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Flexoelectric effects in a bent α-In2Se3 ferroelectric monolayer
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Flexoelectric effects in materials can bring novel physical properties that are absent in their perfect crystal, and
have a wide range of applications, such as mechanical sensors and wrinkled triboelectric nanogenerators. In this
work, electronic structures and transport properties of bended α-In2Se3 monolayer are investigated through first-
principles calculations and nonequilibrium Green’s function (NEGF). We find that two different kinds of type-II
band structures can be obtained in P̃ ↑ and P̃ ↓ flexed α-In2Se3, which show opposite band bending. Carriers
in the center of P̃ ↑ and P̃ ↓ flexed α-In2Se3 are mainly holes and electrons, respectively, which dominate
the current behavior of the α-In2Se3 p-i-n (PIN) field-effect transistor (FET). The P̃ ↑ PIN-FET has enhanced
forward current and the rectification ratio due to the larger density of holes. Our study achieves the homogeneous
junction through bended α-In2Se3, which may simplify the device procession and be used as electromechanical
sensors.
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I. INTRODUCTION

The flexoelectric effect describes the phenomenon of elec-
trode polarization caused by mechanical strain gradient or
mechanical response caused by electric-field gradient. The
flexoelectric effect is prevalent in all dielectric materials. Even
when flexure is applied to a nonpiezoelectric material, its
nonuniform strain can generate hundreds or thousands of volts
per meter [1]. Recently, sensors [2], actuators [3], mechanical
memories [4], and captive energizers [5] based on the flexo-
electric effect have significant applications in fields, such as
wearable electronics, crack monitoring, and structural health
monitoring [6–9].

Conventional materials subjected to large stresses usually
lead to surface fracture. However, two-dimensional (2D) ma-
terials have lower bending stiffness due to their single or few
atomic layer thicknesses, which are more prone to flexing
than conventional materials. The flexoelectric effect becomes
more pronounced as the material size decreases [10–12]. With
device refinement and the booming development of flexible
devices [13–16], flexoelectric effects in 2D materials have
attracted attention. For example, it is shown that the photo-
catalytic ability of carbon macrostructure (CN) nanosheets is
significantly enhanced after flexure [17]. In bent VSe2, the
discontinuous and inhomogeneous strain gradient can dramat-
ically change the magnetic moment of V atoms and induce
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out-of-plane polarization [18]. The overhanging channel of
graphene in flexural devices can effectively avoid contact be-
tween the channel and the substrate, eliminating the negative
effects brought by the substrate and significantly improving
carrier mobility [19,20]. Recently, we have well quantified the
flexoelectric-induced out-of-plane piezoelectric response in
bent 2D materials [21]. Moreover, a general formula has been
proposed to directly quantify the longitudinal flexoelectric
coefficient, which is closely related to the flexural properties
[22]. Also, we utilized the coupling of flexoelectric polariza-
tion and photogenerated carriers in a bent InSe channel to
realize the synaptic device with excellent performance based
on flexophotoelectronic effects [23], which further stimulates
the potential of flexoelectricity in atomic-level materials.

As we know, applying nonuniform stress to bend the ma-
terial produces strain fields in opposite directions on the top
and bottom surfaces of the material. For 2D ferroelectric ma-
terials with out-of-plane polarization, there will be difference
in the electronic density of states due to the different charge
distributions on the top and bottom surfaces. Therefore, for
2D ferroelectrics, more interesting properties may emerge
with the coupling of ferroelectric spontaneous polarization
and flexural polarization. In addition, the physical mechanism
of flexure’s effect on the transport properties for devices has
been still unknown. The relevant physical mechanisms are
urgently needed to reference the experiments. As a member of
the ferroelectric family, α-In2Se3 has superior properties, and
its out-of-plane ferroelectric properties remain in the mono-
layer limit at room temperature [24–26]. α-In2Se3 has good
carrier mobility [27] and is a promising alternative material
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for fabricating 2D devices. Flexing α-In2Se3 can effectively
modulate its band-gap size [28]. The flexoelectric effect can
also flip the direction of α-In2Se3 ferroelectric polarization
[29,30].

In this work, the influence of flexoelectric and ferroelec-
tric effects on the electronic properties and device transport
properties of monolayer α-In2Se3 are investigated. It is found
that flexures in α-In2Se3 form a type-II band alignment. The
flexoelectric effect can enhance the current and rectification
ratio in the devices. These findings offer new possibilities for
the design of devices and are crucial for developing flexible
devices.

II. CALCULATION DETAILS

Based on density-functional theory (DFT) and nonequi-
librium Green’s function (NEGF) methods, simulations of
structure optimization, electronic properties, and device trans-
port properties are performed by the Atomistix ToolKit (ATK)
software package [31]. The ATK software is now widely used
in simulation studies of low-dimensional materials [32–38].
For the solution of the Kohn-Sham equations, we adopt the
generalized gradient approximation (GGA) in the Perdew-
Burke-Ernzerhof (PBE) generalized form to describe the
exchange-correlation potential. We use the SG15 pseudopo-
tential to describe the interactions between the nucleus and
the valence electrons. The linear combination of atomic or-
bitals (LCAO) is utilized to extend the valence-electron wave
function. The real-space density grid cutoff energy is set
to 80 Hartree. Considering the simulation of the transport
properties of the device, we set the x axis and z axis as
the periodic direction of the structure, and the y axis as the
direction perpendicular to the structure, and set the vacuum
layer larger than 45 Å in the nonperiodic y direction. As
well as considering the dipole correction, which is used to
eliminate the spurious interactions between the model and the
“image.” A k-point sampling of 15×1×15 in the x, y, and
z directions in the first Brillouin zone is used for structural
optimization, 21×1×21 k points are used for calculations of
electronic properties, and 9×1×200 are used for simulations
of the device transport properties. All calculations in the study
are based on a geometrical model optimized to act on each
atom with a force less than 0.02 eV/Å and a total energy
convergence criterion less than 10−4 eV per atom. At the same
time, for simplicity, the Fermi level of the calculated result is
set to zero.

The source (S)-drain (D) current can be calculated accord-
ing to the Landauer-Büttiker equation when the bias voltage
Vds is applied to the device [34,39]:

I (Vds) = e

h

∫ μL

μR

T (E ,Vds)[ fR(E − μR) − fL(E − μL)]dE ,

(1)
where e and h are the electron charge and the Planck’s
constant, respectively, μL(μR) is the chemical potential of
the left (right) electrode, i.e., the source (drain) electrode,
T(E, Vds) is the bias-related transmission coefficient, fR(L) =
{1 + exp[(E − μR(L))/kBTR(L)]}−1 is the Fermi-Dirac distri-
bution function of the R (L) electrode, TR(L) is the temperature
of the R (L) electrode, kB is the Boltzmann constant, and the

FIG. 1. Purple spheres indicate In atoms, magenta spheres in-
dicate Se atoms. (a) Side view under the orthorhombic lattice of
polarization-up (P ↑) α-In2Se3; (b) Brillouin zone of hexagonal and
orthorhombic lattices; (c)–(f) Projected band structures of α-In2Se3.

average of the chemical potentials of the source and drain
electrodes, i.e., the average Fermi level, is set to zero.

III. RESULTS AND DISCUSSION

Monolayer α-In2Se3 has out-of-plane and in-plane spon-
taneous electrode polarization at room temperature. The side
view of the structure is shown in Fig. 1(a), the lattice constant
a = 4.09 Å of the structure-optimized α-In2Se3 unit cell,
which is consistent with previous studies reported [40,41].
Monolayer α-In2Se3 has alternating Se-In-Se-In-Se layers,
with two sublayers of In atoms. The top In atoms form
a tetrahedral coordination with the four Se atoms in the
vicinity, while the bottom In atoms form an octahedral co-
ordination with the six Se atoms in the vicinity. The case
can break space-inversion symmetry and induce the polar-
ization. The intermediate Se atomic layer is biased toward
the bottom In atomic layer for the polarization-up (P ↑)
α-In2Se3. Conversely, the intermediate Se atomic layer in the
polarization-down (P ↓) α-In2Se3 is relatively nearer to the
top In atomic layer. The band structure is shown in Fig. 1(d),
α-In2Se3 is indirect band-gap semiconductor with a band-gap
value of 0.8 eV, which is in agreement with previous stud-
ies [40,41]. To facilitate the study of the flexoelectric effect
of α-In2Se3 and its transport properties, the orthorhombic
lattice is chosen as the base loss. The x axis is the arm-
chair direction, and the z axis is the zigzag direction. The
Brillouin zone of the hexagonal lattice and orthorhombic
lattice is shown in Fig. 1(b). After the base loss changes
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FIG. 2. (a) and (b) Side views of the P̃ ↓ and P̃ ↑ α-In2Se3,
respectively; (c) and (d) Strain distributions on the top and bottom
surface of the P̃ ↓ α-In2Se3 for ε = 0.09 and ε = 0.13, respectively.

into an orthorhombic lattice, the Brillouin zone path is
�-X-U-Z-�. From the projected band structures of P ↑
α-In2Se3 in the orthorhombic lattice [Figs. 1(c)–1(f)], the In
and Se atoms on the top surface jointly contribute to the
conduction band. In contrast, the valence band is mainly con-
tributed by Se atoms on the bottom surface.

Flexural structures can be achieved experimentally by plac-
ing the material on a waveform or circular hole-suspending
substrate [21,42]. In the simulations, construct the α-In2Se3

flexural structure using a Gaussian function. As in Figs. 2(a)
and (b), each unit cell is rotated sequentially by a certain angle
from one end during cell expansion. The cells are expanded
18 times in the zigzag direction. The P ↑ and P ↓ α-In2Se3

flexures are denoted by P̃ ↑ and P̃ ↓ respectively. The degree
of flexure is defined by ε = (a-a0)/a, where a0, a denote the
lattice constants in the z-axis direction before and after flexure
in the case of cell expansion, respectively.

The change in distance before and after the deflection of
neighboring Se atoms on the same side of the top surface is
defined as top strain. The change in the distance before and
after the flexure of neighboring Se atoms is on the same side
of the bottom surface as the bottom strain. Take P̃ ↓ α-In2Se3

in the ε = 0.09 and ε = 0.13 cases, the top and bottom strains
distributed along the z direction are shown in Figs. 2(c) and
(d). The top of the middle part of the material is subjected
to large compressive stresses, while the bottom is subjected to
tensile stresses. The top of the left and right ends are subjected
to tensile stresses, and the bottom to compressive stresses. The
top and bottom of the material are subjected to different stress

fields, thus leading to the occurrence of strain gradients. The
strain gradient increases with the flexure degree.

Figure 3(a) shows the partial charge-density distribution
of flat P ↑ (P ↑) α-In2Se3. The partial charge density cor-
responding to its valence-band maximum (VBM) is mainly
concentrated on the lower side of the structure (i.e., the octa-
hedral sublayer), which is provided primarily by Se atoms in
the octahedral sublayer. However, the partial charge density
corresponding to conduction-band minimum (CBM) is mainly
concentrated in the upper side of the structure (that is, the
tetrahedral sublayer), with a bit of distribution on the lower
side. It is mainly provided by the In atoms in the tetrahedral
sublayer and the Se atoms throughout the structure. Due to the
proximity of In and Se atoms in tetrahedral coordination, there
is a strong s-p hybridization between the In-s and Se-p or-
bitals. This forms the CBM as the antibonding state is pushed
beyond the Fermi level. On the other hand, in the octahedral
configuration, the Se atoms are spaced farther apart, resulting
in weak p-p hybridization. As a result, their antibonding states
do not cross the Fermi level, forming the VBM of α-In2Se3.
After the polarization direction is flipped, due to the spatial
inversion symmetry of α-In2Se3, the original band structure
and charge distribution cannot be changed. The partial charge
density corresponding to VBM is still concentrated in the
octahedral sublayer. The partial charge density corresponding
to CBM is still mainly focused on the tetrahedral sublayer,
as shown in Fig. 3(b). However, after bending, the VBM and
CBM corresponding to the structures with two different polar-
ization directions show an interesting separation in real space.
As shown in Fig. 3(c), after the P ↑ α-In2Se3 flexure, the
partial charge density corresponding to its VBM is localized
in the middle of the structure. The CBM corresponding partial
charge densities are distributed at the left and right ends of the
structure. In contrast, after the P ↓ α-In2Se3 flexure, the dis-
tribution of VBM and CBM in real space is exactly opposite
to that after the P ↑ α-In2Se3 flexure. From Fig. 3(d), the
partial charge density corresponding to its VBM is localized
in the two ends of the structure. The middle of the structure
provides the partial charge density corresponding to its CBM.

To gain insight into the effects caused by the flexoelectric
effect on the material, the flexed α-In2Se3 structure is divided
into 18 equal parts along the z-axis direction, labeling each
part as z1 to z18. Figure 3(e) displays the density of states
(DOS) of each part of P̃ ↑ α-In2Se3 at ε = 0.13. The middle
part has an upward bending DOS, with its VBM closer to
the Fermi level than the end part. Hence, the middle part
forms p-type doping. The DOS of the two end parts shifts
downward, resulting in a staggered type-II band alignment
between the end and middle parts. From the statistical VBM
and CBM positions of each part in Fig. 3(g), the two ends
with the middle part produce a conduction-band offset of up
to 0.58 eV. The value of the resulting valence-band offset is
0.28 eV. The huge conduction-band offset and valence-band
offset can significantly increase the photogenerated carriers
and prolong the exciton lifetime, which is very favorable for
the design and application of exciton transport, photovoltaic
devices, solar cells, and so on. The DOS for each part of
P̃ ↓ α-In2Se3 with ε = 0.13 is shown in Fig. 3(f), where
also forms the type-II band alignment after being subjected
to the flexoelectric effect. The difference is the upward shift
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FIG. 3. VBM in magenta and CBM in cyan. CBM and VBM in real space for (a) P ↑, (b) P ↓, (c) P̃ ↑, and (d) P̃ ↓ α-In2Se3. (e) and (f)
The segmented DOS of α-In2Se3 for P̃ ↑ and P̃ ↓ at ε = 0.13, respectively; the cyan solid line and magenta solid line indicate the locations of
CBM and VBM, respectively. (g) and (h) The segmented CBM and VBM values of α-In2Se3 for P̃ ↑ and P̃ ↓ at ε = 0.13, respectively.

of the DOS in the two end parts, and the downward bend-
ing of the bands in the middle part. The middle part with
the largest strain gradient constitutes the n-type doping. It
means that the modulation of p-type and n-type doping can
be achieved by bending α-In2Se3 with different out-of-plane
polarizations.

Taking the P ↓ α-In2Se3 as an example, further analysis of
the physical mechanism of the modulation of band structure
changes by flexoelectric effects. Combined with Fig. 2(d),
for P̃ ↓ α-In2Se3 with ε = 0.13, the different strain gradi-
ents result in a downward flexoelectric field Eflex at the left
and right ends, and the direction of the flexoelectric field
appearing in the middle portion is upward [11,43]. In addition,
its out-of-plane dipole moment μ is downward. The dipole
produces an additional electrostatic energy W = −μ × Eflex.
As the middle and end portions of the material are subjected
to flexoelectric fields in different directions, this leads to an
increase in the energy of the middle portion and an upward
shift of its Fermi level. A corresponding VBM and CBM

shift down relative to the Fermi level causes the CBM and
VBM in the middle part of P̃ ↓ α-In2Se3 with ε=0.13 to shift
downward concerning P, as shown in Fig. 3(h). As the energy
at the left and right ends decreases, its Fermi level shifts
downward. The corresponding VBM and CBM shift upward
relatively. The flexoelectric field and ferroelectric polarization
couple, leading to band-structure bending after α-In2Se3 flex-
ure, forms far more valuable type-II band alignments.

PIN field-effect transistor (FET)-based P, P̃ ↑, P̃ ↓ are
designed. Figure 4(a) shows the schematic diagram of the
device, which contains the left and right electrodes, and the
scattering area in the middle region. The bended structures
in Figs. 3(b) and 3(d) constitute the scattering region. The n-
and p-doped monolayers of α-In2Se3 are set as semi-infinite-
length electrodes. The electrodes are doped using the atomic
charge compensation method [44–46], the left (right) elec-
trode and its electrode extension area are doped with p(n)-type
doping at a concentration of 8×1020 e/cm3. The z direction is
the device-transport direction.
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FIG. 4. (a) Schematic diagram of the device, in which LE is the left electrode, RE is the right electrode; I-V characteristic curves with
ε = 0, ε = 0.09, and ε = 0.13 for (b) P̃ ↑ and (c) P̃ ↓; (d) Schematics of electronic structures and transport states involved in the device; (e)
and (f) Rectification ratios at different flexure degrees for P̃ ↑ and P̃ ↓ α-In2Se3, respectively.

Using Eq. (1), the current of each device in the range of
bias voltages from −0.8 V to 0.8 V can be calculated. At
equal positive bias voltage, more significant deflection leads
to higher current for P̃ ↑ and P̃ ↓ α-In2Se3 devices, as shown
in Figs. 4(b) and (c). At a bias of 0.8 V, the source drain current
of the P device is only 2.02 mA/mm, that of the P̃ ↓ device
with ε=0.13 increases to 25.40 mA/mm. The P̃ ↑ device with
ε=0.13 has a high current of 55.51 mA/mm, which is 27
times increase in current compared to the P device. At the
same bias voltage, the device current increases with increasing
flexure degree. As a result, the strain gradient generated by
mechanical bending is similar to the gate, which can modulate
the current size of the FET, figuratively known as the “strain-
gate.”

The different current of P, P̃ ↑, P̃ ↓ can be well understood
from their spation DOS in Figs. 3(e) and 3(f). For P̃ ↑-FET,
VBM dominates the current, while for P̃ ↓-FET CBM does.
Figure 4(d) visualizes the positional changes of the conduc-
tion and valence bands in the scattering region of the three
types of devices at a bias of 0.6 V. P̃ ↑ device scattering region
due to flexure, the band structure bends upwards, and the
valence band is involved in the conductivity. Flexing causes
the P̃ ↓ device scattering-region band structure to shift down-
ward, and the conduction band enters the bias window. This
greatly enhances the transmission performance of the flexure
device, as the flexoelectric effect acts as a current amplifier
for the device. The current of P̃ ↑ device is greater than that
of P̃ ↓ device at the same flexure degree, because after flexure,
only a tiny portion of the band structure in the scattering re-
gion of the P̃ ↓ device bends and enters the bias window. The

vast majority of the valence bands in the scattering region of
the P̃ ↑ device bend upwards, as seen by comparing Figs. 3(g)
and 3(h). The CBM in the scattering region of P̃ ↓ device is
nearer to the Fermi level relative to the VBM in the scattering
region of P̃ ↑ device. It means that the CBM in the scatter-
ing region of the P̃ ↓ device enters the bias window faster
after applying the bias. This also explains the phenomenon of
P̃ ↓ device showing current at lower forward bias than P̃ ↑
device.

To further analyze the physical mechanism on the variation
of the I-V characteristics for P device, P̃ ↑ device, and P̃ ↓
device, the projected local density of states (PLDOS) of the
three types of devices with different bias voltages can be
calculated, as shown in Fig. 5. Comparing the PLDOS of P
device [Fig. 5(b)] and P̃ ↑ device [Fig. 5(e)] at Vds = 0 V, due
to the flexoelectric effect, the VBM position in the scattering
region of the P̃ ↑ device is significantly nearer to the Fermi
level relative to that of the P device scattering region. It
means that under equal forward bias applied to the P and P̃ ↑
devices, as shown in Figs. 5(c) and 5(f), the density of states
in the scattering region of the P̃ ↑ device move relatively
more into the bias window. Thereby shortening the electron
tunneling distance, resulting in a larger value of current. The
band-edge variation of the P̃ ↑ device is extremely similar to
the band-edge variation of the P device with negative gate
voltage modulation. Similarly, for the P̃ ↓ device, when ap-
plying the positive bias voltage of 0.6 V [shown in Fig. 5(i)],
the band structure near the CBM of the scattering region of the
P̃ ↓ device is relatively more crowded into the bias window.
The electron tunneling distance is shortened relative to the P
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FIG. 5. PLDOS of P-, P̃ ↑-, and P̃ ↓-PIN-FET with Vds = −0.6 V, 0 V, and 0.6 V, respectively. The red arrow represents the tunneling
distance.

device, and the current is relatively increased. In other words,
by mechanical bending of P ↓ α-In2Se3, the regulatory effect
of adding a positive gate voltage to the device is achieved.
This phenomenon of the flexoelectric field generated by the
strain gradient affecting the current size of the device can be
imaginatively called the “strain-gate” regulatory behavior.

From Figs. 4(b) and 4(c), the currents of the P device, the
P̃ ↑ device, and the P̃ ↓ device are all feeble under nega-
tive bias. Under the positive bias, the currents increase with
increasing the positive bias, which shows prominent rectifi-
cation characteristics. To quantify the rectification effect, the
rectification ratio (RR) of the device is calculated [47]:

RR(V ) = I (+V )

I (−V )
. (2)

For the P ↑ α-In2Se3 in Fig. 4(e), the rectification effect of
the flexed device is better than that of the P device at high
bias. For the P ↓ α-In2Se3 [Fig. 4(f)], the RR of the flexed
devices are all higher than those of the unflexed devices. The
highest RR of the P device is 105, while the highest RR of the
P̃ ↓ device with ε = 0.13 can reach up 107. The RR of the
P̃ ↓ device is upgraded by two orders of magnitude compared
with that of the P device.

It is well known that when the bands of the source and
drain electrodes overlap, and the overlap region is located in
the bias window, the electrons from one side of the electrode
can only pass through the center scattering region to reach the
other side of the electrode, thus generating current [48,49].

Combined with PLDOS, the rectification characteristics of the
device can be deeply understood. Taking the P̃ ↓ device as
an example, in the case of −0.6 V [Fig. 5(g)], the left elec-
trode potential decreases, the left electrode density of states
moves overall to the low-energy range (downward). The right
electrode potential is elevated, and the right electrode’s band
structure shifts upward relative to that of the right electrode
under the 0 V bias. The left and right electrode band structures
move downward and upward, decreasing the overlap of the
left and right electrode band structures in the bias window.
The transmission-restricted area becomes broader and the
probability of electron tunnels plummets. Thus, the current
is very weak at a bias of −0.6 V in the P̃ ↓ device. At a
bias of 0.6 V [Fig. 5(i)], the left electrode potential increases
while the right electrode potential decreases. This causes the
band structure of the left electrode to shift upward and that of
the right electrode to shift downward, increasing the overlap
between both electrodes. It enhances the probability of elec-
tron tunneling from one electrode to the other, leading to a
significant increase in current value. This is the reason why
the P̃ ↓ device has a high RR.

IV. CONCLUSION AND OUTLOOK

In conclusion, through first-principle calculations, it is
found that the flexoelectric effect brings novel physical prop-
erties to the material and enhances the device’s performance.
The physical mechanism of the action of the flexoelectric
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effect is explained. Monolayer α-In2Se3 flexure leads to the
separation of VBM and CBM in the real space of the mate-
rial, constituting a homogeneous heterostructure with aligned
type-II band alignment. This realizes the spatial separation of
electron-hole pairs by simple mechanical bending. Due to the
flexoelectric field and out-of-plane dipole coupling leading
to the bending of the band structure, the forward current of
the flexural device increases compared to the P device. At a
bias of 0.8 V, the current in the flexure device is amplified
by a factor of 27. Flexure exhibits “strain-gate” modulation
behavior on the device. The RR of the flexed device reached
107. The results of this study show that flexure provides an
innovative strategy for device performance enhancement. In
addition, the study reveals the multiphysical field-coupling

mechanism induced by the flexoelectric effect, which will
facilitate the investigation and application of flexoelectric re-
lated technologies.
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