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Flexoelectricity and photoelectricity with their coupled effect (the

so-called flexo-photoelectronic effect), are of increasing interest in

the study of electronics and optoelectronics in van der Waals

layered semiconductors. However, the related device design is

severely restricted owing to the ambiguous underlying physical

nature of flexo-photoelectronic effects originating from the

co-manipulation of light and strain-gradients. Here, flexoelectric

polarization and the flexo-photoelectronic effect of few-layered

semiconductors have been multi-dimensionally investigated from

high-resolution microscopic characterization on the nanoscale,

physics analysis, and deriving a device design. We found that two

back-to-back built-in electric fields form in bent InSe and WSe2,

and greatly modulate the transport behaviors of photogenerated

carriers, further facilitating the separation of photogenerated

electron–hole pairs and trapping the holes/electrons in InSe or

WSe2 channels, recorded in realtime by a home-made technique of

lighting Kelvin probe force microscopy (KPFM). The slow release of

trapped carriers contributes to the photoconductance relaxation

after illumination. Utilizing the photoconductance relaxation, a

light-stimulated artificial synapse based on the flexo-photo-

electronic effect of bent InSe has been achieved. Significantly, all

the pair-pulse facilitation (PPF) behavior, spike frequency-

dependent excitatory post-synaptic current (EPSC) and the

transition from short-term memory (STM) to long-term memory

(LTM) have been successfully realized in this artificial synapse. This

work adds to the investigation of flexo-photoelectronic effects on

2D optoelectronics, and moves towards the development of 2D

neuromorphic electronics.

Wearability and flexibility are important targets for the next
generation of electronic devices in order to satisfy the increasing
demands of human–computer interactions and the portability of
intelligent electronic devices.1,2 As one of the promising candidates,
two-dimensional (2D) layered semiconductors have attracted
extensive attention in flexible electronics,3–6 optoelectronics7–10 and
piezotronics11–13 due to their excellent electrical transport, photo-
electric and piezoelectric response, as well as the natural properties
of being ultra-thin, flexible and transparent. For flexible devices, the
properties of 2D materials are inevitably regulated by strain
(stress).14,15 Thus, it is valuable and significant to explore the
property variation and the underlying strain-modulated
mechanism of 2D materials under the stress field. Recently, the
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New concepts
The work firstly demonstrates the direct and systematic experimental
evidence at the nanoscale, of the coupling between flexoelectric and
photoelectric effects, originating from co-manipulation of light and
strain-gradients. The novel flexo-photoelectronic effect of both bent n-
type and p-type 2D semiconductors has been visualized in situ by the
home-made lighting Kelvin probe force microscopy system. In addition,
we provide a new strategy to manipulate photogenerated charges through
the flexoelectric polarization potential in bent 2D semiconductors.
Utilizing this strategy, a novel light-stimulated artificial synapse has
been realized. The present results provide a ground-breaking and clear
study on the flexo-photoelectronic effect of functional 2D materials, and
derive an artificial synaptic device. It enhances the understanding of
flexo-photoelectronic effects on 2D optoelectronics and serves in the
future development of novel 2D flexible devices.
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strain engineering of 2D electronic and optoelectronic devices has
been widely reported,16–21 which brings new opportunities
for fundamental physics and potential applications, along
with new challenges. Most of the current research attributes the
strain modulation of electric and photoelectric performances of
2D devices to bandgap modulation16–18 or piezoelectric
polarization,19–21 but ignore the flexoelectric effect. We recently
demonstrated that considerable flexoelectric polarization can
be induced by strain-gradient in bent atomically thin MoS2

and InSe.22 Moreover, the locally conductive modification
induced by flexoelectricity mainly focuses on some bulk
semiconductors,23–25 whereas the impact of flexoelectricity on
the electronic and optoelectronics of 2D materials remains
largely unexplored.

Compared with the bulk, the easily-deformed 2D layered
semiconductor has a more prominent flexoelectric effect26,27,28

which varies from the piezoelectric effect, because the latter
only exists in a non-centrosymmetric direction but flexoelectricity
is possible along any direction with strain-gradient.29,30 Hence, 2D
materials are considered to be an ideal system for probing
flexoelectric effects. The microscopic characterization technique,
such as scanning probe microscopy, is useful to observe
flexoelectric polarization on 2D layered semiconductors.31,32

Although the modulation of flexoelectric effects on electronic
properties and performance plays a key role in almost all layered
flexible devices, this issue still takes little attention at the device
level owing to the technical and theoretical restrictions. Additionally,
the coupling mechanism of flexoelectricity and photoelectric

effect, the so-called flexo-photoelectronic effect, in the layered
semiconductor based optoelectronic devices is still regarded as
a crucial challenge before their practical electronic application.

In this study, we have systematically illustrated the flexo-
photoelectronic coupling in bent few-layered InSe and WSe2

films via piezoresponse force microscopy (PFM) and Kelvin
probe force microscopy (KPFM). The flexoelectric polarization
at the bent region could be clearly visualized through mapping
and quantifying the measured effective out-of-plane piezo-
electric coefficient (deff

33). The localization of charges induced
by inhomogeneous strain in bent semiconductors is basically
associated with the fluctuation of surface potential. Under
illumination, the surface potential is gradually flattened by
the redistribution of photogenerated carriers, where this
potential kinetic process has been first observed in real-time
on the nanoscale by a home-made lighting-KPFM test system.
Back-to-back built-in electric fields induced by flexoelectric
polarization contribute to the photogenerated holes/electrons
trapped in bent n-type InSe (p-type WSe2), resulting in photo-
conductance relaxation. Based on these fundamental observations,
we successfully design a new light-stimulated synaptic device, in
which the biologic synapse behaviors of short-term memory (STM),
long-term memory (LTM), and spike frequency-dependent
excitatory post-synaptic current (EPSC) could be commendably
emulated at device level. Our results clearly reveal the flexo-
photoelectronic effect of 2D layered semiconductors, from
microscopic characterization to the design of light-stimulated
synaptic devices. This work could pave the way to understand

Fig. 1 Schematics of the experimental configuration and the basic mechanism of the flexoelectric effect. (a) Experimental schematic of PFM and
lighting-KPFM system on the bent InSe device structure. (b) The ball-and-stick model and (c) the measured surface morphology of suspended InSe film
between the two gold electrodes. The plotted curve shows the line profile topography perpendicular to the channel. (d) The flexoelectric effect of the
well-defined centrosymmetric 2D semiconductor. (i) Unstrained lattice without net dipole under the case of the coincident electropositive and
electronegative centers. (ii) Uniformly strained lattice. Net dipole moment is still zero because the centres of positive and negative charges are not changed. (iii)
Inhomogeneously strained unit cell. Separated electropositive and electronegative centers yield a dipole moment. (iv) Homogeneously deformed on a whole, but
the varied extent of deformation from cell to cell. Electropositive and electronegative centers misalign contributing to an uncompensated dipole moment. (v) In
bent 2D semiconductor, both types of flexoelectric effects (iii and v) could coexist and induce a sum of flexoelectric polarization.
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the inhomogeneous strain effects in 2D flexible devices, and also
provide a valuable opportunity for designing 2D electronic
neuromorphic devices.

Experimental configuration and
flexoelectric polarization

Experimental schematic of PFM and lighting-KPFM based on
scanning probe microscopy (SPM), and the structure representation
diagram of the bent 2D InSe device, are shown in Fig. 1a. In situ
measurement of the flexoelectric polarization and the evolution of
the surface potential under the varied light field can be achieved
synchronously by an SPM probe. A ball-and-stick model schematic
and the measured surface morphology of 2D InSe suspended
between two electrodes are illustrated in Fig. 1b and c, respectively.
The inset plotted in Fig. 1c quantifies the line profile of topography
along the direction perpendicular to the channel, showing the
natural-suspended shape of InSe channel with a width of about

1 mm and the bent depth of approximately 53 nm. Optical images
and scanning electron microscopy (SEM) images (Fig. S1 in ESI†)
also demonstrate the bent deformation of the high quality
suspended film. To elucidate flexoelectric coupling in the 2D
semiconductor under non-uniform strain, Fig. 1d depicts the
inverse flexoelectric effect of the well-defined centrosymmetric
layer. The net dipole moment is zero in the unstrained
centrosymmetric structure and is also maintained under the
uniform strain, due to the coinciding center of positive and
negative charges. When the unit cell is subjected to inhomo-
geneous deformation, the opposite shifts of electropositive and
electronegative centers produces a net dipole moment.33

Another case is the extent the deformation varies from cell to cell,
despite the homogeneous deformation in each cell, where the
cations shift off centre of the unit cell, then induce
an uncompensated dipole moment.30 In terms of the bent 2D film,
the above-mentioned two types of flexoelectric effect commonly
present simultaneously, inducing flexoelectric polarization along
the radial direction and tangential direction, respectively.

Fig. 2 The PFM measurements of the bent InSe-based device. (a) 3D AFM topography of the channel of the bent 2D InSe device. (b) Out-of-plane PFM
amplitude images of suspended InSe channel under the ascending drive voltage of (i) 0 V, (ii) 1 V, (iii) 2 V, and (iv) 4 V, respectively. (c) 3D presentation of
PFM amplitude map of suspended InSe channel under the drive voltage of 4 V. (d) Statistical distribution of PFM amplitude under the ascending drive
voltage from 1.5 V to 5 V is plotted on the left side. The PFM amplitude response is plotted as the function versus the amplitude of drive voltage on the
right side. Error bars signify the standard deviations of the deff

33 coefficient mapped in 256 scan lines. (e) The distribution of the measured deff
33 coefficient.
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Static flexoelectric polarization considered as an analogue of
piezoelectric polarization could be quantified by PFM
technique,22,32 and the results from the InSe device as a
representative are illustrated in Fig. 2. The thickness of the
InSe flake is about 11 nm. A flake thickness of 10–12 nm is
controlled in our work, because it is widely proven to be an
appropriate range for enhancing the electronic
performance.34,35 As shown in Fig. 2a, the suspended InSe
deforms into the shape of a trench with a homogeneous and
undamaged quality. Note that the polarization characterized by
PFM is associated with the vector projection of flexoelectric
polarization along the out-of-plane direction. PFM tests have
been carried out on the suspended InSe channel under different
drive voltages, VAC = VDC + V0 cos(ot) (VDC = 0 in this work).
Fig. 2b(i)–(iv) exhibit PFM amplitude images with the ascending
drive voltage of V0 magnitude from 0 to 5 V at a step size of 0.5 V.
Apparently, the amplitude response at the bent region gradually
increases with the drive voltage, while almost no amplitude value
is achieved at the flat region. Amplitude signal derives from the
flexoelectricity induced by the strain gradient rather than the
intrinsic piezoelectric effect of InSe; this conclusion has also
been verified by our previous work.22 A 3D representation of the
amplitude signal map measured at a drive voltage of 4 V in
Fig. 2c shows that the polarization response gradually declines
from the center of the channel to double edges, corresponding
to the symmetric distribution of out-of-plane flexoelectric
polarization.

In order to quantify the effective out-of-plane piezoelectric
coefficient (deff

33) of bent InSe, the statistical distribution of PFM
amplitude signals has been plotted mathematically on the left
side of Fig. 2d. The deff

33 coefficient can be calculated from the
slope of the linear fitting curve, as shown on the right side of

Fig. 2d, according to the equation:36 deff
33 ¼

APðpmÞ
V0ðVÞ

, where AP is

the driven piezoresponse displacement and V0 is the amplitude
of the applied alternating current (AC) drive voltage. The
maximum value of the deff

33 coefficient obtained at the center
of the channel is about 9.5 pm V�1, which greatly exceeds its
intrinsic in-plane piezoelectric coefficient (d11 = 1.98 pm V�1).37

The findings indicate that the deff
33 coefficient of bent 2D InSe

dominantly comes from the flexoelectric effect rather than its
intrinsic in-plane piezoelectricity. A more detailed analysis can
be obtained in Note S1 and Fig. S2 of the ESI.† As can be seen
from Fig. 2e, the deff

33 coefficient almost symmetrically decreases
on both sides of the channel, indicating that the flexoelectric
polarization is also almost symmetrically distributed on the
bent InSe flake. Similar findings and conclusions have also
been found in the WSe2-based device (Note S2 and Fig. S3 in the
ESI†). The maximum deff

33 coefficient in the center of the WSe2

channel is about 4.9 pm V�1, which is larger than its intrinsic
in-plane piezoelectric coefficient (d11 = 2.79 pm V�1).38 These
results confirm the strong flexoelectricity induced by the strain
gradient in 2D semiconductor materials. Simultaneously, high-
resolution spatial distribution of flexoelectric polarization in
the suspended 2D devices has been firstly observed by the PFM
method in the present work.

Coupling of flexoelectric effect and
photoelectric effect

Redistribution of the charge concentration in 2D semiconductor
flakes can result in variation of surface potential, when the
flexoelectric polarization is yielded.23 Moreover, the movement
behavior of photogenerated charge carriers can be regulated by
the flexoelectric polarization potential.39 In order to observe the
coupling of flexoelectricity and the photoelectric effect, we
carried out in situ imaging of the surface potential evolution
on a InSe device as the representative under 405 nm-laser
illumination using a home-made lighting-KPFM setup, as
presented in Fig. 3. In principle, surface potential from the
KPFM method is directly measured as the contact potential
difference (CPD) between the tip and sample.40 In our
experiment, the voltage is applied to the tip. Under this circum-
stance, the contact potential difference (VCDP) can be expressed

as VCDP ¼
ftip � fsample

e
, where ftip is the work function of the

tip, fsample is the work function of the sample, and e is the
elementary charge. Thus, the lower surface potential means the
higher work function is due to the same work function as the tip.
As shown in Fig. 3a, without illumination, the surface potential
at the channel (bent InSe) area is significantly lower than that at
the double sides (flat InSe), leading to a potential well. With
increasing light intensity, the surface potential of the bent area
observably increases and finally exceeds that of the flat area, as
shown in Fig. 3b–h. Simultaneously, the surface potential
increases gradually overall with the light intensity, which could
be attributed to the increase of photogenerated charge carriers.41

Under different illumination, the surface potential distribution
along the direction perpendicular to the channel is plotted in
Fig. 3i. In the case of the dark field, the surface potential is
approximately horizontal on both sides, and dramatically drops
off near the center. As a result, the surface potential of the center
is more than 1000 mV lower than the edges, i.e., the work function
of the center is more than 1000 meV larger than that of the edges,
hence, the energy band is bent.42 As illustrated in Fig. 3i, with
increasing light intensity, the difference of surface potential
between bent and flat areas decreases gradually until the potential
at the bent area exceeds that of the flat area, which might be
related to the designated allocation of photo-induced charge
carriers owing to the bent energy band. The same test has also
been performed in a representative WSe2 device, and in-depth
information can be found in Fig. S4 in the ESI.† In the dark, the
surface potential of the channel (bent WSe2) is higher than that of
the two sides (flat WSe2) to establish a potential barrier. With
increasing laser power intensity, the barrier decreases gradually
until a potential well forms. In comparison to the observation of
the bent InSe system, the contrary experimental results could be
associated with the different nature of carrier: commonly InSe is
an n-type semiconductor whereas WSe2 is a p-type. The evolution
of surface potential might be the related to the redistribution of
photogenerated electrons and holes under the action of built-in
electric fields, which is induced by flexoelectricity and might be
different in n-type and p-type semiconductors.
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Furthermore, to investigate the channel-width dependence
of flexoelectricity in 2D devices, the thin-layered InSe was
transferred upon the prefabricated substrates with three kinds
of grooves (Fig. S1 in the ESI†). Then the surface topography,
PFM and KPFM measurements were carried out, as shown in
Fig. 4. Obviously, the bending depth, PFM amplitude response
and the surface potential contrast all enhance with increasing
the channel-width. The crucial parameters and data are listed
in Fig. 4. As summarized in Fig. 4, the same InSe flake on the
tailor-made substrate with three channels, deforms with depths
of 24 nm, 30 nm, and 57 nm, corresponding to the three kinds
of channel widths of 0.75 mm, 1.06 mm and 1.58 mm, respectively.
It is noted that the wider channel could create a greater strain-
gradient, leading to the stronger flexoelectric effect. Both the
corresponding deff

33 coefficient and difference of surface potential
(DVCPD) in Fig. 4 reflect the positive correlation dependence
between flexoelectricity and channel-width. The results indicate
that the flexoelectric effect of 2D materials could be easily
modulated through changing the naturally bent shape of film
manipulated by the supporting substrate.

We further demonstrate the flexo-photoelectric effect from
the coupling of the flexoelectric and photoelectric effects. For
clarity, Fig. 5 shows the energy band diagrams presenting the
underlying physical mechanisms of the flexo-photoelectric
effect. In the pristine n-type InSe flake, the charge carriers

uniformly distribute corresponding to a flat band structure.
While in the suspended 2D InSe, the charge localization
induced by the inhomogeneous strain makes the energy band
bend.16 Apparently, the charge redistribution in the 2D semi-
conductor takes place as the flexoelectric polarization is
generating. The net negative charges accumulate at the middle
area, forming depletion zones on both sides,43 resulting in the
upwards bending of the band structure at the middle, as shown
in Fig. 5b. Thus, the work function of the middle region is
larger than that of both sides, in good accordance with KPFM
results of the InSe device in the dark field.

More importantly, the built-in electric fields at the two sides
both point toward the middle area. As a consequence, under
laser illumination, the photogenerated electron–hole pairs are
split apart by the built-in electric fields.21 Correspondingly, the
holes are trapped in the potential well, while the electrons are
pushed to the two side areas, as depicted in Fig. 5c. As the
trapped holes accumulate in the bent InSe, the surface
potential difference between the bent and flat regions gradually
decreases, leading to the bit by bit flattening of the bent band,
until the back-to-back built-in electric fields are fully
compensated.16,24 The transport behavior of the photogenerated
electron and hole in the 2D InSe device has been proved by the
clear evolution of surface potential under laser irradiation.
As shown in Fig. 3i, the enhancement of surface potential of

Fig. 3 The lighting-KPFM measurements of the bent InSe-based device. The surface potential images of bent InSe channel under (a) the dark and under
the 405 nm laser with an intensity of (b) 0.016 mW cm�2, (c) 0.129 mW cm�2, (d) 0.323 mW cm�2, (e) 1.440 mW cm�2, (f) 2.567 mW cm�2, (g)
19.97 mW cm�2 and (h) 78.23 mW cm�2. (i) The surface potential distribution along the direction perpendicular to the channel under different illumination.
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the bent region gradually slows down with increasing light
intensity, indicating the limited hole-trapping capacity of the

bent InSe channel. Note that in Fig. 3i, the surface potential of
suspended InSe eventually slightly exceeds that of supported

Fig. 5 The mechanism analysis of the coupling behavior of the flexoelectric effect and photoelectric effect. Energy band structures of (a) flat InSe
(F-InSe) and (b) bent InSe (B-InSe). (c) Energy band structure and the transport behavior of photogenerated charge carriers in bent InSe device under light
illumination. Energy band structures of (d) flat WSe2 (F-WSe2) and (e) bent WSe2 (B-WSe2). (f) Energy band structure and transport behavior of
photogenerated charge carriers in the bent WSe2 device under light illumination.

Fig. 4 Channel-width-dependent flexoelectricity in bent InSe with few-layers. (a) Surface morphology, (b) out-of-plane (OOP) amplitude mapping
under the drive voltage of 4 V, and (c) surface potential mapping of InSe flakes suspended on three channels with widths of 0.75 mm, 1.06 mm and 1.58 mm.
The statistical distribution of (d) surface morphology, (e) deff

33 coefficient and (f) surface potential along the direction perpendicular to the channels.
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InSe when the light intensity is greater than 2.567 mW cm�2.
The anomalous result could be attributed to the metal–semi-
conductor interface band-structure engineering,23 which leads to
the work function of the few-layered InSe supported by gold
electrodes increasing, while that of suspended InSe is not
affected.44 Once Au and InSe are in contact, electrons will flow
into the Au layer from the InSe layer. At equilibrium, the Fermi
levels align to form the Schottky barrier, resulting in upward
bending of the InSe energy band.45 As a result, the work function
of InSe supported by Au is higher than that of the suspended one,
inducing the contact potential difference collected by KPFM at the
flat region to be lower than the one collected at the bent region.

Conversely, in p-type WSe2, the energy band bends down-
wards in the middle owing to the accumulating of net positive
charges at the center region, as presented in Fig. 5e, forming
the back-to-back built-in electric fields. When the photogenerated
electron–holes are yielded (see Fig. 5f), the electrons would be
trapped in the middle, and the holes move to the two sides. The
opposite energy band structures of bent InSe and WSe2 are
responsible for the inverse of the KPFM results as mentioned
above. Similarly, with strong light intensity, the surface potential
of suspended WSe2 is slightly lower than the supported one,
causing the downward bending of WSe2 energy bands near the
interface with Au.23,44

Light-stimulated artificial synapse
based on the flexo-photoelectronic
effect

Today, the rapid development of artificial intelligence techniques
and smart robots urgently demands advanced multifunctional
optoelectronic devices that can satisfy the self-adaptive
detecting, processing, and memorizing of optical information.
However, conventional photodetectors are generally passive
and non-tunable, making it technically difficult to handle
data-intensive tasks and meet the requirements of real-time
information processing and storage.46 Towards the future
development of superior and smart optoelectronic devices,
light-stimulated synaptic devices have become one of the
promising candidates. The synaptic devices can not only
directly respond to the optical signals, but also perform tem-
porary memory and real-time processing of optical information
and sensory data through sensing information in ways like
biological nervous systems with light-tunable and time-
dependent plasticity.47 Additionally, in the big data and post-
Moore’s law era, we must fundamentally change the modern
computing way based on the von Neumann architecture to
break through the so-called von Neumann bottleneck. Artificial
neural networks (Ann), a data-centric computing method, is
considered as a promising alternative. Synapses are the basic
functional components that enable information flow, data
processing and memory in the human brain.48 Therefore, the
realization of electronic devices with synaptic functions is a
crucial step in the future development of neural network
computers.

We indicate that photoelectric performance of bent 2D
semiconductors could be greatly modified through the
back-to-back built-in electric fields induced by the flexoelectric
effect. The opposite built-in electric fields could not only
facilitate the separation of carriers, but also store electrons or
holes, preventing them from recombination with holes or
electrons.49,50 Owing to the efficient separation of carriers,
the response rate of photocurrent speeds up.39 Besides, photo-
conduction after illumination maintains and decreases very
slowly, owing to the gradual release process of trapped
carriers.51,52 The delayed decay of photocurrent is crucial to
light-stimulated devices with a memory function.53–55 The
rapid photoresponse and photocurrent memory effect are
regarded as the significant factors for realizing light-
stimulated synaptic performance.

Here, we first design light-stimulated synaptic devices based
on the flexo-photoelectronic effect of the layered semiconductors.
Fig. 6a shows the schematic diagram of a biological synapse,
which is the functional link between the neurons. In Fig. 6b, a
structural illustration of the artificial synapse indicates that the
few-layered InSe flake is suspended on the gold electrodes at both
sides. The flat InSe directly contacts with the electrodes, while the
bent InSe acts as the channel, whose width and depth are about
1 mm and 50 nm, respectively. The thickness of the InSe flake is
about 11 nm. The 300 nm SiO2 layer at the bottom plays a role in
supporting the electrodes and insulation. Additional details of
device structure can be obtained from the optical and SEM images
(Fig. S1 in the ESI†). The basic I–V curves of the representative
InSe device in the dark and under continuous illumination, are
displayed in Fig. S5 of the ESI.† The I–V curves under various
irradiation intensity are all symmetric and linear, which is
consistent with the symmetric structure of the device. As two
key figures of merit of the photoelectric device, responsivity (Rph)
and detectivity (D*) can be extracted from the I–V curves. At the
fixed bias of 0.1 V, the maximum values of Rph and D* of our
bent-InSe devices can reach up to 288.7 A W�1 and 2.45 � 1012

Jones, respectively, which are slightly better than previously
reported results (with Rph = 157 A W�1 and D* B 1011 Jones) in
traditional InSe phototransistors.56 The details about the
calculation method of Rph and D* can be obtained in Note S3 of
the ESI.†

The typical excitatory post-synaptic current (EPSC) of our
light-stimulated synaptic devices is shown in Fig. S6a in the
ESI.† Applying a light spike (405 nm, 38.9 mW cm�2, 200 ms),
the EPSC rapidly rises and reaches a maximum value at the end
of the light spike at about 4.1 nA. Subsequently, the EPSC
gradually declines back to the initial current owing to the slow
release of trapped holes at the InSe channel. In psychology,
memory retention is commonly characterized using the
stretched exponential function (SEF),57,58 which can be

expressed as:55 I ¼ I0 � I1ð Þ � exp � t� t0

t

� �a� �
þ I1, where I0

and IN are the EPSC value at the end of the light spike and the
final post-synaptic current value, respectively, t and t0 are the
feature relaxation time and light spike finish time, and a is an
index between 0 and 1. The observed EPSC decay of our
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artificial synapses can be fitted well with the SEF (Fig. S6b in
ESI†), indicating the similarity with biological synapses.
To investigate the light-field modulation on EPSC behavior,
the pulse width-dependent EPSC change is illustrated in
Fig. S6c in the ESI.† As the pulse width increases from 1 ms
to 1000 ms, the EPSC change increases dramatically at the
beginning, and then levels off. The similar variation tendency
of EPSC change also appears with increasing light pulse inten-
sity (Fig. S6d in ESI†). The phenomena may be attributed to the
limited hole-trapping capacity of the bent InSe channel. The
findings indicate that the EPSC behavior of our artificial
synapse can be efficiently modulated by a light-field.

In biology, the memory and learning behaviors of the
nervous system can be defined as two categories: short-term
memory (STM) and long-term memory (LTM). The STM process
lasts from milliseconds to minutes, while the LTM remains for
a few hours or more.48 Generally, STM could transit to LTM via
repetition training and rehearsal.59 Pair-pulse facilitation
(PPF),60 as a typical STM behavior, described the EPSC
enhancement after two sequential synaptic stimuli, which is
considered as an important index for the artificial synaptic
device. Fig. 6c clearly demonstrates the imitation of the PPF
based bent-InSe synaptic device. As shown in Fig. 6d, the

representative PPF behavior of our bent InSe device is triggered
via the two sequential light spikes (405 nm, 38.9 mW cm�2,
200 ms), whose interval time (DT) is 1000 ms. The bias applied
to the source and drain is fixed at 0.1 V. Obviously, the second
EPSC peak (A2), which was triggered by the latter presynaptic
spike, is larger than the first EPSC peak (A1) triggered by the
former spike. This phenomenon can be attributed to the
increasing trapped charges after the two light spikes. If the
interval time of two spikes is not enough for complete release of
charges trapped during the first spike, the unreleased trapped
charges would accumulate to the next spike, and so on. The PFF

index can be expressed as61 PPF ¼ 100%� A2 � A1

A1
, where A1

and A2 are the magnitudes of the first and second EPSC peaks,
respectively. Furthermore, the interval time dependent PPF
index is demonstrated in Fig. 6e. With decreasing interval
time DT, the PPF index increases gradually and reaches the
maximum value of 117% when DT is 200 ms. Biologically, the
PPF decay contains both a slow phase and rapid phase, and can
be mathematically demonstrated as62 PPF ¼ c1�

exp �DT
t1

� �
þ c2 � exp �

DT
t2

� �
, where DT is the interval between

light pulses, c1 and c2 represent the initial facilitation

Fig. 6 The simulation of PPF behavior and high-pass filtering function. (a) The schematic diagram of a biological synapse. (b) The structure illustration of
the light-stimulated artificial synaptic device. (c) The schematic of PPF measurement. (d) EPSC triggered by a pair of light spikes (405 nm, 38.9 mW cm�2,
200 ms) with a fixed reading bias of 0.1 V. A1 and A2 are the values of the EPSC peaks at the end of the first and second light spike, respectively. (e) The
interval time dependence of the PPF index. The power density of the laser and each pulse width are fixed at 38.9 mW cm�2 and 200 ms, respectively. (f)
EPSC triggered by thirty consecutive light spikes with a fixed reading bias of 0.1 V. A1 and A30 are the values of the EPSC peaks at the end of the first and
thirtieth light spike, respectively. (g) The frequency dependence of EPSC gain (A30/A1). The power density of laser and pulse width are fixed at 38.9 mW
cm�2 and 200 ms, respectively, we only change the interval time to change the frequency. Error bars represent standard errors from three repeats of
independent experiments.
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magnitudes of the rapid and slow phase, respectively, and t1

and t2 represent the featured relaxation times of the rapid and
slow phase, respectively. It can be seen from the fitting curve in
Fig. 6e that the PPF behavior mimicked by the light-stimulated
2D bent InSe synaptic device is in complete agreement with the
double-exponential function. In our case, t1 and t2 are about
96 ms and 1626 ms, respectively, whose magnitudes are
comparable to those of a biological synapse.61

In neuroscience, the synapse is a junction between neurons
that allows presynaptic neurons to transmit signals to post-
synaptic neurons, with the ability to change its efficacy in the
short or long term.48,63 The change induced by historical
activity could be enhancement or depression, and the activity-
dependent synaptic plasticity is considered to be responsible
for memory and learning. In neural network communication,
synapses play the role of dynamic filter for information processing
of multiple biological signals.48,63 As shown in Fig. 6f, the EPSC
response increases gradually when applying successive light
pulse stimulation, under the fixed reading voltage of 0.1 V. After
the 30th spike, the EPSC value is defined as A30, and the
EPSC value after the first spike is A1. A30 exceeds A1 by
three times, when the frequency of the presynaptic spikes
(405 nm, 38.9 mW cm�2, 200 ms) is 2.5 Hz. The spike frequency
dependence of the EPSC gain (defined as A30/A1) is plotted in
Fig. 6g. Apparently, the EPSC gain increases rapidly with the
presynaptic spike frequency, indicating that the high-pass
filtering characteristic of the neurons could be emulated using
our artificial synapse. As is known, the defects in channel
materials might also result in persistent photoconductivity.

To examine the contribution of defects in our bent-InSe
devices, the controlled experiments were carried out on the flat
InSe devices. As depicted in Note S4 and Fig. S7 of the ESI,† the
results of the controlled experiments indicate that the persis-
tent photoconductivity of bent-InSe devices mainly comes from
the contribution of the band bending induced by the flexo-
electric effect rather than the contribution of the defect.

The human brain stores information through repetition and
rehearsal.64 Moreover, the brain memory level is usually up to
the learning intensity and repetition frequency. Such synaptic
plasticity also could be imitated in our designed artificial
synapse, as shown in Fig. 7. Herein, the change of channel
conductance is considered as the memory level. To study the
learning and forgetting characteristics of the light-stimulated
synapse, the normalized channel conductance changes (DG(t)/
DG0) are plotted as the function of time. Fig. 7a shows the
declining behavior of the normalized channel conductance
changes after applying 5, 10, 20, 30 and 50 presynaptic spikes.
Simultaneously, Fig. 7b and c demonstrate the normalized
channel conductance change decay under different power
density and pulse width, respectively. The number of light
stimuli can be deemed to be the number of learning times,
meanwhile, the power density and pulse width of each spike can
be regarded as learning intensity. Obviously, the decay rate of
normalized channel conductance change decreases with increasing
pulse number, power density or pulse width. These phenomena are
highly consistent with learning processing in the brain.

In addition, after applying presynaptic spikes, the normalized
channel conductance changes attenuated drastically at the

Fig. 7 The learning and forgetting characteristics of the artificial synaptic device. The normalized channel conductance change (DG(t)/DG0) as a function
of time with (a) different number of light pulses, (b) different power density of laser, and (c) different light pulse width. (d) Light pulse number-dependent,
(e) laser power density-dependent, and (f) light pulse width-dependent channel conductance change (DG0) and feature relaxation time (t). The values of t
are obtained from the fitting curves. Error bars represent standard errors from three repeat independent experiments.
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beginning and then decreased slowly, being analogous to the
forgetting pattern of the human brain.52,65 As shown in Fig. 7a–c,
the decay behavior of the normalized channel conductance
changes could be fitted by the well-known Ebbinghaus forgetting

curve, which could be expressed as66 DGðtÞ=DG0 ¼ exp � t

t

� �b� �
,

where DG(t) = G(t) � Ginitial and DG0 = G0 � Ginitial, G(t) is the
channel conductance at time t, G0 is the channel conductance at
the end of the last spike of light pulse, Ginitial is the channel
conductance before any external stimulus, t is the feature
relaxation time, and b is an index between 0 and 1. The
corresponding channel conductance and feature relaxation time
t obtained from the fitting curves in Fig. 7a–c are presented in
Fig. 7d–f, respectively. Both the channel conductance and
relaxation time increased with the pulse number, power density
or pulse width, indicating that the enhancement of impression
and the reduction of forgetting could be achieved by increasing
learning frequency or strengthening learning intensity.
Moreover, the conductance variations show high-linearity
with the pulse number, power density and pulse width with
the R-square of 0.9543, 0.9832 and 0.9446, respectively. The results
indicated that our bent InSe-based synaptic device could
implement linear conductance change with the adjustment of
presynaptic spikes. It is noteworthy that the relaxation time pro-
longed from 3.3 s to 288.1 s when the number of presynaptic spikes
added was from 5 to 50, suggesting that the possibility of transition
from short-term memory (STM) to long-term memory (LTM) is
increased by the increase in repetitive training. Therefore, we
applied 200 presynaptic spikes (405 nm, 38.9 mW cm�2, 200 ms)
with the interval time as 1000 ms in our artificial synapse to observe
its LTM behaviors. As shown in Fig. S8 of the ESI,† at 40 000
seconds (11.1 h) after light stimulation, the EPSC still maintains at
about 2.6 nA, which is over 1.5 times the resting current (about
1.7 nA), and the normalized channel conductance change is also
retained at about 0.25. The simulation results indicate that our
light-stimulated artificial synapse devices not only successfully
reproduce the short-term plasticity of biological synapses, but also
commendably realize the long-term plasticity.

Furthermore, energy consumption is very important for an
artificial synapse. In terms of the human brain, the energy
consumption is only 10–100 fJ per synaptic event.67 Herein, the
power consumption of our bent InSe-based synaptic devices is
considered. The electrical and optical energy consumption
(Eele and Eopt) for a single event is defined as Eele = Ipeak � t �
V, and Eopt = Pin � t � A, where Ipeak, t, V, Pin and A are the peak
value of the EPSC, the pulse duration time, the reading voltage,
the laser irradiation intensity, and the effective area, respectively.
At the fixed reading voltage of 0.1 V, for a presynaptic spike with
the laser power of 38.9 mW cm�2 and the pulse duration time of
1 ms, our InSe-based artificial synapse can reach the ultralow
electrical and optical energy consumption of about 100 fJ (with
Ipeak of about 1 nA) and 3.89 pJ, respectively. The optical energy
consumption of our device could be further reduced by reducing
the device dimensions.

Our high-performance bent-InSe-based light-stimulated
synaptic device as a classical instance shows the great potential

of flexo-photoelectronic effects in the design and application of
optoelectronic devices and neural devices. Our artificial synaptic
devices tactfully utilize the built-in back-to-back electric fields
induced by flexoelectric polarization in bent InSe to obtain
photoconductance relaxation, and further realize the simulation
of synaptic behaviors. Specifically, the back-to-back electric fields
are achieved by the opposite flexoelectric polarization induced by
the almost symmetric strain distribution in the bent InSe channel.
When the light stimulus is applied, photo-induced electron–hole
pairs are generated and rapidly split apart by the back-to-back
electric fields. Subsequently, the electrons participate in conduc-
tion, and holes are trapped in the center of the bent InSe channel.
After the light stimulus is removed, the photoconductance will
decline slowly due to the release of trapped holes. As a result, the
basic synaptic behaviors could be gracefully imitated in the
bent-InSe-based devices through manipulating the width, inten-
sity and number of presynaptic light pulses.

In conclusion, we have carefully observed and quantified the
distribution of flexoelectric polarization induced by the strain-
gradient in the bent 2D InSe and WSe2 on the nanoscale using a
high-resolution PFM technique. The measured deff

33 coefficients
achieve maximum values of about 9.5 pm V�1 and 4.9 pm V�1 at
the centers of bent InSe and WSe2 channels, respectively, then
decrease at both edges, indicating the gradient-distribution of
flexoelectric polarization. The in situ KPFM system collects the
redistribution of charge carriers induced by flexoelectric polariza-
tion in the bent InSe and WSe2 flakes. Furthermore, the carrier
concentration mapping on the bent InSe and WSe2 by a self-built
lighting KPFM reveals the transportation kinetics of photogener-
ated electrons and holes. The underlying physical nature of flexo-
photoelectric coupling effects have been presented by elucidating
the energy band structures. The findings indicate that the back-to-
back built-in electric fields in the bent 2D semiconductors are
established, facilitating the separation of photogenerated electron–
hole pairs and trapping the electrons or holes to the center of
channels. After illumination, the trapped charge carriers would be
released slowly, resulting in the sustained photoconductance effect.

Taking advantage of the photoconductance relaxation effect,
we have designed and successfully achieved a novel good-
performance lighted-stimulated artificial synapse based on
the bent 2D InSe device. The learning and forgetting character-
istics of biological synapses, such as short-term plasticity, long-
term plasticity and high-pass filtering, have been carefully
simulated via our artificial synapse. This study would promote
the development and understanding of the photoelectric,
piezoelectric, flexoelectric effect and the coupled flexo-
photoelectric effect of van der Waals layered materials and
the deriving electronic devices, as well as paving a new path for
2D optoelectronic and neuromorphic devices.

Materials and methods
Device fabrication

The patterned substrates were fabricated on heavily n-doped
silicon wafers with 300 nm SiO2 by electron beam lithography
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(EBL, Pioneer Two, Raith). After developing, 200 nm copper and
50 nm gold were thermally evaporated onto the top of SiO2.
Through the lift-off process, the Au/Cu electrodes were left
behind and the channels with a depth of about 250 nm were
formed. The widths of channels are set in the range between
0.5 mm and 2 mm. Then, the thin-layered g-InSe and 2H-WSe2

flakes, which were mechanically exfoliated from the single
crystals of bulk g-InSe and 2H-WSe2, were transferred onto
the electrodes with the help of scotch tape and polydimethylsi-
loxane (PDMS). After transfer, the thin-layered InSe and WSe2

flakes were suspended between the electrodes, and the bending
depth at the center of the channel is usually between 20
and 90 nm.

Characterization of surface morphology

The surface morphology and thickness of suspended
thin-layered InSe and WSe2 flakes were measured using a commer-
cial atomic force microscope (AFM) system (Dimension Icon, Bru-
ker). The surface morphology was also collected by scanning electron
microscopy (SEM) based on the EBL (Pioneer Two, Raith) system.

Flexoelectric polarization mapping

All PFM measurements were carried out with the contact mode of
the AFM system (Dimension Icon, Bruker). The conductive tip
coated by Pt/Ir was employed with the tip radius of about 20 nm, a
force constant around 2.8 N m�1, resonant frequency of about 75
kHz. During the PFM measurements, the frequency of the applied
AC drive signal is fixed at 15 kHz for avoiding contact resonance.

Surface potential mapping

All surface potential measurements were performed on a Peak-
Force based KPFM system (Dimension Icon, Bruker) with the
same conductive tip. The drive routing was set at the tip with
the lift scan height of 60 nm. The lighting-KPFM test system
was remoulded further. A commercial 405 nm laser was
adopted, whose power density is tunable with the range from
0.016 mW cm�2 to 245.2 mW cm�2. Note that the chosen laser
wavelength (405 nm) is far from the wavelength of an extremely-
weak laser (about 690 nm) in the AFM detector, avoiding addi-
tional influence on the measurements. The external laser was
focused under the tip through the self-built light path during
KPFM tests, and the diameter of the light beam is about 3 mm,
which is much larger than the size of artificial synapse devices.

Artificial synapse device measurements

All electrical performances were measured at room temperature
by a semiconductor parameter analyzer (4200-SCS, Keithley).
For the characterization of light-stimulated synaptic functions,
the same 405 nm laser adopted in the lighting-KPFM measure-
ments was used as the light source.
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