 0.4C/nm and flexoelectric polarization P ∼ 0.1 −
2μC/cm2 [32] have been calculated from first principles
for MoS2 [15], WS2 [31], and WTe2 [33,34] single layers,
respectively. Therefore, it is quite possible that the strongly
inhomogeneous spontaneous deformation of LD TMDs,
which causes the appearance of their spontaneous polar-
ization, is due to the flexoelectric coupling [1,24,35]. Let
us focus on several recent examples.

Previously, we described analytically the structural
phases of MX 2 and discussed the mechanisms of its
ferroelectric state appearance using a Landau-Ginzburg-
Devonshire-type (LGD-type) approach [36]. The LGD-
type thermodynamic analysis suggests that out-of-plane
ferroelectricity can exist in many phases of LD TMDs with
a switchable polarization being proportional to the out-of-
plane order parameter, and further predicts that the domain
walls in LD TDMs should become conductive above a
certain strain threshold. Despite the progress, the nature
of one-dimensional piezoelectricity and ferroelectricity has
not been elucidated, and the mesoscopic analytical theory
of polar and electronic phenomena in LD TMDs has not
been constructed. Such a theory is necessary to control and
predict the physical properties of LD TMDs and JCs for
their novel applications in nanoelectronics and advanced
memory.

From a crystallographic and symmetry point of
view, only the in-plane piezoelectricity can exist in a
geometrically flat centrosymmetric MX 2 layer. In spite

of the symmetry, tunable out-of-plane piezoelectricity
induced by the local flexoelectricity was observed by Kang
et al. [24] in semiconducting 2H -MoTe2 flakes by creat-
ing surface corrugation. The flexoelectricity induced by the
surface corrugation can appear in other two-dimensional or
thin-layered materials and, furthermore, the results could
provide useful information on the interweaving relation-
ship between mechanical stimulus and electric dipole in
LD materials. Next, Kang et al. [1] demonstrated the
creation of strong out-of-plane piezoelectricity in semi-
conducting 2H -MoTe2 flakes by artificial atomic-scale
symmetry breaking realized through Te vacancy forma-
tion, and confirmed by density functional theory (DFT)
calculations.

Recently [35] we developed a LGD-type theory for the
description of polar phenomena in LD TMDs, specifi-
cally exploring the flexoelectric origin of the polarization
induced by a spontaneous bending and by inversion sym-
metry breaking due to interactions with the substrate.
We consider the appearance of the spontaneous out-of-
plane polarization due to the flexoelectric coupling with
the strain gradient of the spontaneous surface rippling
and surface-induced piezoelectricity in TMD single layers.
The performed calculations proved that the out-of-plane
spontaneous polarization, which originated from the flex-
oelectric effect in a rippled TMD, is bistable and can be
reversed by a nonuniform electric field.

This work is devoted to the establishment of a correla-
tion between polar and electronic properties of LD TMDs
and JCs, which is almost unexplored. Using finite element
modeling (FEM) we calculate the elastic and electric fields,
flexoelectric polarization, and free charge density for a
TMD (or JC) nanoflake placed on a rough substrate with
a sinusoidal corrugation profile. Analysis of FEM results
obtained for different flake thicknesses (varying from 10 to
300 nm in accordance with experiment [24]) and corruga-
tion depth (varying from 0 to 50 nm according to typical
technological conditions [37]), allows corroboration of the
flexoelectric nature of the out-of-plane electric polarization
and establishes the unambiguous correlation between the
polarization and static conductivity modulation.

II. THEORETICAL MODEL AND MATERIAL
PARAMETERS

Here we explore the effect of bending-induced flexo-
electric polarization of MX 2 nanoflakes originating from
the adhesion to a corrugated substrate. For JCs, the flex-
oelectric polarization can be superposed with the piezo-
electric polarization coming from inversion symmetry
breaking at the MXY surface. The overall picture of the
bending-induced flexoelectric polarization and surface-
induced piezoelectric polarization in and MX 2 and MXY
is shown schematically in Fig. 1.
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FIG. 1. Bending-induced out-of-plane
polarization in a SL MX 2 (a)–(d) and JC
MXY (e)–(h). M is a transition metal, X
and Y are chalcogen atoms. M ions are
positively charged, X and Y ions are nega-
tively charged. Orange arrows indicate the
direction of emerging out-of-plane dipole
polarization P, with a profile shown by a
dashed black curve. A relative atomic dis-
placement U and out-of-plane polarization
P are absent for a flat stretched SL MX 2
(a); and a small uniform P can appear for
MXY (e). A freestanding SL MX 2 (b) and
MXY (f). Rippled and strained SL MX 2
(c) and (d) and MXY (g) and (h) clamped
to a flat (c) and (g) or rough (d) and (h)
rigid substrate. Parts (a)–(c) are reprinted
from Ref. [35].

A flat single layer (SL) with chemical formula MX 2,
where M is a transition metal and X is a chalcogenide
is shown in Fig. 1(a). Projections of M ions are located
on the middle line between projections of X ions. The
inhomogeneous strain is absent in a flat SL MX 2. Since
the effective (Born or Bader) charges Q of M and X ions
are opposite, namely, QM = −2QX , the total polarization
is zero. For the case of a stretched flat JC with a chemi-
cal formula XMY, the top X and bottom Y chalcogen ions
are in nonequivalent conditions despite their planes being
parallel [see Fig. 1(d)]. While the total charge is zero,
QM = −QX − QY, the surface-induced piezoelectric effect
can induce surface dipoles. The dipoles are responsible for
the nonzero total out-of-plane polarization P shown by the
dashed black curve and arrows in Fig. 1(d).

A mechanically free SL MX 2 and MXY, where all X,
Y, and M ion positions can spontaneously reconstruct into
the rippled state with the lowest energy, are shown in
Figs. 1(b) and 1(f). Since the force matrix [38] is different
for the “light” X (or Y) and “heavy” M ions, the amplitudes
of the X (or Y) and M ion displacements are different for
the periodic ripples. Since the total effective charge is zero,
the periodic displacement of X (or Y) and M ions induces
the out-of-plane polarization modulation (dashed black
curve and arrows) due to the flexoelectric coupling only.

The flexoelectric coupling exists for all possible sym-
metries [39] and geometries of the TMD and JC; hence,

the effect always contributes to the total polarization,
as shown in Figs. 1(b)–1(d) and 1(f)–1(h). The surface-
induced piezoelectric effect contributes to the out-of-plane
polarization of a SL MX 2 only for the case on nonequiva-
lent conditions for the top and bottom chalcogen layers;
that is the case of one surface being free and the other
clamped to a flat rigid substrate [see Fig. 1(c)]. Since the
top Y and bottom X chalcogen layers have different force
matrices, the surface-induced piezoelectric effect always
induces the out-of-plane polarization of a SL MXY [see
Figs. 1(e)–1(g)].

Since the bottom X ions are bonded to the substrate
[40] by different types of van der Waals (vdW) forces
[41,42], in the case of strong adhesion [43,44] they remain
almost clamped to the atomic planes of a flat (e.g., atom-
ically smooth) substrate or to the islands of atoms of a
rough (e.g., corrugated) substrate. For the case of rough
substrates used in, e.g., experiments [1,24], the inhomo-
geneous strain can exist in the clamped sections, while
the suspended sections can relax freely [see Figs. 1(d)
and 1(h)]. The amplitude of the clamped atoms’ verti-
cal displacement is very small there, while a more visible
change of position is possible for the middle and top
ions. A significant reconstruction occurs for the ions at
suspended sections, where the different amplitudes of the
displacement of bottom X, middle M, and top X (or Y) ions
induce the polarization (dashed black curve and arrows)
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due to the flexoelectric coupling in MX 2, and both the
flexoelectric coupling and surface-induced piezoelectric
effect in MXY.

The out-of-plane polarization component P3 [32] of a
SL TMD (or JC) shown in Figs. 1(b)–1(h) can be esti-
mated by a continuum media approach [35], which is
applicable even for ultrathin layers [23,25] and becomes
quantitative for thicknesses greater than 10 lattice con-
stants [7–9]. Within the framework of a continuum media
approach [35], P3 comprises the flexoelectric and piezo-
electric contributions. The first one is proportional to the
second derivatives of elastic displacement in space and
time multiplied by the static and dynamic flexoelectric
coefficients, respectively. The second one is proportional
to the surface-induced piezoelectric coefficient multiplied
by an elastic strain. So

P3(�x, t) ∼= f3jkl
∂2Uj (�x, t)
∂xk∂xl

− μ3j
∂2Uj (�x, t)
∂t2

+ es
3jk

t
∂Uj (�x, t)
∂xk

.

(1)

Here Uj (�x) is the mechanical displacement of the flake,
which includes spontaneous and misfit contributions, fijkl
is the static flexoelectric tensor [39] determined by the
microscopic properties of the material [45,46], μij is the
dynamic flexoelectric tensor [47], es

ijk is the tensor of
the surface-induced piezoelectric effect [48,49] measured
in picocoulombs per meter, and t is the flake thickness
[50]. Einstein summation notation is used hereinafter.

It follows from the symmetry considerations that es
3jk is

zero for a flat centrosymmetric MX 2 with inversion axis
“3”; it was estimated approximately as −2.4 pC/m for a
reconstructed SL-MoS2 in the 1T′ phase [15]. It is much
higher (es

31 ∼ 50 pC/m) for an asymmetric JC MoSTe [28,
33]. Both of these values are much smaller than in-plane
components, es

1jk ∼ 300 − 500 pC/m, estimated for MoS2,
MoTe2, and MoSTe [15,28].

The linear partial differential equation relating the
mechanical displacement Uj (�x) of the flake points and its
elastic stress σij has the form

ρ
∂2Ui

∂t2
+ ∂

∂xj
σij (�x, t) = μij

∂2Pj

∂t2
+ ∂

∂xi
ψ(�x, t), (2)

where ρ is the density of material and ψ(�x, t) is the elas-
tic force density (with dimensionality newtons per cubic
meter) in the nanoflake. The physical origin of these forces
can include the atomic reconstruction of the free surface, as
well as adhesion (e.g., vdW force) to the flat or corrugated
substrate. Within a continuum media approach, which we
use here, the force is given by a standard Lenard-Jones
potential [41–44].

For the static case considered here, Eq. (1) reduces to

P3(�x) ∼= f3jkl
∂

∂xj
ukl(�x)+ es

3jk

t
ujk(�x), (3a)

where ukl = (1/2)[(∂Uk/∂xl)+ (∂Ul/∂xk)] is an elastic
strain tensor. The coupling between the stress σij and strain
ukl is given by the generalized Hooke’s law [51],

σij = cijklukl + Fijmn
∂Pm

∂xn
+ hs

3ij P3 ≈ cijklukl

+ O[f 2
3ij , (hs

3ij )
2], (3b)

where cijkl is the tensor of elastic stiffness, Fijmn is a flex-
oelectric tensor (in volts), and hs

mij is a surface-induced
piezoelectric stress tensor (in volts), which is absent for
a centrosymmetric MX 2 and present for Janus MXY.
The approximate equality is the decoupling approxima-
tion, valid for small flexoelectric and surface piezoelectric
effects, which are indeed small in the considered case.

Using the decoupling approximation in Eq. (3b), Eq. (2)
yields the Lame equation

cijkl
∂2Uk(�x)
∂xj ∂xl

= ∂

∂xi
ψ(�x − �xs), (3c)

where �xs is the corrugation profile of a rough substrate (see
Fig. 2).

To solve Eq. (3c), we need to define the adhesion
force ψ(�x) between the layers of X, M, and/or Y atoms,
and an atomically flat or corrugated substrate. Here we
use the assumption that the constitutive parts of the
vdW forces [41] corresponding to dipole-dipole inter-
actions, and dispersive-dipole interactions and London
dispersive forces, determine the atomic repulsion at ultra-
small distances, and their attraction at greater distances.

Substrate

Nanoflake

max

min

l t

Point location:
upper surface, c-peak
bottom surface, c-peak
upper surface, c-slope

FIG. 2. Considered geometry. A nanoflake of TMD is placed
on a corrugated substrate. The scale on the right schemati-
cally shows the variation of electric polarization, induced by the
flexoelectric effect, and electric conductivity, induced by inho-
mogeneous elastic strain via the deformation potential. The red
and blue circles located at the upper and bottom surfaces of the
nanoflake at the peak of the substrate corrugation, are abbreviated
as “c-peak”. The green circle located on the corrugation slope
is abbreviated as “c-slope”. Further we analyze the behavior of
the physical properties in these three characteristic points of the
nanoflake surface.
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TABLE I. Material constants for LD MX 2 and MXY, and rough substrate.

Material LD MoS2 LD MoTe2 LD or SL MoSTe

Symmetry/phasea 6/mmm, 2H or 1H 6/mmm, 2H or 1H 3m, 1H
Lattice constants (nm) c = 1.1, a = 0.32 c = 1.4, a = 0.35 c = 1.3, a = b = 0.34
Elastic stiffness tensor (GPa) c11= 134.3, c12= 33.3 c11= 139.0, c12= 71.0 (for

v> 0)
c11= 116, c12= 28

Young’s modulus E (GPa) 250 Ref. [53]
136 Ref. [54]

(90–110) Ref. [55]
we use 100

105

Poisson ratio ν −0.07 [56] 0.34 [55]
(but v =−0.08 from [56])

0.24–0.30
[57]

Effective piezo-response
tensor deff

ijk (pm/V)
deff

11 = 5.76 [15]
deff

31 = −0.018 [15]
deff

33 ≈ 3 [24]
deff

11 = 9.13 [58]
deff

11 = 7.39 [27]

deff
11 = 5.1 [57]

deff
31 = 0.4 [57]

Surface-induced out-of-plane
piezoelectric coefficients es

3jk
(pC/m)

es
31 = 0

es
33 = 0

es
31 = 0

es
33 = 0

es
31 = 50

|es
33| < 5

[28,33,57]
Flexoelectric effect tensor fijkl

(nC/m) Ref. [59]
f13 = 4.44
f13 = 4.44

f13 = 9.50
f11 = 9.50

unknown, set equal to
f13 = f33 = 6. 47

Deformation potential tensor
�ij (eV)

�h = 5.61 [28]
�e = −11.14 [28]
�g = −(13.8–17) Ref. [22]

�h = 4.2 (this work)
�e = −7 (this work)
�g = −(3.8–11) Ref. [22]

unknown, set equal to
�h = −5 (this work)
�e = −7 (this work)

Substrate characteristics Adhesive stiffness varies in the range SA = (2–20) GPa, adhesion repulsive separation
δh0 = 1.1 nm. Substrate material is gold, graphite, mica, and silica oxide.

The average period of corrugation λ = 0.5 μm, the amplitude A of substrate roughness
from 0 to 11 nm. Substrate thickness is 200–500 nm

aWe consider LD MoX 2 to be in the semiconducting H phase (typically 2H ) under normal conditions. MXY monolayers lack the
reflection symmetry and are neither 2H nor 1H [5].

In this approximation, the adhesion force (per unit vol-
ume, in joules per cubic meter) between the flake and
substrate can be approximated by a power law attrac-
tion with a prefactor-contact adhesive stiffness SA at dis-
tances |�x − �xs| > δh0, and strong repulsion at distances
|�x − �xs| < δh0 (see also Appendix A in the Supplemental
Material [52]). The force characteristics, namely adhesive
stiffness and repulsive separation, should be implemented
in the software used for FEM.

Using FEM, performed in COMSOL Multiphysics soft-
ware (see details in Appendix B in the Supplemental
Material [52]), we analyze the scenario in which TMD
nanoflakes are placed on a rough substrate with an ideal 1D
sinusoidal corrugation profile �xs = {0, 0, A cos[(2π/λ)x1]}
corresponding to the case of perfect 1D ripples. Thus, we
consider an ideal 2D problem, when all physical variables

are regarded as being dependent on the in-plane coordinate
x1 and out-of-plane coordinate x3, but are independent on
the other in-plane coordinate x2.

For sufficiently strong adhesion forces, the flake dis-
placement, strain, strain gradient, and out-of-plane electric
polarization [given by Eq. (1)] are modulated by the corru-
gation profile, being maximal at the corrugation peaks and
minimal in the valleys (see Fig. 2). Material parameters of
several MX 2, MXY, and substrate characteristics used in
FEM are listed in Table I. All calculations are performed
at room temperature T = 300 K.

The inhomogeneous elastic strain should induce
changes in the electron and hole charge densities, n(�x) and
p(�x), in the flake due to the coupling with band structure
via a deformation potential

n(�x)
n0

= 1
n0

∫ ∞

0

gn(ε)dε
1 + exp{[ε − EF + Ec +�e

ij uij (�x)− eϕ]/kBT} ∼ exp
[
−�

e
ij uij (�x)− eϕ

kBT

]
, (4a)

p(�x)
p0

= 1
p0

∫ ∞

0

gp(ε)dε
1 + exp{[−ε + EF − EV +�h

ij uij (�x)+ eϕ]/kBT} ∼ exp

[
−�

h
ij uij (�x)+ eϕ

kBT

]
, (4b)
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where

n0 =
∫ ∞

0

gn(ε)dε
1 + exp[(ε − EF + Ec)/kBT]

and

p0 =
∫ ∞

0

gp(ε)dε
1 + exp[(−ε + EF − EV)/kBT]

are the electron and hole concentrations in the unstrained
nanomaterial, gn(ε) and gp(ε) are the densities of elec-
tron and hole states, EF is the Fermi energy, kB =
1.380 710−23 J/K is the Boltzmann constant, and �e

ij and
�h

ij are the deformation potential tensors for electrons and
holes, respectively. The values �e,h

ij are the fitting parame-
ters of the continuum model; they should be either taken
from the first-principles calculations or estimated from
experiments. The values of �e,h

ij are listed in Table I for
several MX 2. The proportionality in Eqs. (4) is valid for the
Boltzmann-Plank-Nernst statistics of nondegenerate carri-
ers. Since the band gap of MX 2 and MXY is about 1–2 eV,
we can expect that rippled MX 2 and MXY should become
conductive once the spontaneous strain value exceeds sev-
eral percent, which makes the product |�e,h

ij uij | much
higher than the thermal energy kBT.

III. CORRELATION BETWEEN POLAR AND
ELECTRONIC PROPERTIES OF MX 2 AND MXY

NANOFLAKES

Spatial distributions and profiles of elastic strain, its gra-
dient, polarization, and charge density of the TMD and JC
nanoflakes are shown in Figs. 3–7. Additional details are
shown in Figs. S2–S5 in Appendix B of the Supplemental
Material [52] and briefly described here. One period of the
substrate corrugation profile �xs = {0, 0, A cos[(2π/λ)x1]}
is shown in all these figures, and the unambiguous correla-
tions between the maximal or minimal values of the strain,
strain gradient, polarization, and charge density are clearly
seen in the corrugation period.

The cross sections of the bending-induced elastic
displacement, strain components, out-of-plane polariza-
tion, and carrier density distributions are shown in
Figs. 3(a)–3(f) for MoS2, and in Figs. 3(g)–3(l) for MoTe2
nanoflakes of the same thickness (approximately 28 nm)
on a thick rough substrate. It is seen that the nanoflake dis-
placement, strain, strain gradient, out-of-plane polarization
and charge density are modulated by the corrugation pro-
file, being maximal at the corrugation peaks, zero on the
slopes, and minimal in the valleys. Furthermore, the rela-
tive increase of the electron density for MoS2 (more than
10 times) is much higher than that for MoTe2 (less than
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FIG. 3. Distributions of polar and
electronic properties in MoS2 (a)–(f)
and MoTe2 (g)–(l) nanoflakes. Bending-
induced elastic displacement (a) and (g),
strain tensor components (b)–(d) and
(h)–(j), out-of-plane polarization (e) and
(k), and relative carrier density σ/σ0 (f)
and (l) in the cross section of a MoS2
(a)–(f) and MoTe2 (g)–(l) nanoflake of
thickness t ≈ 28 nm, placed on a 200-
nm-thick rough substrate. The amplitude
A of the substrate corrugation is 4 nm,
and the average period of the corruga-
tion is λ = 0.5 μm. MoS2, MoTe2, and
substrate parameters are listed in Table I.
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FIG. 4. Distributions polar and elec-
tronic properties in MoSTe nanoflakes
with thickness 11 nm (a)–(f) and 60 nm
(g)–(l). Bending-induced elastic dis-
placement (a) and (g), strain tensor
components u11, u33 and u13 (b)–(d)
and (h)–(j), out-of-plane polarization
(e) and (k), and relative carrier den-
sity σ/σ0 (f) and (l) in the cross
section of the nanoflake placed on
a thick rough substrate. The ampli-
tude A of the substrate corrugation
is 4 nm, and the average period of
the corrugation is λ = 0.5 μm. MoSTe
and substrate parameters are listed in
Table I.

5 times) [compare Figs. 3(f) and 3(l)]. Regions enriched
by holes (more than 10 times) exist in MoS2 nanoflakes.
Hence, the appearance of p-n junctions between the n-type
and p-type regions is possible in MX 2 nanoflakes, similar
to the case of graphene-on-ferroelectric nanostructures [11,
12]. The distinct feature of MX 2 nanoflakes-on-corrugated
substrate is that the width, diffuseness, or sharpness of the
p-n junctions can be controlled by the flake thickness, t,
and by the relative substrate corrugation, A/λ.

The cross sections of bending-induced elastic displace-
ment, strain components, and out-of-plane polarization for
ultrathin MoSTe nanoflakes [e.g., 10 layers or thinner, see
Figs. 4(a)–4(f)] look only a bit different from those of
thicker MX 2 nanoflakes (shown in Figs. 3) due to the thick-
ness effect. When the MoSTe nanoflake thickness increases
[see Figs. 4(a)–4(f)], the overall picture looks like an
“average” of the MoS2 and MoTe2 nanoflakes shown in
Figs. 3. Note the possible appearance of the p-n junctions
between the n-type and p-type regions in MXY nanoflakes,
similar to the case of MX 2 nanoflakes.

The influence of the surface-induced piezoelectric effect
(present in MoSTe and absent for 1H and 2H -MoX 2)
appears to be too small to affect significantly the polar and
electronic property distributions shown in Fig. 4. Hence,
even for the case of a JC MoSTe, the dominant part of

the polarization is the flexoelectric polarization. This con-
clusion is clearly seen from a comparison of the scales in
Figs. S6(a) and S6(b) of the Supplemental Material [52],
where the magnitude of the piezoelectric polarization is
about 2 nC/cm2, while the magnitude of the flexoelectric
polarization is two orders higher, at about 0.4 µC/cm2 for
flake thicknesses of approximately 4–20 nm. Furthermore,
the contribution of the surface-induced piezoelectric effect
decreases with the flake thickness according to Eq. (3)
[compare brown and black curves in Fig. S6(a)].

The curves in Fig. 5 are calculated for different
amplitudes of substrate roughness A = 0 − 11 nm and
approximately the same thickness of approximately 11 nm
(corresponding to the range of 8 to 10 layers) of MoS2,
MoTe2 and MoSTe nanoflakes. The bending-induced out-
of-plane flexoelectric polarization and relative electron
density monotonically increase with increasing A. Fur-
thermore, the relative increase in the electron density for
MoS2 (>103 times) is much higher than that for MoTe2
(>10 times), and also than that for MoSTe (>20 times)
[compare Figs. 5(b), 5(d) and 5(f)]. The difference is
related to the significantly higher electronic deformation
potential of MoS2 (see Table I). The profiles of the out-of-
plane flexoelectric polarization, which is proportional to
the strain gradient, demonstrate visible deviations from the
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FIG. 5. Profiles of polar and
electronic properties of MoS2,
MoTe2, and MoSTe nanoflakes.
Bending-induced out-of-plane polar-
ization (a), (c) and (e), and relative
electron density (b), (d) and (f) at the
upper surface of the nanoflake with
thickness t ≈ 11 nm, which is placed
on a thick rough substrate. Twelve
curves correspond to the different
values of corrugation amplitude
A = 0, 1, 2, 3, 4, . . . 11 nm (from
A = 0 nm, the brown line, to
A = 11 nm, the top black curve).
Nanoflakes and substrate parameters
are listed in Table I.

sinusoidal profile of the substrate, since the top regions of
the 10 curves plotted for A = 2 − 11 nm have two sym-
metric indentations, whose height increases and locations
become closer to the peak x1 = 0 with increasing A [see
Figs. 5(a), 5(c) and 5(e)].

The bending dependence of polar and electronic prop-
erties of MoS2 and MoTe2 nanoflakes are shown in
Figs. 6(a)–6(d). The bending-induced elastic strain and
strain gradient, out-of-plane flexoelectric polarization, and
relative electron density of the nanoflakes monotonically
increase with the increase of corrugation amplitude A.
The increase of the strain and electron density is linear at
small A < 5 nm and becomes super-linear at A > 10 nm;
it is much higher at the upper surface of the nanoflake
in comparison with its bottom surface [compare the red
and brown and the blue and black circles in Figs. 6(a)
and 6(d)]. In contrast, the strain gradient and flexoelec-
tric polarization, which increase linearly with increasing
amplitude A, are almost the same at the upper and bottom

surfaces [compare the red and brown and the blue and
black circles in Figs. 6(b) and 6(c)]. There are qualita-
tive similarities, but quantitative differences between MoS2
and MoTe2 nanoflakes, which are most pronounced for
polarization (2 µC/cm2 vs 4 µC/cm2), and relative electron
density (�103 vs 102) maximal values.

The thickness dependence of polar and electronic prop-
erties of MoS2 and MoTe2 nanoflakes are shown in Fig. 7.
The blue, black, red, and brown circles, which correspond
to the corrugation peaks, where the strain and strain gra-
dient are maximal, show the maximal increase of the
flexoelectric polarization, and electron or hole densities.
The green and purple circles, which correspond to the cor-
rugation slope, where the strain and strain gradient are
absent, show almost zero polarization and no increase in
the electron or hole density. Most importantly, there is
a pronounced maximum in the thickness dependences of
the elastic strain, electron conductivity, and hole conduc-
tivity of MoS2 and MoTe2 nanoflakes placed on a rough
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FIG. 6. Bending dependence of polar and
electronic properties of MoS2 (red and blue
circles) and MoTe2 (brown and black circles)
nanoflakes. The bending-induced elastic strain
(a) and strain gradient (b), out-of-plane polar-
ization (c), and relative electron density (d) of
a nanoflake with the corrugation amplitude A
of the rough substrate. The quantities (a)–(d)
are shown at the upper (red and brown circles)
and bottom (blue and black circles) surfaces of
the nanoflake, which are placed at the peaks
of the substrate corrugation (abbreviated as
c-peak, see Fig. 2). The flake thickness is
11 nm, the average period of corrugation λ =
0.5 μm. MoX 2 and substrate parameters are
listed in Table I.

substrate. The optimal thickness is corrugation dependent,
and it is 75 nm for MoS2 and 80 nm MoTe2 nanoflakes in
the case of a 4 nm corrugation height. The result opens the
way for geometry optimization of a nanoflake placed on a
substrate with a sinusoidal corrugation profile.

It is notable that corresponding bending and thickness
dependence curves for MoSTe nanoflakes lie between
those for MoS2 and MoTe2 nanoflakes, as anticipated from
Fig. 5. They are not shown in Figs. 6 and 7, since the “mix-
ture of curves” appears when we add two or three more
curves.

Analysis of the FEM results obtained for the differ-
ent flake thicknesses (varying from 10 to 300 nm) and
corrugation depth (varying from 0 to 25 nm), allows
the corroboration of the flexoelectric nature of the out-
of-plane polarization [24] and establishes the unam-
biguous correlation between the polarization and n-type
(or p-type) static conductivity modulation. The modula-
tion is caused by inhomogeneous elastic strains coupled
with deformation potential, and strain gradients, which
evolve in TMD nanoflakes due to the adhesion between
the flake surface and corrugated substrate.

The obtained results can be useful for the elabora-
tion of nanoscale straintronic devices based on the MX 2
and MXY nanoflakes bended by a corrugated substrate.

Principal schemes of diodes and bipolar transistors are
presented in Fig. 8, where the bending profile of a semi-
conducting nanoflake controls the sharpness of p-n junc-
tions between the regions with n-type (electron) and
p-type (hole) conductivity. To create real prototypes of
devices, one should take into account possible disadvan-
tages related to the “doubled” geometry of the obtained
p-n junctions. Namely, we calculate more faint “extra” p-
regions located at the flake-substrate boundary below the
top n-regions, and extra n-regions located at the flake-
substrate boundary below the top p-regions. However,
for a specific device architecture the doubled geometry
in complexes with very high mechanical stability and
flexibility of the nanoflakes-on-substrate may become a
benefit.

To resume the section, the considered 2D problem
can describe quantitatively the real situation in which a
nanoflake is placed on a highly oriented substrate with
an almost perfect 1D corrugation profile obtained by,
e.g., self-assembling or self-organization. In this case,
we expect that it is possible to reach high conductivity,
which is strongly correlated with relatively high flexoelec-
tric polarization, by selecting the optimal ratio between
the corrugation period λ, its amplitude A and nanoflake
thickness t.
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FIG. 7. Thickness dependence of polar
and electronic properties of MoS2 (red,
green, and blue circles) and MoTe2
(brown, purple, and black circles)
nanoflakes. The bending-induced elastic
strain (a), out-of-plane polarization (b),
hole density (c), and electron density (d)
with the thickness of a nanoflake placed
on a rough substrate. The quantities
(a)–(d) are shown at the upper (red and
brown circles) and bottom (blue and
black circles) surfaces of the nanoflake,
which are placed at the peaks of the
substrate corrugation (abbreviated as
c-peak, see Fig. 2). Green and purple
circles correspond to the corrugation
slope (abbreviated as c-slope, see Fig. 2).
The amplitude of substrate corrugation
A = 4 nm, the average period of the
corrugation λ = 0.5 μm. MoX 2 and
substrate parameters are listed in Table I.

However, the real ripples cannot be completely 1D, and
there can also be corrugation in other directions. FEM
for the case of a substrate with a 2D corrugation profile
(and especially with a random 3D corrugation profile) is
a significantly more complex task requiring much more
computer time and memory resources, which increase with
the flake thickness. Our preliminary FEM results confirm
the strong correlation between the enhanced conductivity
of the nanoflake and its flexoelectric polarization at the cor-
rugation peaks. The enhancement is more pronounced for
a higher ratio of peak height to peak width, which is an
analog of the A/λ ratio in the 1D case, but the effect of

(b)(a)
n-type

p-type
n-typep-type p-type

S D D

S, source; D, drain; G, gate

Substrate

Nanoflake

Substrate

G
S

FIG. 8. Principal schemes of a diode (a) and bipolar transistor
(b) based on a 13-nm-thick MoSTe nanoflake bended by a cor-
rugated substrate. The regions with n-type (electron) and p-type
(hole) conductivity are shown.

carrier density inversion at the valleys is rather weak or
not observable. This is related to the strain concentration
at the localized corrugation peaks and their relaxation in
the valleys.

Overall, FEM results for 2D and 3D corrugated sub-
strates are not obvious and require a separate study. More-
over, due to the effect of complexity for the most realistic
case of the substrate with a random 3D corrugation, the
procedure of optimizing the nanoflakes’ polar and conduc-
tive properties is much more complex in comparison with
the flakes on 1D corrugated substrates considered in this
work.

IV. COMPARISON WITH EXPERIMENT

Note that the calculated strain-induced enhancement of
carrier density is regulated by the components �ij of the
deformation potential tensor, which are the fitting parame-
ters within the continuum media approach used in FEM.
An appropriate choice of the �ij (either from DFT cal-
culations or from experiment) can lead to enhancements
of 5–104 times. This tunability makes FEM complemen-
tary to the results of Duerloo et al. [16], who predicted a
strain-induced phase transition from a semiconducting 2H
to a metallic 1T′ phase in various MX 2. Later on, Song
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et al. [60] observed a room temperature semiconductor-
metal transition in thin MoTe2 films induced by a homoge-
neous tensile strain of 0.2%.

Our FEM results, obtained for the case of inhomoge-
neous periodic bending of MX 2 nanoflakes, better agrees
with the experiment of Kang et al. [24], who established
the correlations between atomic force microscopy (AFM)
topography and conductive atomic force microscopy
(cAFM) conductive spots in MoTe2 nanoflakes placed on
a gold corrugated substrate. Kang et al. observed multiple
conductive spots located at the corrugation peaks [see, e.g.,
parts (a), (b) and (e) in Fig. S5 in the Supplemental Mate-
rial of Ref. [24]]. The difference in the negative cAFM
contrast at the corrugation peaks (−15 nA) in comparison
with the positive cAFM contrast at the valleys (+4 nA)
was about 4.75 times, which is very close to the ratio of
maximal:minimal carrier density (about 5 times) shown in
Fig. 3(l) and Fig. 9.

Figure 9 compares the experimental results [24] and
FEM results obtained in this work. The left side of the
figure shows the surface topography (top image) and
cAFM contrast (bottom image) of MoTe2 nanoflake with
a thickness of 10 nm measured by Kang et al. [24]. The
right side shows the corrugation (top image) and relative
carrier density σ/σ0 (bottom image) color maps calculated

10 nm0

+1–5

70 nm 100 nm

(a) (b)

FIG. 9. (a) Surface topography (top image) and cAFM contrast
(bottom image) of a 10-nm-thick MoTe2 nanoflake obtained for
the dc voltage –0.25 V applied to the tip. Reprinted with permis-
sion from [S. Kang, S. Jeon, S. Kim, D. Seol, H. Yang, J. Lee,
Y. Kim, ACS Appl. Mater. Interfaces 10 (2018) 27424–27431].
Copyright (2018) ACS Publications. (b) Corrugation (top image)
and relative carrier density σ/σ0 (bottom image) color maps
calculated by FEM for a 10-nm-thick MoTe2 nanoflake placed on
a rough substrate with several well-separated corrugation peaks.

by FEM for a 10-nm-thick MoTe2 nanoflake placed on
a rough substrate with several well-separated corrugation
peaks. We note that each peak has a Gaussian distribution
of corrugation with its own height, maximum position, and
dispersion, whose values are random, but are of the same
order as in the experiment [24]. Assuming that the carrier
density is proportional to C-AFM contrast in the simplest
case, Fig. 9 demonstrates a semiquantitative agreement
between our simulations and experiment [24]. It is notable
that both the experimentally measured topography peaks
and calculated corrugation distribution look much more
diffuse, often merging together, in comparison with the
well-separated measured cAFM contrast and calculated
carrier density spots. Since the carrier density σ(�x) expo-
nentially depends on the flake strain uij (�x) in accordance
with Eq. (4), (σ (�x)/σ0) ∼ exp{−[�ij uij (�x)/kBT]}, and the
flake strain is a rather linear function of the substrate cor-
rugation, the carrier density should be a sharp (e.g., expo-
nential) function of the corrugation. So, we can conclude
that our simulations confirm the fact that the enhancement
of local carrier density (and so the local conductivity) is
pronounced at the corrugation peaks, but the effect of the
carrier density inversion at the valleys and slopes is rela-
tively weak. This is related to the strain concentration at
the corrugation peaks and their relaxation in the valleys.
The enhancement at the peaks is inherent for a 3D prob-
lem, while 1D corrugation can lead to the inversion effect
in the valleys (compare Figs. 3 and 9).

To verify the theoretical results for MoS2 nanoflakes,
their structure is examined by scanning tunneling
microscopy (STM) in nonvacuum conditions (see details
in Appendix C of the Supplemental Material [52]). As sub-
strates, we use highly ordered pyrolytic graphite (HOPG)
and Au(111) on mica. STM images, shown in Figs. S7–S8,
reveal MoS2 nanoflakes of different shapes and sizes. Typi-
cal local volt-ampere characteristics (I-V curves) measured
at the same point of a nanoflake are shown in Fig. 10 (more
I-V curves are shown in Figs. S7–S8).

The tunneling current is almost absent if the voltage
magnitude is less than 1 V for the HOPG substrate or less
than 0.5 V for the Au(111) substrate. The difference in the
“opening” voltages of the I-V curves originates from the
difference in substrate conductivity and surface properties.
Since neither substrate contains any specially prepared cor-
rugations, the current is absent for a strain-free nanoflake
placed in a small electric field. A strong local field appear-
ing under the bias voltage increase causes local bending
and deformation of the flake due to the electrostriction
and piezoelectric mechanisms. Furthermore, the strained
region of the flake can become conductive and lead to the
opening of the I-V curve.

The significant variability in the I-V curves’ opening
scenarios and the typical jumps on the curves, which
appear at an applied voltage of magnitude greater than
0.5–1 V, indicate the randomness of a tunneling current
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FIG. 10. Local volt-ampere characteristics of MoS2
nanoflakes on (a) HOPG and (b) Au(111) substrates mea-
sured by STM. Left inset in the plot (a) and right inset in the
plot (b) are the surface topography along the direction AB. Right
inset in the plot (a) and left inset in the plot (b) are the STM
images of MoS2 nanoflakes on HOPG and Au(111) substrates,
respectively. Local volt-ampere characteristics were measured in
the points marked by a circle with a central yellow and red dot
in the insets.

path associated with the strong local inhomogeneity of
electroconductivity near the surface of MoS2 nanoflakes,
which is most likely caused by the shape changes of the
nanoflakes and by the evolution of local electric fields
under the current flow. In fact, the strong local inho-
mogeneity of the MoS2 nanoflake conductivity can be
determined by the bending of its surface in accordance
with FEM results presented in this work. Hence, the STM
results indirectly indicate a significant dependence of free
carrier concentration in MoS2 nanoflakes on their bending
and strain gradient. The quantitative description of these
results requires theoretical calculations of local electric
fields coupled to elastic strains for different substrates and
nanoflake shapes and sizes. This task will be performed in
near future.

V. SUMMARY

Using FEM, we calculate the elastic and electric fields,
out-of-plane electric polarization, and free charge den-
sity for a TMD nanoflake placed on a rough substrate
with a sinusoidal profile of corrugation principal compo-
nent. Analysis of FEM results obtained for different flake
thicknesses (varying from 10 to 300 nm) and corrugation
depths (varying from 0 to 25 nm) allows corroboration
of the flexoelectric nature of the out-of-plane polarization
and establishes the unambiguous correlation between the
polarization and static conductivity modulation. We con-
sider that the modulation is caused by inhomogeneous
elastic strains coupled with deformation potential, and
strain gradients, which evolve in the TMD nanoflake due to
the adhesion between the flake surface and the corrugated
substrate.

We reveal a pronounced maximum in the thickness
dependences of the electron and hole conductivity of
MoX 2 and MXY nanoflakes placed on a substrate with a
sinusoidal corrugation. Namely, the conductivity is maxi-
mal for 75–80-nm-thick flakes placed on a rough substrate
with a 4 nm corrugation height. This result opens the way
for the optimization of the nanoflake geometry to sig-
nificantly improve their polar and electronic properties,
necessary for advanced applications in nanoelectronics and
memory devices. Specifically, the obtained results can be
useful for elaboration of nanoscale straintronic devices
based on bended MX 2 and MXY nanoflakes, such as diodes
and bipolar transistors with a bending-controllable width
of p-n junctions.
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