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ABSTRACT

In the digital information age, self-powered photodetectors are crucial for meeting the demands of high-density integration

and low power consumption. The flexoelectric effect provides a mechanical approach for the development of high-efficiency

and low-energy consumption photoelectronic devices. Here, an asymmetric suspended structure model is proposed by taking

advantage of the inherent mechanical flexibility of 2D materials. The asymmetric transverse flexoelectric polarization field formed

internally enables WSe, to have excellent self-powered photodetection capabilities in the visible to near-infrared range. The device

demonstrates excellent photoelectric performance (R ~ 6x10° A W!) and ultra-weak light detection capability (P;, = 1.5 uW cm=2).

Moreover, the coupling mechanism between photoelectric and flexoelectric effects has been elucidated through kelvin probe force

microscopy (KPFM) and first-principles calculations. In particular, the device achieved stable information transmission and image
processing under weak light conditions. The visual gain has been enhanced by more than two orders of magnitude. This research
result highlights the potential applications of the flexoelectric effect and lays a solid foundation for the design and integrated

development of high-performance photoelectronic devices.

1 | Introduction

In recent years, the continuous development of the information
age has led to an explosive growth in the total amount of data,
which imposes higher requirements for information transmission
and detection [1]. Compared with traditional communication sys-
tems, optical communication systems have been widely studied
due to their advantages of large data capacity, ultra-fast trans-
mission speeds, and high levels of efficiency and reliability [2, 3].
As a core component in modern optical communication systems,
information storage, and biomedical imaging, the performance of
photodetectors directly determines the transmission quality and
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efficiency of the entire system [3-7]. Therefore, the development
of photodetectors with high responsivity, high detectivity, and low
power consumption has gradually become a research focus [8, 9].
With the deep integration of artificial intelligence and internet of
things technologies, the traditional detection of optical signals is
no longer sufficient to meet the information processing demands
in complex scenarios [10]. Photodetection technology has been
extended to the field of intelligent perception on the basis of
stable optical signal transmission [11]. Building an integrated
photoelectric intelligent system with image perception, storage,
and processing capabilities has become an effective way to
achieve more efficient and low power image recognition [12].
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FIGURE 1 | Asymmetric suspended structure model with flexoelectric and photoelectric coupling effects. (a) Asymmetric flexoelectric response via

strain engineering in centrosymmetric microarchitectures. (b) A 3D-schematic device with an asymmetric suspended structure and the corresponding

AFM topographic image. (c) Flexoelectric and photoelectric coupling effects in (i) symmetric and (ii) asymmetric suspended structure.

Compared with other materials, 2D van der Waals (vdW) mate-
rials are widely used in photoelectronic device research due
to high absorption coefficient, tunable bandgap, and excellent
mechanical flexibility [13, 14]. Wang et al. constructed a pho-
todetector based on the MoTe,/WS,/MoTe, heterostructure,
effectively modulated the Fermi level alignment, and achieved
a specific detectivity of 1.82 x 10'* Jones [15]. Recently, Zeng
et al. developed a strain-based application strategy for 2D mate-
rials using ZnO/WSe,/graphene vdW heterostructures, which
enhanced the external quantum efficiency (EQE) from 11.4% to
35.3% [16]. However, traditional photodetectors typically require
an external power supply to maintain normal operation, which
increases the complexity and power consumption of the system
and limits the device applicability. Self-powered photodetectors
can use the energy generated by illumination to provide the
required power for operation. This design significantly reduces
the need for external power supplies and improves the energy
efficiency and autonomy of the system [17]. Recently, researchers
have conducted extensive work on material optimization, struc-
tural design, and performance enhancement of self-powered
photodetectors [5,17, 18]. Detectors based on the piezophototronic
effect continuously explore new material systems and device
structures to achieve better photoelectric detection performance
and self-powered capabilities [19, 20]. Although self-powered
photodetectors have shown great potential in the field of optical
communication, further improving the photodetection perfor-
mance under weak illumination remains a challenge. Therefore,
it is essential to explore novel self-powered devices to achieve
superior photoelectronic performance.

Recently, mechanical strain has demonstrated unique advan-
tages in the modification of 2D materials [21, 22], especially in
band structure modulation and interface optimization, enabling
devices to exhibit excellent electromechanical responses [23-27].
Tang et al. achieved significantly enhanced photoresponse in

MoS, based on strain tuning [28]. Strain is becoming a reliable
means to improve the performance of optoelectronic devices
[28-31]. As avoltage-free method, the flexoelectric effect can regu-
late the material through the coupling between the strain gradient
and the electric field and the light field [32, 33]. Compared with
the traditional piezoelectric effect, the strain gradient mechanism
relied on by the flexoelectric effect is widely applicable [34, 35].
Since mechanical bending is inversely proportional to the scale,
the flexoelectric effect dominates in low-dimensional materials.
Meanwhile, 2D materials with excellent mechanical flexibility
provide ideal conditions for achieving large strain gradients
[36, 37]. It enables the properties of 2D materials to be effectively
regulated, such as carrier concentration, photoresponse, and
ferroelectric polarization [36, 38, 39]. However, the improvement
of the flexoelectric effect in photoresponse has not been as
expected, especially in passive devices. One possible explanation
is that the strain gradient used to generate the flexoelectric
polarization field is usually limited to a single or fixed direction.
For example, the net flexoelectric polarization only shows a
resultant field in the vertical direction due to the influence of
symmetrical structures [38, 40, 41]. Therefore, it is necessary to
improve the flexoelectric polarization field control method at the
present stage.

In this work, we propose a method for achieving flexoelectric
effects to regulate 2D materials in both the longitudinal and
transverse directions by asymmetric suspended structures. At
the nanoscale, the coupling between transverse flexoelectric
polarization and light field endows 2D materials with excep-
tional self-powered capabilities. The experimental results show
that the asymmetric suspended structure model enables the
WSe,-based photodetector to exhibit outstanding photoelectric
performance (R ~ 6x10° A W), ultra-weak light detection
capability (P;, = 1.5 uW cm~2) and excellent device stability. The
wide applicability of the structural model is demonstrated by
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the results from WSe, and InSe photodetectors. Stable informa-
tion transmission and image processing under weak light have
been achieved based on the asymmetric suspended structure.
Compared with conventional photodetectors, the visual gain
has been enhanced by more than two orders of magnitude.
This work achieves high performance of passive devices at the
device scale, and deeply understands the coupling mechanism
between flexoelectric and photoelectric effects. This provides a
new design strategy for the development of low-power and high-
performance devices and expands the practical application of the
flexoelectric effect.

2 | Results and Discussion
2.1 | Asymmetric Suspended Structural Model

Figure 1a illustrates the theoretical model of asymmetric flex-
oelectric polarization in 2D semiconductors under nonuniform
strain conditions. The centers of positive and negative charges
coincide within a centrosymmetric structure, as shown in
Figure lai. It means the unit cell has a net dipole moment of
zero. In Figure 1laii, the separation of the positive and negative
charge centers induces a flexoelectric polarization field along the
strain gradient when a unit cell is subjected to nonuniform strain.
The magnitude of flexoelectric polarization field is positively
correlated with the strain gradient. Note that the flexoelectric
polarization field of varying magnitudes and directions can be
generated within the same material by introducing different
strain gradients. The superposition of the flexoelectric polariza-
tion field forms a non-zero net flexoelectric polarization field
in vector space, as shown in Figure laiii. The flexoelectric
polarization field provides the necessary conditions for the
self-powered photodetection.

Figure 1b shows an asymmetric suspended structure with 2D
van der Waals materials, which forms asymmetric bending under
the influence of external forces due to the exceptional mechan-
ical flexibility. 2D van der Waals materials exhibit high carrier
mobility and demonstrate strong photoelectric coupling capa-
bilities [42, 43]. The flexoelectric polarization field is uniformly
distributed spatially in symmetric structure models, as shown in
Figure 1ci. The photogenerated charges can be rapidly separated
and uniformly distributed under the flexoelectric polarization
field [24, 25, 44]. The asymmetry of the bending state leads to
the asymmetry of the flexoelectric polarization field on the left
and right sides of the channel, which causes the suspended film
to form a transverse built-in electric field (E;,_, # 0). And the
photogenerated charges can form directional movement under
the action of the built-in electric field, as shown in Figure Icii.
Therefore, the asymmetric suspended structure can achieve the
transverse adjustment of the flexoelectric polarization field, and
realize the self-powered photodetection.

2.2 | Self-Powered Effect in Asymmetric
Suspended Structure-Based Photodetectors

Figures 2a and Figure S2a show an asymmetric suspended
photodetector with WSe, as a light absorbing layer and channel.
The thick and thin electrodes are defined as drain (D) and source

(S) electrodes, respectively. The different electrode height results
in a height disparity (AH ~ 163 nm) for the WSe, channel. The
atomic force microscopy (AFM) images and the corresponding
line profiles show a bending depth of about 183 nm, which is
less than the electrode thickness (~250 nm). It means that the
suspended WSe, nanosheet does not touch the SiO, substrate. In
addition, Figure S2b reveals that the WSe, nanosheet prepared
by mechanical exfoliation has an average thickness of about 9 nm
with clean and smooth surface. The Raman spectra exhibit that
WSe, nanosheets have high crystalline quality (Figure S2c). The
photoluminescence (PL) spectrum shows that the bandgap of
WSe, nanosheets is approximately 1.49 eV (Figure S2d).

In Figure 2b, the photocurrent (Iph) of the asymmetric sus-
pended WSe, photodetector increases as the laser power density
increases. It indicates that the asymmetric suspended device
exhibits an excellent photoresponse. Note that the output charac-
teristic curves do not pass through the origin under illumination.
It means the device exhibits photocurrent at Vg = 0 V, which is
defined as short-circuit current (Igc). The I gradually increases
as the laser power density increases. It means that the built-in
electric field formed in the asymmetric suspended structure can
drive the photogenerated charges to move stably. And the voltage
(Vps = -0.1V) is defined as the open-circuit voltage (V) when
the photocurrent is zero [15]. The existence of Iy and V¢ indi-
cates that the device has self-powered photodetection capability
at the low laser power density (P;, < 26.5 uW cm™2, A = 405 nm).
Figure 2c shows that photocurrent is stable under various pulsed
laser power densities. It means that the asymmetric suspended
WSe,-based photodetectors exhibit excellent photodetection sta-
bility under laser pulse. The output characteristic curves and
photocurrent curves (Vpg = 0 V) at different wavelengths
(A =520 and 638 nm) confirm that the photodetector achieves
outstanding photodetection performance across the visible range
(Figure S3). Figure S4 shows that WSe, photodetectors based on
asymmetric suspended structures exhibit stable photoresponse
(Vps = 0V) at 1550 nm (E, = 0.8 eV) due to the regulation of the
bandgap (E, = 1.49 eV) of WSe, nanosheets by the flexoelectric
effect [24], which is confirmed by the infrared PL spectra
(Figure S5).

As one of physical quantities to measure the detection perfor-
mance of photoelectric devices, responsivity (R) is defined by the
following formula as: R = I,,,/(PS), where I, = Ljgn-Iark> P is
laser power density, S is the effective channel area [11]. Without
external driving voltage, the responsivity of the asymmetric
suspended WSe,-based photodetector gradually decreases with
the laser power density (cf. Figure 2d). The photodetector has
a responsivity of up to 6x10° A W at Vg = 0 V, which
is better than most reported photodetectors of the same type
[45-47]. The asymmetric suspended photodetector has a much
lower dark current (I, ~ 1.58 X 107! A) than that of a flat
photodetector (I, ~ 1.17 x 1011 A) at Vi,s = 0.1 V (Figures S6
and S7). Especially, the dark current level of the asymmetric
suspended WSe,-based photodetector decreases to 1.68x1074 A
at Vpg = 0 V (Figure S7), which is much lower than those
of other similar-type of self-powered photodetectors [5, 48, 49].
The non-photogenerated carrier transport in the WSe, layer is
significantly suppressed. The current noise power density shows
that the asymmetric suspended WSe,-based photodetector has an
excellent detection capability for weak light (Figure S8).
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FIGURE 2 | Photoelectric characteristics of an asymmetric suspended WSe,-based photodetector. (a) A 3D-schematic asymmetric suspended WSe,-

based photodetector under illumination. (b) Output characteristic curves illuminated with various laser power densities from 0 to 26.5 pLWcm_2 in linear
coordinates (4 = 405 nm). (c) Photocurrent at different pulsed laser power densities and Vpg = 0 V. (d) Photocurrent and responsivity as a function of
laser power density at Vpg = 0 V. (e) Normalized photocurrent for evaluating response speeds (1, and tg). (f) Detectivity comparison of the asymmetric

suspended WSe,-based photodetectors and other self-powered photodetectors based on 2D-layered semiconductors.

Figure S9 shows the variation of ISC with laser power density
within different laser power ranges. The fitting formula is a
power-law formula: I, = nP%, where n is the fitting factor, and
a is the power factor. Note that the ideal value of « is 1, while
electron-hole recombination and carrier capture cause o to be
less than 1 [11]. To reduce the shielding effect of photogenerated
charges and ensure that the built-in electric field generated
by the flexoelectric effect plays a dominant role [47], the Iy
as a function of laser power density within the low-power
range was plotted (P, < 10 uW cm~2), as shown in Figure 2d.
The fitting results show that o ~ 0.87. To further explore the
contribution of the asymmetric suspended structure model to
self-powered photodetection, the symmetric suspended, symmet-
ric non-suspended, and asymmetric non-suspended structures
photodetectors were fabricated based on WSe, nanosheets, as
shown in Figures S10-S12. The output characteristic curves
of the four types photodetectors show that no V. or Iy is
generated under various laser power densities. It indicates that
the self-powered photodetection capability originates from the
asymmetric suspended structure.

Compared with the flat photodetector (a =~ 0.81 and Vg = -
0.1 V, Figure S6), the asymmetric suspended structure reduces
the trapping effect at the substrate interface. The main reason for
the reduction of the interface capture effect lies in the complete
separation of WSe, nanosheets from SiO,/Si (Figure S2a). The
suspended structure design can prevent all phonon coupling
and pinning effects from the substrate [50]. The photoresponse
of flat, symmetrical/asymmetrical suspended/non-suspended
structures show that the asymmetric suspended WSe,-based pho-
todetectors exhibit excellent self-powered photoresponse, which
isattributed to the asymmetrical structure breaking the symmetry

of the flexoelectric polarization field in the lateral direction
in WSe, (Table S1). It means that the internal driving force
generated by the asymmetric suspended structure can effectively
promote the separation and transport of photogenerated carries.
The absence of self-powered performance in the symmetrical
suspended structure indicates that the influence of piezoelectric
effect on the suspended device could be neglected (Figure S10).
Therefore, the influence of flexoelectric effect instead of piezo-
electric effect is considered for the self-powered performance of
the asymmetric suspended device [51].

Fast photoelectric response is a key performance indicator of
photodetectors. The response speed at Vg = 0 V was measured
under the action of a 520 nm laser. As shown in Figure 2e, the
rise time and decay time of the asymmetric suspended WSe,
photodetector were measured to be 55.3 and 42.6 us, respectively.
In addition, by analyzing the frequency-dependent photoelectric
response when the signal attenuates to 70% of its initial value
at the modulation frequency within the visible light range, the
-3,dB cut-off frequency was measured to be 9.3 kHz (Figure S13).
The rise time 1, estimated by the formula 1, = 0.35/f(-3 dB) is
37.6 us, and the slit length is shorter than the measured response
time. The specific detectivity is defined as: D* = \/E/NEP, where
A is the effective area of the device and B is the bandwidth
[52, 53]. And the external quantum efficiency is defined as:
EQE = hcR/(e)), where the c, h, 4, and e are the speed of light
in vacuum, Planck’s constant, the laser wavelength, and the
elementary charge [5]. The asymmetric suspended WSe,-based
photodetector achieves a specific detectivity of 5.8 x 10 Jones,
and an EQE of 1.86 x 10°% when the signal equals the noise.
Note that the power density of the input laser is P;, = 1.5 pW
cm™2, whereas conventional photodetector architectures require
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FIGURE 3 | Mechanism diagram of self-powered photodetection in an asymmetric suspended WSe,-based structure. (a) Output characteristic
curves at various laser power densities from 1.5 uW cm™2 to 19 mW c¢cm™2 on a logarithmic scale. The blue arrow indicates the variation trend of the

Voc with the laser power density. (b) The V ¢ and Igc of asymmetric suspended WSe, photodetectors as a function of laser power density in log scale
(A = 405 nm). (c) Surface potential difference at equidistant positions at various Py, and the “model value” represents the built-in electric field value
calculated based on the analytical model for the transverse flexoelectric polarization field. (d) Charge distribution and the corresponding band diagram
of an asymmetric suspended WSe, under (i) Dark (JAg|), (ii) weak (|A¢@; | > |A¢|), and (iii) High illumination (|Ag,| < |Agp]).

optical excitation with power densities exceeding 16 uW cm™>

to generate measurable photoresponse. It indicates that the
asymmetric suspended WSe, photodetector has an excellent
weak photodetection capability. Moreover, compared with other
self-powered photodetectors based on 2D materials in the visible
range, the asymmetric suspended photodetector exhibits superior
self-powered photodetection performance (cf. Figure 2f) [5, 54—
56]. In addition, InSe-based photodetectors with the asymmetric
suspended structure also exhibit excellent self-powered pho-
todetection capability (Figure S14, Supporting information). It
indicates that the self-powered photodetection comes from the
asymmetric suspended structure and has a wide applicability.

2.3 | Mechanisms of Asymmetric Structure
Governed Transverse Flexo-Photoelectric Coupling

To further investigate the generation mechanism of photocurrent,
the output characteristics of the asymmetric suspended WSe,
photodetector were measured within a broader range of laser
power densities (1.5 wWcm~2- 19 mW cm~2) and plotted on a log-

arithmic scale, as shown in Figure 3a. Note that the I increases
gradually with increasing laser power density (P, <55 uW cm™2)
in Figure 3b, and the corresponding power factor («;) is 0.83.
When 55 uW cm™2 < P, <19 mW cm~2, the power factor (a,)
is 0.39. It means that the probability of photogenerated charges
being trapped or recombined gradually increases as the laser
power density increases. Moreover, the |V .| increases first and
then decreases with increasing the laser power density. The
phenomenon has been confirmed by other laser wavelengths
(Figure S15). It suggests that the photogenerated charges can
influence the built-in electric field in the asymmetric suspended
structure. Note that the surface potential difference between the
high and low sides in the asymmetric suspended structure does
not originate from the work functions of the Au electrodes or
Au/WSe, junctions (Figures S16-S17). To further eliminate the
influence of factors such as the Schottky barrier, graphene was
introduced between the Au electrode and the WSe, nanosheet to
improve the interface contact, as shown in Figure S18. The results
show that the asymmetric suspended Gr/WSe,/Gr photodetector
has the same open-circuit voltage (Vo =-0.1 V) as the asymmet-
ric suspended WSe, photodetector. It indicates that the built-in
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electric field in the asymmetric suspended WSe, photodetector
mainly originates from the flexoelectric effect caused by non-
uniform strain, and is unrelated to the Schottky barrier between
the Au electrode and the WSe, nanosheet. Figure S19 shows that
the Vo and I of the asymmetric suspended WSe, photodetector
are insensitive to the gate voltage. It indicates that the dominant
mechanism in the asymmetric suspended WSe, photodetector is
the fixed built-in field resulting from flexoelectricity, rather than
being dominated by the trap states or carrier concentration that
can be tuned by the gate voltage.

The peak position mapping of the first-order Raman-active mode
(Ey) for WSe, in Figure S20 shows that the E,, mode in
the suspended region has a shift toward lower wave numbers
compared to that in the flat region. In addition, the position
distribution of Eég and Bég modes at equidistant spatial positions
is asymmetric. It indicates that the asymmetric suspended struc-
ture causes different degrees of strain in the WSe, nanosheets.
Although the low (L) side has a greater strain gradient at a
position, the integral transverse field on the L side is smaller
than that on the high (H) side due to its smaller channel length
(Figure S21). The flexoelectric polarization intensity on the H
side of the asymmetric suspended structure is twice than that
on the L side after superposition, as shown in Figure S21. For
the asymmetric suspended WSe, photodetector, the transverse
polarization electric field is directed from the H side to the L side.
In accordance with the transverse flexoelectric polarization field
model, the polarization can be treated as a function of the height
profile slope, as shown in Figure S21. The transverse flexoelectric
polarization can be expressed as:

P, = J_r,u/k/(1+k2)dk )

where P, is the transverse flexoelectric polarization, u is flex-
oelectric coefficient, and k is the slope in the height profile
diagram. By integrating according to the analytical model for
the transverse polarization field, the built-in electric field is
calculated to be ~ 131 mV. This value is comparable to the KPFM
measurement (~120 mV, Figure 3c), which directly demonstrates
the validity of the analytical model for the transverse polarization
field. It greatly simplifies the quantitative study of the transverse
component of flexoelectric effect. Strain is calculated based on the
relationship between bending strain and the radius of curvature:
¢ = z X K, where z is the vertical distance to the neutral axis
and K is curvature. The strain on the upper and lower surfaces
at the bottom of the channel of the asymmetric suspended WSe,
nanosheet is +0.22%, respectively. Figure S22 shows that the
transverse strain gradient of the asymmetric suspended WSe, can
be adjusted by the height difference of the two electrodes, channel
width, and nanosheet thickness. Furthermore, the photodetector
performance is positively correlated with the transverse strain
gradient, as shown in Figure S23. It means that the transverse
flexoelectric polarization field plays a dominant role in the
self-powered photodetector performance.

Under the same laser power conditions, the |V, | of the asymmet-
ric suspended WSe, photodetector exhibits a first increasing and
then decreasing trend with increasing WSe, nanosheet thickness,
as shown in Figure S24. It indicates that the |V.| variation
trend is consistent with that of the transverse strain gradient

modulated by WSe, nanosheet thickness (Figure S22d). The |V ¢|
and Iy of the device show a trend of increasing first and then
decreasing with the height difference of the electrodes, as shown
in Figure S25. It further proves the high correlation between
the height difference of the electrodes and the strain of WSe,
nanosheets. Meanwhile, the |V| and Iy of the asymmetric
suspended WSe, photodetector linearly vary with the strain of the
flexible substrate in the same device (Figure S26). It indicates that
the built-in electric field in WSe, nanosheets is highly correlated
with their degree of strain.

In order to study the coupling mechanism between flexoelec-
tric polarization and optical fields in asymmetric suspended
structures, surface potential changes of asymmetric suspended
WSe, nanosheets under various illumination conditions were
investigated by in situ kelvin probe force microscope (KPFM)
(Figure S27). The contact potential difference (CPD) between
the tip and sample is measured by applying voltage to the tip.
The V¢pp near the drain (H side) is always higher than that
near the source (L side) under dark condition. The illumination
increases the Vi pp in the source-drain electrode region and
channel region near the source. And the Vi, of WSe, decreases
when the illumination is removed (Figure S27a). Under weak
illumination (P, = 2 uW cm™2), the Vipp of the drain region
increases more significantly (Figure S27b). The Vpp of the WSe,
region adjacent to the source electrode rises rapidly until it
nearly equals that of the drain electrode as the laser intensity
increases. The asymmetric suspended WSe, nanosheet forms a
surface potential difference (AVy,; = 120 mV) from drain to
source under dark, as shown in Figure 3c. And the AV is defined
as AV =V, - V,, where V, and V; are the surface potential
of the drain and source regions of the WSe, nanosheet. When
P, = 2 uW cm™2, the surface potential difference across the
suspended WSe, channel in the source-drain electrode region
increases (AV > AVg,). When 0.1 mW cm™ < P, < 3.5 mW
cm~2, the surface potential difference decreases gradually as the
laser power density increases. The change trend is consistent
with that of the |V¢| of an asymmetric suspended WSe, pho-
todetector under macroscopic conditions. The surface potential
difference recovers to the initial level when the laser is switched
off.

The linear variation between flexoelectric polarization and strain
gradient indicates that non-uniform strain is the main factor
contributing to the self-powered capability of the asymmetric
suspended WSe, device (Figure S28). The variation trends of the
effective resistance and V. of the asymmetric suspended WSe,
photodetectors under different laser powers are highly consistent
with the built-in electric field obtained by KPFM measurement
(Figure S29). It indicates that the self-powered capability of
the asymmetric suspended WSe, photodetector mainly stems
from the transverse polarization electric field generated by the
flexoelectric effect. In the symmetrical suspended structure, the
surface potential difference between the non-suspended and
suspended channel regions decreases gradually with increasing
laser power density (Figure S30). Note that the surface potential
difference of WSe, nanosheet has a symmetrical distribution
in symmetrical suspended structure, which means that the
self-powered capability of the asymmetric suspended WSe,-
based photodetector originates from the asymmetric structure.
It indicates that the asymmetric suspended structure enables
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effective modulation of the transverse flexoelectric polarization
field. Therefore, the asymmetric suspended structure is the main
cause of the potential difference at both ends of the WSe,
nanosheet, and the flexoelectric polarization field can be affected
by photogenerated carriers.

Based on the above analysis, the mechanisms of asymmetric
structure governed transverse flexo-photoelectric coupling is
illustrated in Figure 3d. Under mechanical strain, the sepa-
ration of positive and negative charges in WSe, generates a
flexoelectric polarization field, as shown in Figure 3di. KPFM
measurements reveal a gradual decrease in surface potential
with increasing strain. It indicates that more negative charges
accumulate on the surface of WSe, nanosheets under the action
of mechanical strain. Consequently, a flexoelectric field pointing
from the bottom to the top surface forms in the asymmetric
suspended WSe, structure. Notably, the strain gradients differ
on both sides of the channel’s lowest point due to the asymmet-
ric structure. The non-uniform continuous deformation of the
WSe, layer in the asymmetric suspended area causes the non-
uniform continuous bending of the energy band. The asymmetry
strain generates a non-zero, directionally fixed transverse net
field in dark conditions for the asymmetric suspended WSe,
nanosheet (E;,_, # 0). According to the work function formula:
Vern = (Puip—Psampie)/e [11], the low-side region (L) exhibits a
higher work function than the high-side region (H) under these
conditions (Ap = ¢p — ¢5, Ap < 0), where ¢, is the work
function of the tip, ¢gmpe is the work function of the sample,
and e is the elementary charge. It demonstrates the formation of
a persistent built-in electric field oriented from high to low side in
the asymmetric suspended WSe,. Note that the work functions in
both H and L sides are lower than that at the channel’s lowest
point. Under the transverse flexoelectric polarization field, the
energy band diagrams on both sides gradually tilt toward the
middle region, which provides a prerequisite for the directional
flow of photogenerated charges. [57] The asymmetric strain
induces two built-in fields of constant magnitude but opposite
orientations flanking the channel center, forming a back-to-back
electric field configuration. Such opposing fields consistently
counteract the carrier drift induced by external driving fields,
ultimately yielding the ultra-low dark current in the asymmetric
suspended structure.

Under weak illumination (P, = 2 uW cm~2), the WSe, nanosheet
rapidly generates a limited population of photogenerated holes
and electrons. Notably, the photogenerated carriers in the WSe,
nanosheet have not yet reached saturation under these condi-
tions. The photogenerated holes and electrons rapidly separate
and migrate toward opposite surfaces (upper and lower, respec-
tively) driven by the flexoelectric polarization field, as shown
in Figure 3dii. The increased hole concentration elevates the
overall surface potential of WSe, (Figure S27). The high-side
region possesses a larger light-absorbing area due to the structural
asymmetry, enabling more photogenerated carriers under the
identical laser power density. Consequently, the high-side region
exhibits greater surface potential modulation compared to the
low-side, amplifying the potential difference across the channel
(|Ag,| > |Ag|). Macroscopically, the |V,| increases as laser
power density increases under weak illumination. The asym-
metric suspended WSe, photodetector generates a photocurrent
flowing from drain to source due to the flexoelectric polarization
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FIGURE 4 | DFT calculations of asymmetric suspended WSe,
nanosheets. (a) The crystal structure in the flexoelectric state of WSe,.
The density of states (DOS) of WSe, nanosheets on the (b) H side and (c)
L side. (d) The total DOS of asymmetric suspended WSe, nanosheets.

field driving the hole transport from high-side to low-side across
the channel under weak illumination.

When P, > 55 uW cm™2, the WSe, nanosheet exhibits enhanced
photocharge generation. Compared to the low-side region, the
high-side region possesses both a larger light-absorption area and
a greater potential difference relative to the channel bottom. Con-
sequently, the high-side region reaches saturation rapidly when
abundant photocharges are generated. The growing photocharge
population in the low-side region progressively reduces the sur-
face potential difference between both sides with increasing laser
power density, driving the system toward potential equilibration
(|Ap,| < |Ag|). This reduction in surface potential difference
indicates weakened charge-separation capability, which corre-
lates consistently with the observed decrease in power factor
(0.83—0.39). The surface potential difference between the high-
side and low-side regions progressively decreases with increasing
laser power density during this process, leading to a gradual
reduction in the conduction band offset between the two WSe,
nanosheets, as shown in Figure 1diii. Macroscopically, this man-
ifests as a decrease in |Vc| with higher laser power density.
Note that the photogenerated carrier density increases with laser
power density. Therefore, the I increases monotonically during
the process. The WSe, nanosheet develops two asymmetric back-
to-back flexoelectric polarization fields due to the asymmetric
suspended structure. And the vector superposition generates an
intrinsic built-in electric field (E;,), endowing the system with
exceptional self-powered photodetection capabilities.

To further investigate the formation mechanism of the built-in
electric field in the asymmetric suspended structure, the density
of states (DOS) for the asymmetric suspended structure model
were calculated using the Atomistix ToolKit (ATK) software
package based on density functional theory (DFT). In Figure 4a,
the distances between Se atoms on the upper and lower surfaces
are1.57 and 1.75 A, respectively. It means that the upper and lower
surfaces of WSe, experienced compressive and tensile strain,
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respectively. Compared to the flat model (Figure S31), the W
atoms in the asymmetric suspended structure are closer to the
lower surface (1.75A > 1.68 A). This downward displacement
induces a flexoelectric polarization field in WSe, along the radial
direction [34, 40, 58], with the polarization direction reversing
from the concave to the convex surface-consistent with KPFM
measurements. The DOS data further confirm that single-layer
flat WSe, is a semiconductor with a bandgap of 1.54 eV, and this
value deviates by less than 5% from the reported experimental
value (1.49 eV). It verifies the accuracy of the computational
method (Figure S21). The bandgap of WSe, decreases nonuni-
formly across different regions due to biaxial strain, as shown
in Figures 4b,c. Compared with the H side, the L side exhibits
more obvious edge movement due to its greater strain gradient
(Figure S16). The DOS indicates that the introduction of bending
strain decreases the bandgap of WSe, nanosheet. This provides
a prerequisite for expanding the response of WSe, films in
the infrared region. Particularly, the total DOS suggests that
the bandgap of WSe, films decreases from 1.54 to 0.73 eV (cf.
Figure 4d) under the strain, which is confirmed by the PL
spectra (Figure S5). The variation of the bandgap is attributed
to the flexoelectric polarization generated by the non-uniform
strain. The generation of flexoelectric polarization further leads
to the separation of space charges, forming an internal electric
field throughout the thickness of the WSe, nanosheet [59]. The
internal electric field and the lattice distortion caused by the
non-uniform strain directly or indirectly change the relative
energy between the valence band maximum and the conduction
band minimum, ultimately achieving bandgap tuning [16]. It
indicates that the flexoelectric effect introduced by mechanical
strain can effectively reduce the bandgap of 2D vdW semicon-
ductors, broadening the photoresponse range of 2D materials to
infrared region.

2.4 | Optical Communication Technology Based
on Asymmetric Suspended Photodetectors

Optical communication is a technology that utilizes light for
information transmission, integrating both lighting and commu-
nication functions. The light-based data transmission model has
the advantages of simplicity, greenness and safety in implemen-
tation, and high-speed and low-cost reliable links [2, 60]. At
present, optical communication technology has shown a wide
range of application scenarios in electromagnetically sensitive
places such as hospitals, aircraft cabins, and intelligent trans-
portation. However, optical communication technology still has
the disadvantages of high power consumption and low sensitivity
in weak illumination detection. The high sensitivity detection
of weak illumination signals can be realized without external
driving voltage based on the asymmetric suspended structure. In
Figure 5a, the infrastructure of the optical communication system
mainly includes transmitter, transmission channel and receiver.
The light signal to be transmitted in the optical communication
system is converted into a digital signal by a signal encoder. With
the assistance of a signal generator, the current signal represent-
ing a digital signal is sent to transmitter, enabling the conversion
of the electrical signal to an light signal. Subsequently, the light
signal containing specific information is transmitted through
the transmission channel to the light signal receiver, achieving
the conversion of the light signal back to a current signal.

Finally, the decoder decodes the current signal and retrieves the
information, completing the information transmission process.
In Figure 5b, the encoder uses the letters representing “ECNU”
information for encoding in ASCII as the signal to be transmitted
and inputs it into the light signal transmitter. The laser signal
with P, = 1.5 uW cm™2 is used for data transmission. The
signal received by the light receiver based on the asymmetric
suspended structure. A good square wave signal and a high
matching degree with the input signal represent high-quality
transmission of light signals. The light signal receiver based on
the asymmetric suspended structure has a responsivity of up
to 10> A W71, which indicates that the asymmetric suspended
WSe,-based photodetector can achieve high-quality reception
of light signals in an ultra-weak light environment. Finally,
the decoder decodes the received current signal and reads the
information, thus completing the entire process of information
transmission.

Figure 5c and Figure S32 show that the asymmetric suspended
WSe,-based photodetector can generate a stable current signal
and achieve a clear signal resolution at P;, for more than 1000 s
without external bias voltage. In the anti-fatigue characteristic
test, 50 pulse signals were continuously applied under the same
laser condition for a cyclic testing, as shown in Figure S22a.
The pulsed photoresponse signals from the 1%, 5%, 7" and 9
cycles are extracted. It suggests that the asymmetric suspended
WSe,-based photodetector has excellent signal resolution and
stability. Under the condition of a multi-pulse cycle, the change
value of the photocurrent is less than 1.75% (Figure S22b). Under
continuous constant illumination (P, = 1.5 uW cm ™2, V,g =0 V),
the photocurrent signal of the device in the 2500 s time range is
stable, and the fluctuation of the current signal is maintained at
about 1.4%, as shown in Figure S22c. In Figure 5d, the photode-
tector utilizing an asymmetric suspended WSe, exhibits stable
photoelectric performance for over 90 days with current variation
remaining below 3.29%. Moreover, the asymmetric suspended
WSe, nanosheet undergoes a small deformation (~4 nm) for
60 days, which indicates that the photodetectors have a high
interface contact stability (Figure S33). The consistent photocur-
rent output suggests excellent operational stability. It means that
asymmetric suspended structure based photodetectors hold sig-
nificant potential for information transmission. The mechanical
cyclic strain results show that after more than 3000 mechanical
cyclic strains, the photocurrent and dark current of the asymmet-
ric suspended WSe, photodetector are 80% and 3.6 times of the
initial values, respectively (Figure S34). It indicates that the device
has excellent resistance to mechanical bending interference and
fatigue characteristics. The stability results of the photocurrent
under different oscillation directions, frequencies, and durations
indicate that the WSe, photodetector based on the asymmetric
suspended structure exhibits excellent oscillation resistance and
can maintain stable performance even after experiencing random
vibrations (Figure S35).

2.5 | Image Processing Based on Asymmetric
Suspended Photodetectors Under Weak Light
Conditions

Weak light detection and imaging play a crucial role in various
fields such as astronomy, military applications, and medicine.
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FIGURE 5 | An optical communication system with the asymmetric suspended device. (a) The composition of an optical communication system.

(b) The process of realizing accurate information transmission based on an asymmetric suspended structure under ultra-weak light conditions. (c)
Photocurrent of an asymmetric suspended WSe,-based photodetector under continuous laser pulses. (d) The stability of photocurrent for three months

(Pin =1.5uW cm™2, and Vpg =0 V).

[61] The ultra-low dark current and high sensitivity of pho-
todetection enable the device to accurately identify targets in
weak light environments. Compared with the conventional
field-effect transistor mode (conventional phototransistor), the
photodetector based on the asymmetric suspended structure has
an ultra-weak light detection capability (Pmin = 1.5 yW cm™2),
which is about two orders of magnitude smaller than that of
the conventional phototransistor, as shown in Figure 6a. Note
that the photocurrent of the WSe, photodetector based on the
asymmetric suspended structure is 30 times higher than that
of the conventional phototransistor under the same laser power
density (P, = 18.94 mW cm~2). Figure 6b shows that the on-
off ratio of the asymmetric suspended WSe, photodetector has
been enhanced by four orders of magnitude compared to the
conventional WSe, photodetector. The excellent ultra-weak light
detection capability and high on-off ratio provide the prerequisite
for high-precision image recognition.

In Figure 6¢c, the currents of WSe, photodetectors based on
asymmetric suspended structure and flat structure under differ-
ent laser power densities were normalized, respectively. Among
them, regions I, II, IIL, IV, V, and VI correspond to 1.5 uWcm™2,
3.6 uWem™2, 26 uW cm~2, 0.57 mWcem™—2, 3.05 mWem~2, and

18.94 mW cm™. After taking the logarithm of the original

current data of the asymmetric suspended WSe, photodetector,
it was mapped to the [0,1] interval through minimum-maximum
normalization, which conforms to the actual variation pattern of
current levels with light intensity. And the yellow and red boxes
respectively represent the noise levels of the flat and the asym-
metric suspended structure after normalization, with normalized
values of 0.43 and 0. When P,, = 1.5 uW cm~2, the normalized val-
ues of the WSe, photodetectors based on the flat structure and the
asymmetric suspended structure are 0.43 and 0.65, respectively.
It indicates that the WSe, based on the asymmetric suspended
structure can effectively identify weak light signals and show
obvious image contrast, while the WSe, photodetector based on
the flat structure cannot determine whether there is light signal
input. When P, = 18.94 mW cm™2, the normalized values of
the WSe, photodetectors based on the flat and the asymmetric
suspended structure are 0.78 and 1, respectively. It indicates that
the WSe, photodetector based on the asymmetric suspended
structure has a clearer contrast in image recognition effect. Based
on the excellent performance of the asymmetric suspended WSe,
photodetector, the image recognition process was simulated in
the visible light range, as shown in Figure 6d. Compared with
conventional photodetectors, the asymmetric suspended WSe,
photodetector can effectively enhance the contrast of images
in dim light and reduce the interference of background noise
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FIGURE 6 | Image recognition enhancement system based on asymmetric suspended structure devices. (a) The photocurrent and (b) Ion/Io¢;
of WSe, photodetectors based on asymmetric suspended and flat structure under different laser power densities (1 = 405 nm). (c) The comparison

diagram of photocurrent of WSe, photodetectors based on asymmetric suspended and flat structure under different laser power densities. (d) Image

recognition enhancement simulation based on asymmetric suspended WSe, photodetector. (e) The recognition ability of WSe, photodetectors based on

asymmetric suspended and flat structure within the same laser power density range, as well as the gain of the asymmetric suspended structure on WSe,

photodetectors.

(Note S1). Here, the ratio is used to quantitatively analyze the sig-
nal gain of the asymmetric suspended WSe, photodetector rela-
tive to conventional photodetectors, and the formula is as follows:
G =N,/N,, where N; and N, represent the photocurrent variation
per unit laser power density for the conventional photodetector
and the asymmetric suspended WSe, photodetector, respectively.
This ratio represents the image contrast enhancement between
the two photodetectors under identical illumination. The visual
gain of the asymmetric suspended WSe, photodetector in the
image recognition process can be increased by more than two
orders of magnitude under the same laser conditions, and even
up to more than four orders of magnitude under certain lighting
conditions, as shown in Figure 6e. It indicates that the asym-
metric suspended WSe, photodetector can effectively reduce the
interference of background noise and thereby effectively enhance
the contrast in the image recognition process.

3 | Conclusion

In conclusion, we propose a novel method for regulating the
transverse flexoelectric polarization field by using the asym-
metric suspended structure. The coupling effect between the
transverse flexoelectric polarization field and the light field
enables 2D nanosheets to exhibit excellent self-powered capac-
ity. Taking WSe, nanosheets as an example, the asymmetric
suspended structure enables them to exhibit outstanding pho-
toelectric performance (R ~ 6x10° A W) and excellent
device stability. It indicates that the transverse flexoelectric
polarization field formed in the asymmetric suspended struc-

ture can effectively suppress the dark current while enhancing
the photoresponse. Further develop the transverse flexoelectric
polarization field analysis model, and establish a quantitative
relationship between the transverse flexural polarization field
and the slope of height profile (P, = +u [ k/ (1 + k2> dk). Com-
bined with first-principles calculations and surface potential
measurements, the coupling mechanism of flexoelectric and
photoelectronic effects in the asymmetric suspended structure
is analyzed from a microscopic perspective. Moreover, the sta-
ble ultra-weak light detection capability under 1.5 uW cm™
irradiation demonstrates the potential of the asymmetric sus-
pended structure for information transmission. And the WSe,-
based photodetector by the asymmetric suspended structure can
achieve image recognition under weak light. Compared with
conventional photodetectors, the visual gain is increased by
more than two orders of magnitude. Our work enables superior
ultra-weak light detection performance, providing new insights
into the development of high-performance self-powered pho-
todetectors and the multidimensional regulation of flexoelectric
effects.

4 | Experimental Section
4.1 | Device Fabrication
The fabrication of the asymmetric suspended structure is illus-

trated in Figure Sl. First, a polymethyl methacrylate (PMMA-
950K) resist was spin-coated on a clean SiO,/Si substrate.
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After electron beam lithography (EBL) exposure, the designed
height Au with a 3 nm-thick Ni adhesion layer was deposited
by thermal evaporation. Then, the substrate undergoes a second
lithography with various channel distances from 1.5 to 6 um.
Subsequently, 200-nm-thick Au was thermally evaporated in
the second etching area to form electrodes with a height dif-
ference. WSe,, InSe, and other 2D layered nanosheets were
obtained from the corresponding bulk crystals (Shanghai Onway
Techology Co., Ltd) through mechanical exfoliation. Finally, the
mechanically exfoliated few-layer WSe, nanosheet was trans-
ferred to the asymmetric structure substrate by the dry transfer
method.

4.2 | Device Characterizations

The morphology and thickness of WSe,, InSe, and other 2D
layered nanosheets were characterized by optical microscopy
and atomic force microscopy (AFM Dimension Icon, Bruker),
respectively. Raman and photoluminescence (PL) spectra were
obtained by a confocal micro-Raman spectrometer (Jobin-
Yvon LabRAM HR Evolution, Horiba) with the 532 nm-laser.
The surface potentials of WSe, was measured by kelvin
probe force microscopy system (KPFM Dimension Icon,
Bruker).

Asymmetric suspended WSe,-based photodetector were mea-
sured electrically and optically using a Keithley 4200-SCS semi-
conductor parameter analyzer. All tests were conducted in a
vacuum (10~ Torr) and dark environment, and only exposed
to the target light source environment. In the photoelectric
measurement process, commercial light emitting diodes with
laser wavelengths of 405, 520, 638, and 1550 nm were used
(Thorlabs, Inc.). The laser spot area was 5 cm?. A laser diode
controller (ITC4001, Thorlabs, Inc.) was used to control the laser
to produce light pulses with tunable laser power, laser pulse
width, and frequency.

4.3 | First-Principles Calculations

In solving the Kohn-Sham equations, the exchange-correlation
potential was described by the generalized gradient approxima-
tion (GGA) using the Perdew-Burke-Ernzerhof (PBE) functional.
The interaction between nuclei and valence electrons was treated
with the SG15 pseudopotential. The valence electron wavefunc-
tion was expanded in a linear combination of atomic orbitals
(LCAO) basis set. The cutoff energy for the real-space density grid
was set to 120 Hartree. Under periodic boundary conditions, the
x- and y-axes were set as the periodic directions of the structure,
while the z-axis was defined as the non-periodic direction. To
eliminate “image” interactions in the non-periodic direction, a
vacuum layer exceeding 50 A was introduced along z-axes. During
structural optimization, the k-point grid in the first Brillouin zone
was set to 11x11x1, while electronic property calculations employ
a denser 21x21x1 k-point grid. All calculations were performed
on an optimized geometry where the forces on each atom were
converged to below 0.02 eV A~" and the total energy of the system
is converged within 107* eV atom™. For consistency in analysis
and comparison, the Fermi level of all calculated results was
aligned to zero.
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