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ABSTRACT: Flexoelectricity, the coupling effect of the strain gradient and charge
polarization, is an important route to tune electronic properties of low-dimensional
materials. Here our extensive first-principles calculations reveal that structural & s o
wrinkling and corrugation will cause significant flexoelectricity in transition metal
dichalcogenide (TMD) monolayers. The flexoelectricity is induced by the strain

gradients created along the finite thickness of the wrinkled TMD monolayers and
becomes more dominant in determining out-of-plane polarizations with decreasing

S Sp”

Dipole moment (¢*A)

wavelengths of the TMD wrinkles. According to the first-principles calculations and

whole structural symmetry, a theoretical model is developed to describe the total
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out-of-plane polarizations and flexoelectric effect of the wrinkled TMD monolayers.
The unveiled flexoelectricity in monolayer TMDs highlights a potential for their application in energy conversion devices.

lexoelectricity, the coupling of electronic and mechanical
behaviors that describes electric polarization arising from a
mechanical strain gradient or mechanical response under an
electric field gradient, has been widely investigated in various
types of materials including ferroelectric crystalline materials,"”*
nematic liquid crystals,”* soft matters, and biomembranes.”®
Besides conventional piezoelectricity, the flexoelectric effect
provides an alternative method for device applications in
sensing,” actuating,®’ ferroelectric memory,'® and electricity
harvesting.' "> To attain noticeable flexoelectricity, macroscale
matters and materials usually require large deformation to
create strain gradients, which will probably cause structural
failure and fracture. On the contrary, small strains on nanoscale
materials such as nanotubes, nanowires, and two-dimensional
(2D) materials would give rise to large strain gradients.
Moreover, 2D materials can also endure large out-of-plane
deformation.”'* As demands for size miniaturization of
functional devices to improve performance and efliciency
continue to rise, a need for nanoscale materials becomes
essential and urgent. Previous theoretical works have studied
flexoelectricity in hexagonal boron nitride (h-BN)," graphene
nanoribbons,'® carbon nanoshells,'” and nanocones,'® and the
corresponding theoretical models have been established to
describe the flexoelectricity in carbon materials. However, the
flexoelectric effect revealed by those first-principles calculations
mainly comes from symmetry breaking of the 7 orbital charge
distribution caused by flexural deformation or curvature, and
the induced polarization therefore is weak.'®™"*
Two-dimensional transition metal dichalcogenides (TMDs)
are semiconducting and have excellent optoelectronic proper-
ties, making them good candidates for photodetection and
light-emitting devices."”™** In several experiments, 2D MoS,
materials are found to possess strong in-plane piezoelectricity
and piezotronic effects, which could be used in piezoelectric
and triboelectric nanogenerators.zs_28 Recently, another
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experiment reports that monolayer MoS, exhibits remarkable
out-of-plane polarization when a compressive loading exerted
by the tip of atomic force microscopy acts on it, and the
enhancement of vertical piezoelectricity in the MoS, is
explained by the possible flexoelectric effect induced by
structural deformation.”” However, the underlying mechanism
to produce flexoelectricity in TMDs still remains elusive. Most
of the former theoretical modeling of flexoelectricity for 2D
materials focuses on hBN and carbon nanostructures of one
atomic layer, and no further model is developed for TMD
nanostructures. With one or a few atom-layer thickness, 2D
materials can easily undergo out-of-plane deformation. As a
consequence, wrinkles and ripples are commonly observed for
graphene, h-BN, and TMDs when they are under compressive
constraint or substrate influence. Structural corrugation of 2D
materials not only changes their intrinsic properties but also
endows them with new physical phenomena and application
potential. For example, wrinkle-induced local strain can tune
the direct band gap and photogenerated excitons of atomically
thin MoS,.>* Now it is also technically feasible to fabricate
periodic wrinkled nanostructures with controllable geo-
metries."”>' On the other hand, the wrinkling of 2D materials
leads to nonuniform deformation, which could cause a
significant strain gradient. Further understanding the influence
of structural wrinkling and corrugation on the charge
polarization in monolayer TMDs will be of importance in
unveiling their flexoelectricity.

In this study, we reveal by first-principles calculations that
structural wrinkling and corrugation in TMD monolayers give
rise to significant flexoelectricity. With increasing wrinkling
deformation, the flexoelectric effect gradually becomes the key
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role in determining charge polarization at each atom. The
combining and synergistic effects of strain gradient-dependent
flexoelectricity and structural symmetry dominate the total
polarizations of the wrinkled TMD monolayers. On the basis
of the dipole moments and compressive forces calculated from
density function theory (DFT), we develop a theoretical model
to describe the total out-of-plane polarizations and flexoelec-
tricity in the TMD monolayers.

We first consider a flat 2H MoSe, monolayer that has 62 Mo
and 124 Se atoms in a rectangle unit cell with a length of
102.84 A in the «x direction and a width of 5.75 A in the y
direction. The wrinkled geometry or structure is created by
gradually reducing the length of the unit cell to apply uniaxial
compression on the MoSe, monolayer and simultaneously
rearranging the positions of each atoms. The state-of-the-art
DFT technique is employed to obtain a stable wrinkled
structure and calculate the total or global z-direction dipole
moment D with respect to the center mass of the wrinkle.
Then the vertical polarization P, of the MoSe, wrinkle is
estimated by P, = D./A, where A is the area of the initial flat
MoSe, monolayer.

The stable wrinkled MoSe, with different wavelengths W are
shown in Figure 1. With decreasing wavelength, the curvatures

Figure 1. Relaxed structures of the wrinkled MoSe, monolayers with
wavelengths of (a) 9.8 nm, side and top views, (b) 8.0, and (c) 6.6
nm. In (a), the blue rectangle represents the unit cell, and W is the
wavelength after wrinkling, which is the same as the length of the unit
cell. The periodic boundary conditions are applied in the x and y
directions, and the red and yellow dots are Mo and Se atoms,
respectively.

and bending deformation at the wrinkle top and bottom
increase. Table 1 presents the calculated compression force F,,
vertical polarization P,, dipole moment D}, and energy gap E,,
which are the global values of the wrinkled MoSe, monolayers.
The compression force to hold the wrinkled geometry
obviously decreases after the wrinkle transforms into a state

Table 1. Longitudinal Compression Force F,, Vertical
Polarization P,, Dipole Moment D;, and Energy Gap E, of
the Wrinkled MoSe, with Different Wavelengths

9.8 nm 8.0 nm 6.6 nm
F, (nN) 1.83 0.55 0.51
P, (pC/m) —0.005 0.182 0.152
D! (e:A) —0.002 0.067 0.056
E, (eV) 1.5 1.273 1.29
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with a smaller wavelength, which can be ascribed to buckling-
induced bond relaxation.”” For the flat MoSe, monolayer, the
vertical or out-of-plane polarization is approximately zero. In a
small wrinkle or slight rippling such as the wrinkle with a
wavelength of 9.8 nm, the vertical polarization is also very low.
Only if the wrinkle is large enough, the vertical polarization
becomes significant. It should be pointed out that the
polarization does not monotonically increase with the
wavelength decreases, as shown in Table 1. The same as the
flat state, the wrinkled MoSe, monolayer is still semi-
conducting, but the structural corrugation and deformation
reduce the energy gap.

In the MoSe, monolayer, there are three atomic layers along
the thickness, and the flexural wrinkling will give rise to
nonuniform bond changes. The Mo atoms locate at the middle
layer; thus, the bending deformation causes compression and
tension on the two Se layers. Accordingly, strain gradients are
inevitably created along the thickness direction of the MoSe,
layer. Each Mo atom connects with six Se atoms in the MoSe,
monolayer, where three Se atoms are above the Mo atom and
another three below. The flexural deformation leads to
different length changes in the Se—Mo bonds (see Figure S1
in the Supporting Information). As the MoSe, monolayer only
has three atomic layers, it is difficult to give an accurate
thickness. In our study, the strain gradient at each Mo atom of
the wrinkled MoSe, along its finite thickness is approximately
defined by Ae = Ae'/t; here Ae’ = (12 _ro — Eeonto) /Ise—nior t i5
the thickness of the monolayer, ls._y;, is the initial Se—Mo
bond length at the flat state, and I§,_, and B._y;, are the
average lengths of the three Se—Mo bonds where the Se atoms
are above and below the Mo atoms, respectively. The z-
direction dipole moment of the Mo atom is estimated by Dy,
= [p(r)r &, where p(r) is the charge density in the range of
the Wigner—Seitz radius around the Mo atom and r is the
distance to the atomic center. Figure 2a shows the variations of
the dipole moments of the Mo atoms with strain gradients. For
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Figure 2. Dipole moments (in units of e-A) of (a) the Mo atoms with
strain gradients for wavelengths of 9.8 (square), 8.0 (circle), and 6.6
nm (triangle) (the inset shows the dipole moments of the C atoms in
the wrinkled graphene monolayer with a wavelength of 6.6 nm). (b)
Se atoms for wavelengths of 9.8 and 6.6 nm. Here the up and down
triangles represent the Se atoms above and below the Mo atoms,
respectively.
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the wrinkled monolayer of W = 9.8 nm, the dipole moments of
the Mo atoms are small because of the weak flexural
deformation. The maximum dipole moments and strain
gradients increase with the wavelength decreases. All of the
variations of the z-direction dipole moments are approximately
linear with the strain gradients, and the variation slopes of the
three cases are approximately identical, demonstrating the
validity of the definition of the atomic strain gradient. Those
results indicate that the flexoelectric effect gradually becomes
dominant as the changes in the Mo—Se bonds and Mo—Mo
distances of the wrinkled monolayer are nonuniform and the
magnitude of wrinkling deformation increases (see Figure S1
in the Supporting Information). For comparison, we have also
studied the polarization of the wrinkled graphene monolayer
by the same method and procedure. The inset in Figure 2a
shows the dipole moments of the C atoms with its curvature k
for the wrinkled graphene with a wavelength of 6.6 nm. Here
the curvature k of each C atom in the wrinkled graphene

12" .
0+ where Z is the

fitting function of the z-direction displacements of the C
atoms, and Z’ and Z” are the first and second derivatives of Z
with respect to the x coordinates, respectively. Obviously, the
polarizations at the C atoms are much weaker than those at the
Mo atoms, which is consistent with previous studies.'*™"®
Therefore, the flexoelectric effect induced in the TMD
monolayer is much stronger than that in graphene and hBN.
Moreover, the dipole moments of the Se atoms are given in
Figure 2b. It is clearly shown that the z-direction dipole
moments of the Se atoms above and below the Mo atoms are
symmetric with the zero dipole moment, and thus, the dipole
moments of the top Se atoms will cancel out with that of the
bottom Se atoms when considering the global polarization of
the wrinkle.

To better describe the flexoelectricity induced in the
wrinkled MoSe, monolayers, Figure 3 shows the contour
plots of the dipole moments of the Mo atoms. The
polarizations at the top and bottom parts of the wrinkles are
enhanced with the wavelength decreases. It can also be seen
from Figures 2 and 3 that the difference between the negative

monolayer is estimated by k =
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Figure 3. Contour plots of the atomic dipole moments of the Mo
atoms (in units of e-A) for the wrinkled MoSe, monolayers with
wavelengths of (a) 9.8, (b) 8.0, and (c) 6.6 nm.
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and positive dipole moments decreases with improving
structural symmetry of the wrinkle. Charges move to the
compressive sites of the wrinkled monolayer, and higher
curvature leads to stronger charge polarization; see Figure S2
in the Supporting Information. Nevertheless, the polarization
direction at the wrinkle top is obviously opposite to that at the
wrinkle bottom. The total z-direction polarization of the
wrinkled MoSe, is therefore weakened by the cancellation
effect from the wrinkle top and bottom parts, which is directly
related to its structural symmetry.

The conventional model to describe polarizations P} that
involve both piezoelectric and flexoelectric effects™ ™ is
usually expressed by

p¥ = p*

i piez

O€;

* jk

+ P, =d,o, +f, —
flex iik%jk ’f;/kl axl (1)
where 6 are stresses, d;; are third-rank piezoelectric tensors,
g,
oy
flexoelectric tensors. Regarding the wrinkled MoSe, mono-
layer, only the z-direction polarization is considered; therefore,

eq 1 for the wrinkling polarization becomes

Oe
k X
P, =d, o, +fzx %

are strain gradients, and f;; represent the components of

)

Dl
In eq 2, P;k = A—’;, and the strain gradient

actually difficult to compute. According to the symmetries of

the bond length changes in the Mo—Se bonds and the dipole

P! . .
d—g" of the wrinkle is
Iz

moments of the Mo atoms (shown in Figures S1 and 2), the %
z

S, — uS .
Zs: !, where y is a
1

proportion parameter and S, and S, are the projected areas of
top and bottoms parts of the wrinkle with respect to the

position of the z-direction mass center, respectively, as shown
SZS—:S‘, the
difference between the areas above and below the z-direction
mass center, to describe the characteristic of structural
deformation of the whole wrinkle that includes the entire
contributions from all atoms, which can be approximately

considered as the average or global influence of strain gradients

i i : g,
18 apprommately estimated by - =

d
by the inset in Figure 4a. We use the item 0—2‘ =

. E
on the wrinkled MoSe,. Let ¢, = o=

%, where w is the
1

width of the wrinkle and is the same as the unit cell width.
Then the formula describing the wrinkling polarization can be

derived as

d f
Pf= ZF 4+ Z(n -
e =R+ —-p) 3)
In terms of P, = D!/A and P} = %, eq 3 becomes
d
P =P, +P, =-"2F+ -
z piez flex w x fzx (11 ,M) (4)

In our DFT calculations, we study several TMD wrinkles with
different wavelengths. The F, is the force obtained from the
DFT calculation, and other parameters d,, f.,, and y in eq 4
are determined by fitting the DFT results of all considered
TMD wrinkles and are given in Table 2. Figure 4a shows the
comparison between the polarizations of the wrinkled MoSe,
obtained from the modeling of eq 4 and DFT calculations. The
deduced polarizations of eq 4 are consistent with those from
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Figure 4. Total z-direction polarizations of the wrinkled TMD
monolayers derived by theoretical modeling and DFT calculations
with their wavelengths. (a) MoSe, (red), MoS, (blue), and MoTe,
(green) monolayers. The inset shows the defined areas of S| and S, of
the wrinkled monolayer. Here the horizontal dashed line crossing the
mass center of the wrinkle separates the projected area into two parts,
S, and S,. (b) WSe, (red), WS, (blue), and WTe, (green)
monolayers. The square and triangle lines are the results of theoretical
modeling and DFT calculations.

the DFT calculations, proving the validity of the theoretical
modeling by defining the areas of S; and S, of the MoSe,
wrinkles. If the wrinkle has a better structural symmetry, the
item f..(n — u) will be smaller and the total z-direction

polarization will thus be decreased. On the other hand, the

dyr .
=F_will impose influence
w

on the total z-direction polarization. Therefore, the final
polarization of the wrinkle is determined by the combining
effect of strain gradient-dependent flexoelectricity, wrinkle
structural symmetry, and compressive stress-induced piezo-
electricity.

Additionally, the flexoelectricity in other types of TMD MX,
(M = Mo or W; X =S, Se, or Te) monolayers has been studied
by the same computational procedure and theoretical
modeling. The polarizations from the DFT calculations and
modeling derivations for the wrinkled MX, and the
corresponding fitting parameters are presented in Figure 4
and Table 2, respectively. Similar to the wrinkled MoSe,, the
total polarizations in other wrinkled TMDs vary with their
wavelengths. In the six considered TMD monolayers, the
strongest polarization is found to be induced on the MoTe,.
All of the polarizations deduced by eq 4 coincide well with the
results of the DFT calculations. This consistency further
demonstrates the validity and applicability of our theoretical
modeling for describing the total polarization of the wrinkled
TMD monolayers. Our theoretical model describing the z-
direction polarizations P, of the TMD wrinkles consists of two
parts: one is from the piezoelectricity P5;,, and another is from
the flexoelectricity P§,,. The contributions of piezoelectricity

piezoelectricity defined by the item

and flexoelectricity to total out-of-plane polarization have been
compared for all wrinkled monolayers (see Figure S3 in the
Supporting Information). It is clearly shown that the
contributions of Pj,, are much larger than those of Pf;, for
all wrinkled TMDs; therefore, the flexoelectric effect and
structural symmetry play a dominant role in affecting the total
polarizations of the wrinkled TMD monolayers. As a result, the
out-of-plane polarizations of the TMDs can be effectively
tuned by modifying the wrinkling wavelength and structural
geometry.

In summary, our extensive first-principles calculations unveil
the significant flexoelectricity in TMD monolayers, which is
much stronger than that in other 2D materials such as
graphene and hBN. A theoretical model is established to
describe the total out-of-plane polarizations and flexoelectric
effect, and the predictions from the model are consistent with
the results of the DFT calculations. The strain gradient-
dependent flexoelectricity and structural symmetry dominate
the total polarizations of the wrinkled TMDs. Our results
provide an attractive way to develop nanoscale energy
conversion and sensing devices by utilizing the wrinkling of
2D TMD materials.

B COMPUTATIONAL METHODS

All DFT computations were implemented in the VASP code
by using the projector augmented wave method with the
Perdew—Burke—Ernzerhof (PBE) exchange—correlation func-
tional.**™** In the DFT calculations, the periodic boundary
conditions were applied in the x and y directions to retain
compression and simulate the wrinkles with infinite widths in
the y direction, and there is a vacuum region larger than 30 A
in the direction perpendicular to the wrinkle top. All of those
systems were relaxed by using a conjugate-gradient algorithm
until the force on each atom was less than 0.01 eV/A. After
structural relaxation, an energy cutoff of 500 eV and special k
points sampled on a 1 X 10 X 1 y mesh were used to calculate
the z-direction global dipole moment D} with respect to the
center mass of the wrinkle.
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