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The study of conventional lateral memristors has been in a slow stage of development due to the dependence of
the atomic defect migration or local phase transition in two-dimensional (2D) materials. Here, a novel transversal
memristor based on the flexoelectric effect induced by a bent atomic laminated structure is proposed. The
memristor exhibits desirable resistive switching performance, including a current ON/OFF ratio of approxi-
mately 10°, forming-free operation, high yield of 97 %, and low cycle-to-cycle variation of only 7.4 %. The stable

analog memristive behavior could be attributed to the dynamic modulation of the barrier between suspended
and flat regions by external voltage biases. Further, the volatile resistance switching characteristics have suc-
cessfully emulated key features of multi-field perceptual artificial nociceptors, including threshold, “no adap-
tation” etc. This work demonstrates a new resistive switching phenomenon in transversal 2D material devices,
and opens a new way for the development of intelligent adaptive artificial sensory systems.

Introduction

Over the past decades, with the rapid development of the Big Data
and Internet of Things (IoT) era, the amount of data processed by in-
formation about mobile edge devices has exploded. [1] The exponential
growth of data information requires memristors to have the advantages
of large capacity, low power consumption, high dependence, fast wri-
ting/erasing speed, etc. However, three-dimensional (3D) oxide mate-
rials are difficult to reduce the compression size and cannot be used in
superintegrated and ultrahigh-capacity memristors. Due to the down-
scaling limitations of traditional oxide materials, two-dimensional (2D)
layered materials as platforms for low-power and high-performance
memristors have garnered significant attention in recent times. [2]
Memristors on the basis of 2D layered materials could be classified into
two categories according to their geometric structure, namely, lateral-
and vertical-structures. [3,4] In contrast to conventional two-terminal
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vertical structures, 2D material-based lateral devices can achieve elec-
trostatic gate tunability [5] and multi-terminal structures. [6,7] They
have a similar structure with conventional field-effect transistors (FETSs),
[8] generally consisting of horizontal arrangement metal electrodes and
transition metal dichalcogenides channels on dielectric substrates, with
current flowing along the in-plane direction. Therefore, lateral mem-
ristors could be used as a device platform to simulate the multi-terminal
neuromorphic circuit with multiple synaptic links in biological neurons
for complex learning with high energy efficiency.

Recently, 2D materials-based lateral memristors have been prelimi-
narily explored. Sangwan et al. reported lateral polycrystalline mono-
layer MoS, memristors for the first time in 2015. The migration of sulfur
vacancies at grain boundaries is the reason for the identified memristive
states. It presents that the memristive and dynamic negative differential
resistance characteristics only exist in monolayer MoS; memristors with
intersecting grain boundaries. [6] A monolayer of polycrystalline MoS;
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was then incorporated into a memtransistor, which was fabricated as a
Schottky barrier transistor and can be altered dynamically through the
application of external voltage biases. [7] Except for the
defect-mediated memristive behavior in 2D materials, the phase tran-
sition behavior is also one of the reasons for the unusual memristive
switching behavior. Lu et al. reported a MoS; phase transition memristor
that induces the reversible modulation between 2 H (semiconductor)
and 1 T (metal) phases of MoS, nano-sheets by controlling the migration
of Li* ions. [9] Furthermore, the 1 T-phase TaS, memristors are acti-
vated by the phase transition in the charge density wave, which are
created by the periodic lattice distortion. [10] At present, the con-
struction of 2D material-based lateral memristors requires the intro-
duction of atomic defects or the selection of 2D materials with phase
transition properties as channel materials, which have certain re-
quirements of the materials themselves. Since the strong reliance on
defects and phase transition behavior, the relevant study of 2D
material-based planar memristors has been in a slow stage of develop-
ment. However, a scalable, reproducible, and controllable
manufacturing method is a prerequisite for the introduction of lateral
memristors into industrial applications. Therefore, we especially expect
a reliable approach to construct planar memristors that avoids the
certain requirements of traditional lateral memristor on 2D material.
In this work, taking InSe flakes with innate ultrahigh mobility and
hypersensitivity to light as a representative of 2D layered materials, [11]
we have creatively put forward a general strategy for constructing
lateral memristors. The unique layered structure of suspended atomic is
designed to produce flexoelectric effect on bent 2D InSe sheets. It is
found that the memristor exhibits outstanding resistive switching
characteristics, including a large ON/OFF ratio around 10°, forming-free
operation, up to 97 % yield, and cycle-to-cycle variation of 7.4 %.
Compared to the flat InSe (F-InSe) area, the surface potential of the
suspended InSe (S-InSe) region decreases significantly, which originates
primarily from the raising of work function resulting from the
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non-uniform strain. The deviations in surface potential between sus-
pended and flat InSe regions lead to the existence of barriers. The dy-
namic modulation of the barrier by applying external biases determines
the stable analog resistive switching behavior of the InSe-based mem-
ristors. Finally, the volatile memristive behavior successfully simulates
key features of artificial nociceptors under multi-field (light and electric
field) perception, including threshold, relaxation, “no adaptation” and
sensitization. This work provides a new idea for 2D-based lateral
memristors, and establishes a new path for the design of artificial sen-
sory systems with intelligent adaptability.

Results and discussion
Flexoelectric polarization and memristive behavior

Fig. 1a shows the experimental schematics of scanning probe mi-
croscopy (SPM)-based piezoresponse force microscopy (PFM) and
Kelvin probe force microscopy (KPFM). Additionally, the structure
representation of the suspended 2D InSe-based device is also depicted.
In Fig. 1b, the height profile shows that the InSe nanosheet exists a
thickness of approximately 11.8 nm (~ 16 layers). The 3D morphologic
map depicts the natural suspension forms for InSe channel with a
channel length of approximately 1 ym and the bending depth of around
83 nm, which is smaller than Ni/Au thickness («~ 152 nm, Supplemental
Figure S1). It means the S-InSe sheet does not touch the bottom. Fig. 1c
illustrates the typical Raman spectrum of few-layered InSe sheet. Ac-
cording to the group theory (point group: Csy), the peaks nearby 115,
178, 199, and 228 cem ! originate from the vibration modes of A'1 (Ff),
E(['?)-TO, A5(I'1)-LO, and A] (T'3), respectively. [12] The Raman peaks
are consistent with previous Raman studies on bulk y-rhombohedral
InSe crystals. The illustration provides a display of the corresponding
lattice vibrations. Relevant studies have shown that all phonon modes of
multilayer y-InSe lamellae show red shift upon tensile strain. [13,14]
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Fig. 1. Structure and electrical behavior of suspended InSe-based memristors. (a) Experimental schematic of a in-situ AFM measurement system on the S-InSe device.
(b) An optical microscopic image of a S-InSe memristor and the height profile (left panel). The surface morphology and 3D AFM topography of the S-InSe channel
(right panel). (c) A Raman spectrum and the mode assignments of a InSe nanosheet. (d) Resistive switching characteristics of ten S-InSe based memristors.
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The Raman spectra of S-InSe and F-InSe are shown in the Supplemental
Figure S2. Compared with F-InSe, the phonon modes of S-InSe show a
red-shifted trend due to the tensile strain. Among them, the peak shift of
the E' mode is the largest, about 0.53 cm™". This is because the E' mode
is more sensitive to tensile strain than other phonon modes.

In Fig. 1d, a huge volatile resistance switching characteristic with a
large current ON/OFF ratio of about 10° is observed in S-InSe based
devices. As Vps undergoes positive sweeps ranging from 0 V to 7 V and
back to 0V, the channel resistance shifts from a high-resistance state
(HRS) to a low-resistance state (LRS). When Vpg sweeping negatively
(0V— -7V - 0YV), acomparable conversion trend from HRS to LRS is
observed. Furthermore, the current-voltage (I-V) characteristics of 36
other S-InSe based show large analog switching feature (Supplemental
Figure S3), suggesting a high yield (97 %) of S-InSe based memristors,
providing further confirmation of the reliability of large hysteresis
behavior observed in these devices. Among them, the standard for
determining the working of the device is that the ON/OFF ratio is
approximately 10* to 10°, and the hysteresis window is around 10°.

In order to better compare the differences in I-V characteristics be-
tween flat and suspended devices, we fabricated flat devices of which
central channel is not suspended against substrate but exhibits bending
between the contact electrodes. Channel widths are 1, 3, and 6 yum. The
left panel of the Supplemental Figure S4 presents the optical microscopic
image of the flat devices, and the right panel shows the I-V characteristic
curves corresponding to the flat devices at different channel widths.
When scanning back-and-forth in the — 7 -~ 7 V voltage range, the flat
multilayer InSe device displays very small hysteresis, and the mem-
ristive behavior could be ignored. Thus, compared with flat devices, the
stable large resistive switching behavior of S-InSe based devices is
associated with flexoelectric polarization induced by non-uniform strain
in bent flakes.

The PFM technique could precisely quantify static flexoelectric po-
larization of an analogue that are considered to be piezoelectric polar-
ization. [15-17]Fig. 2a exhibits PFM amplitude images of a S-InSe flake
with the ascending alternating current (AC) drive voltage (Vac) at 0, 2,
and 5 V. Line profiles of Fig. 2a is shown in Supplemental Figure S5.
When no drive voltage is applied, the piezoelectric response mapping of
the flat and suspended regions is the same. The piezoresponse amplitude
between the F-InSe and S-InSe sheets is significantly under non-zero

(2)
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driving voltage. Apparently, with the increasing of the driving voltage,
the amplitude of piezoresponse of the suspended area gradually in-
creases, while that of the flat area nearly unchanged.

This phenomenon implies that the amplitude signal does not derive
from the intrinsic piezoelectric effect of InSe flakes, but instead from the
flexoelectricity arising from the strain gradient. [15] The effective

out-of-plane piezoelectric coefficient (dgfsf) could further reflect the de-

gree of polarization, which is defined as: [18]dSh — &,

driven piezoelectric response displacement. According to the formula,

where Ap is the

the dggf coefficient is the slope of linearly fitted curves, as displayed in

Fig. 2b. The d<I coefficient at the center of the InSe channel exhibits a
maximum value about 9.6 pm V™!, which significantly surpasses the
intrinsic in-plane piezoelectric coefficient (d; = 1.98 pm V1) of InSe
flakes. [19] The cross section of bent 2D materials can be approximated
as a circular arc. [20] Obviously, the projection in the z direction of
intrinsic in-plane piezoelectric coefficient is zero at the center and
maximized at the endpoint. In our experiment, the depth and width of
the bent-InSe channel are about 83 nm and 1 um, respectively. Through
rough calculation, the maximum projection value of the dj; coefficient

in the z direction is about 0.592 pm V~!. This value is negligible

compared to the dgg coefficient (about 7.7 pm V1) obtained at the edge

of the curved InSe channel region. It indicates that the d<i coefficient of
S-InSe mainly comes from the flexoelectric effect. In Fig. 2c, the distri-

bution of d3 coefficients across the S-InSe channel decreases almost
symmetrically, reflecting that the flexoelectric polarization also presents
a symmetrical distribution in the S-InSe sheet. Therefore, the flexo-
electric polarization in bent InSe flake is the main reason for the huge
resistive switching behavior of the S-InSe based memristors.

Fig. 3a presents a form-free switching behavior that is set to a LRS in
both positive and negative sweeps at high voltage bias (+ 4, £ 5, + 6,
and + 7 V). The device relaxes back to a HRS after voltage removal,
indicating a volatile nature in switching mode driven by the horizontal
electric field. Fig. 3b depicts the I-V characteristics for 100 consecutive
cycles. The results indicate that the device maintains HRS to LRS con-
version with high repeatability. In contrast to the memristor based on
conductive-filament that affected by random device variability, our
devices present good analog switching characteristics with cycle-to-
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Fig. 2. The PFM measurements of the S-InSe device. (a) Images of the out-of-plane piezoelectric response of the S-InSe channel at 0, 2, and 5 V driving voltages. (b)
Statistical distribution of the PFM amplitudes at the driving voltages from 0 V to 5 V (left side) and the corresponding PFM amplitude as a function of AC voltage at x

= 1.6 and 2 ym (right side). (c) The d;g coefficient across the S-InSe channel.
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Fig. 3. Horizontal electric field-driven switching characteristics of the S-InSe device. (a) I-V curves of a S-InSe device with various sweep voltages. (b) Repeatable
switching I-V characteristics for a S-InSe device. (c) Histogram of the InSe memristor set voltages for negative (blue) and positive (green) sweeps, and the solid lines
are fits of the histograms with a Gaussian function. (d) The set voltages variability in the S-InSe based device.

cycle homogeneity. The set voltage histogram for positive and negative
sweep is shown in Fig. 3c. It presents a narrow distribution of set voltage
around + 2.2 V and a low degree of temporal variability. Through fitting
the set voltage histograms with the Gaussian curves, the variabilities of
the positive/negative set voltages (defined as &/|u|, 6 is the standard
deviation, and yu is the mean of the set voltage) are obtained to be 0.074
and 0.084, respectively, as presented in Fig. 3d.

The volatile memristive mechanism

An in situ KPFM is used to investigate the switching mechanism of the
volatile memristor due to the horizontal device architecture. Local sur-
face potential maps of S-InSe based devices can be provided by KPFM
images. [20] In actuality, the measurement of surface potential via
KPFM is the contact potential difference (CPD) that exists between the
sample surface and the tip. The contact potential difference (Vcpp) can

be written as Vepp = w, where e is the elementary charge, ¢sample
is the work function of the sample, and ¢y, is the work function of the
tip. Since the work function of the tip is the same during the measure-
ment, a larger work function means a smaller surface potential. In
Fig. 4a, upon initial state, the surface potential in the S-InSe region is
observed to be obviously lower than that at the F-InSe region. This in-
dicates the formation of a potential well. It indicates a greater contact
barrier in the case of the HRS state. The S-InSe region exhibits a higher
work function than the F-InSe region, resulting in a redistribution of
charge.

The flat n-type InSe flake exhibits an evenly distributed charge car-
riers, indicating a flat band structure (Supplemental Figure S6a). The
bands of S-InSe films suspended on the channel are rearranged under the
influence of non-uniform strain. Under the positive strain, the conduc-
tion band minimum (CBM) and the valence band maximum (VBM)
gradually move upward. However, with the application of negative
strain, the CBM and VBM gradually move downward. [21] In

S-InSe-based devices, the symmetrical curvature of the S-InSe channel
produces a positive strain at the point of symmetry. The presence of
positive strain induces both the VBM and CBM of S-InSe to shift upward.
Thus, as shown in Fig. 4a, two symmetric intramolecular hetero-
junctions with type II band alignment are formed. Obviously, the car-
riers will diffuse and reach equilibrium. The charge redistribution occurs
with the flexoelectric polarization. As the net negative charges amasses
in the central region, depletion zones are formed on both flanks, forming
built-in electric fields on both the left and right sides pointing to the
center region (E;: the built-in electric field pointing right; Eo: the built-in
electric field pointing left), as shown in Supplemental Figure S6b.
Therefore, the energy band of the S-InSe film is curved upward, and the
work function of F-InSe is smaller than that of S-InSe. This conclusion is
agree well with KPFM test results of the suspended InSe-based device in
the initial state.

In order to exclude the CPD difference between F- and S-InSe induced
by doping of the bottom electrode, we prepared F-InSe devices on the
bottom electrodes of different metals (Ag, Cu), as shown in the left panel
of the Supplemental Figure S7. Among them, the width of the channel is
1 ym. The InSe flakes with the same bending state (68 nm) were selected
for KPFM testing, as shown in the right panel of the Supplemental
Figure S7. It can be found that the InSe sheets with the same bending
state have similar band bending on different bottom metal electrodes,
and the difference in CPD between F- and S-InSe is consistent. Therefore,
the bottom electrode is undoped with InSe. The difference in CPD be-
tween F- and S-InSe is induced by the flexoelectric effect.

In addition, we further clarified the relationship the band bending
and morphology of the suspended region, as shown in the Supplemental
Figures S8-10. The degree of band bending can be further expressed by
the difference in CPD between F- and S-InSe. The greater the band
bending, the more obvious the CPD difference between F- and S-InSe.
When the InSe sheet with a thickness of 10 nm is suspended on a channel
of near 1 um, the deeper the bending depth, the greater the band
bending, as presented in the Supplemental Figure S8. The right panel of
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Fig. 4. In situ KPFM measurement of the memristive mechanism. KPFM images (top panel), surface potential distribution across the channel (middle panel), and the
corresponding schematic diagram of dynamic modulation of the contact barrier (bottom panel) of a InSe-based device at various voltage states of (a) Vpc = 0, (b) +

Vpe, and (c) — Vpc.

the Supplemental Figure S9 presents the surface potential distribution of
InSe sheets with a bending depth of 45 nm and a thickness about 10 nm
suspended on channels of different widths. The left panel is the corre-
sponding scan height map along the channel. It can be found that the
wider the channel, the smaller the band bend. When InSe sheets of
varying thicknesses (17 nm and 27 nm) with bending depths of 40 nm
are suspended on channels of about 1 um, the thicker the thickness, the
smaller the band bends, as shown in the Supplemental Figure S10.
Therefore, the band bending is related to the degree of strain experi-
enced in the suspension region. The larger the strain in the suspended
region, the more the VBM and CBM move upward,[21] resulting in
greater band bending.

Figure 4b shows the local surface potential of the InSe device when a
positive direct current voltage (4 Vpc) is applied. The barrier on the left
side of the channel is increased while that on the right side is decreased.
The variation in barriers originates from the dynamic tuning of the built-
in electric fields. Under the circumstance of applying + Vpc to the right,
the external bias is in the same direction as the built-in electric field E;
and opposite to Ey. At this point, E; is enhanced and E, is weakened
compared to the initial state. Thus, the left side of the channel presents a
strengthened barrier, while the right side displays a reduced one. It’s
reverse for the case of applying a negative direct current voltage (—
Vpo), as depicted in Fig. 4c. Therefore, the dynamic modulation of the
external Vp to the barrier of the S-InSe device is the main reason for the
memristive behavior.

The rectification-mediated switching behavior driven by a direct
current bias can be used to describe the switching process of the sus-
pended InSe-based devices. [22] The applied Vpc voltage gradually
modifies the degree of rectification of the device during the
rectification-mediated switching. The degree of rectification refers to

the forward/backward current ratio of the memristor at a given voltage.
A qualitative device model is proposed to describe such a switching
behavior, as illustrated in Fig. 5. In this particular model, the S-InSe
based memristor displays a symmetrical small-signal I-V characteristic
due to its symmetrical diode/S-InSe/diode structure, as presented in
Fig. 5a. We defined the analytical I-V characteristic obtained over a
voltage range that is relatively small well below the threshold as “Small
signal I-V”. It can be used as a property of the transport state of the
memristor that can be utilized to represent its instantaneous conduc-
tance state. When a positive voltage (4 Vp¢) is applied, there is an in-
crease of the rectification degree and the barrier of the left S-/F-InSe
diode, while those of the right diode decreases. The revised rectification
degrees for two diodes have been highlighted in different sizes, as
illustrated in Fig. 5b. It presents a corresponding croquis of the
small-signal I-V characteristics. This memristive condition is defined as
the “forward-diode state”. On the contrary, Fig. 5c displays the condition
of negative voltage (— Vpc), in which the degrees of rectification of the
right and left S-/F-InSe diodes are enhanced and reduced, respectively.
We refer to this state as the “backward-diode state”. The anticipated
DC-programmed switching characteristic profile is obtained from the
proposed device model, as shown in Fig. 5d. This switching behavior is
well in  agreement with the experimentally observed
rectification-mediated properties in S-InSe based memristors (Fig. 1d).

In addition, we explain in more detail the origin of the hysteresis
phenomenon in the I-V curve based on the band diagram. We assume
that when the voltage is M V, the corresponding current is I in the
forward sweep (O — B — C) and 14 in the negative sweep (C - A — O), as
shown in the Fig. 5. During the scanning of B — C — A, a positive electric
field greater than M V is applied to the S-InSe device all the time. In this
case, the external bias is in the same direction as the built-in electric field
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Fig. 5. A qualitative device model for the rectification-mediated DC program-controlled switching processes of the suspended InSe-based memristors. The process
involves three memristive states and the corresponding small-signal I-V characteristics: (a) initial state, (b) forward-diode state, and (c) backward-diode state. In this
proposed model, the F-InSe is depicted as two diodes in opposite directions sandwiched in the S-InSe channel. (d) Anticipated DC-programmed switching charac-
teristic curve. The small I-V characteristics of backward-diode and forward-diode states are shown by the green solid line and red solid line, respectively. The
switching process between the two states is represented by the dashed line. When the voltage is M V, the intersection points with the DC-programmed switch
characteristic curve during the forward and negative sweeps are B and A, respectively. Point C is the end point of the right edge of the curve.

E; and opposite to Ep. In the band diagram below the Fig. 4b, the barrier
on the left side of the channel further increases, while the barrier on the
right side further weakened. Under the circumstances, the band struc-
ture is more conducive to the migration of electrons. Therefore, during
the continuous scanning of B — C — A, the number of carriers in the loop
shows a continuous increasing trend. When the voltage returns to M V
again during the negative sweep, the number of carriers present in the
loop is larger, so I, is greater than Ig. Therefore, I-V curve show hys-
teresis during the continuous scanning of the bias voltage.

Multi-field perceptual artificial nociceptors

The threshold switching and relaxation feature of the volatile
memristor bear a resemblance to the biological counterpart, providing a
good candidate for artificial nociceptor. Here, we fabricated a multi-
field perceptual nociceptor based on the S-InSe based memristor.
Voltage and light pulses are applied to simulate the common behavior of
nociceptors under the tactile and visual systems. Fig. 6a displays the
working principle of nociceptors and the analogy of the biological
counterpart. Biological nociceptor is triggered by strong noxious stim-
ulus (suprathreshold) that could potentially injure tissues. [23-25] The
noxious signals (chemical molecules, mechanical stress, extreme tem-
peratures, etc.) picked up from free nerve endings will be incorporated
and transferred through the spinal cord (central nervous system) to the
brain, producing a reflexive exit from the noxious stimuli and a sense of
pain to prevent further exposure to such stimuli.

In the as-presented memristors, voltage pulses are applied to simu-
late the external stimuli. For artificial nociceptors, the trigger mecha-
nism depends on the magnitude and time of duration of the input
voltage pulse. In order to induce an active state of artificial nociceptors,
input pulses with varying amplitudes (A;,) and widths (W) are utilized as
external stimuli. Remarkably, the resting period between each test is
sufficiently long (10 min), enabling the full recovery of HRS in the
volatile memory. Under single-shot voltage pulses with the duration of
2 s, the memristor remains in the OFF state until an input pulse of 10 V is
applied, at which point the current will exceed the pain threshold (Iox =
2 uA), as shown in Fig. 6b. The output current increases steadily with an
escalating input stimulus, which aligns with a stronger pain index in a

sensory nociceptor triggered by a higher-intensity noxious stimulus. In
Fig. 6c¢, various pulse widths (W: 0.1 s «~ 3s) and a fixed stimulus
amplitude of 7 V are also administered to the artificial device. It turns
ON once the pulse width exceeds 3 s, and the output current rises with
further heightening of the pulse width, indicating the heightened
sensitization of the nociceptor device to the prolonged noxious stimulus.
This phenomenon agrees well with the fact that the neural system
cannot perceive pain from short-term external damage for a transient
period of time. In addition, we present the voltage input pulses corre-
sponding to Fig. 6b and c in Supplemental Figure S11 to show the delay.
The delay time for the device to respond to external stimuli is very short
and almost non-existent. However, if the noxious stimulus duration is
continually increased, the non-painful response turns into a pain-
perception event. [26] In order to establish with certainty whether the
nociceptor is evoked or not, Fig. 6d and Supplemental Figure S12 pre-
sent a 3D image of the current reaction to input pulses with varying
magnitudes and durations. It exhibits typical non-painful behavior
characteristics when stimuli are below the threshold plane, while it
displays pronounced pain perception when the external stimuli exceed
the threshold plane.

In cases where multiple voltage pulses are used, the output current is
heavily relies on the pulse amplitude and accumulated time. Fig. 6e
depicts the current response of devices to continuous multiple pulses (W:
2 s; interval At: 0.5 s) with various amplitudes (A, =5, 7, and 10 V). The
device remains in a HRS state after a series of 15 voltage input pulses of
5V and 2 s. As the pulse amplitude increases to 7 V and 10 V, the output
current exceeds the nociceptive threshold at the 8th and 1st input pulse,
and higher current levels are reached (Supplemental Figure S13). The
results present that the threshold characteristics of the memristive no-
ciceptor is strongly correlated with the pulse amplitude. To be more
precise, activating the nociceptor requires a large number of low-
intensity input pulses. Notably, as soon as the target current is
reached, the device will maintain high-conductance states by applying
an extra amount of voltage pulses. It suggests that the pain intensity is
fairly stable with negligible current fluctuations when repeatedly
inputting the same superthreshold stimuli.

In damaged tissues, the state of sensitized of nociceptors is evoked to
enhance pain sensitivity to extrinsic stimuli, leading to neuropathic
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Fig. 6. Voltage pulse responses of the suspended InSe-based memristor for mimicking common behaviors of the typical biological nociceptor. (a) A schematic image
of the typical biological nociceptor perceiving noxious stimuli in the neural system of a human body. (b) Current responses over a series of 2 s wide voltage pulses
with various amplitudes (1 — 10 V). Pain threshold current I,,x is 2 yA. (c) Current responses triggered by voltage spikes with various pulse durations of 0.1 - 3 s at
7 V. (d) A 3D image of the current as functions of voltage pulse amplitude and duration. Threshold plane: 2 yA. (e) Current response of a device to continuous
multiple pulses (pulse duration: 2 s; interval: 0.5 s) with different amplitudes (5, 7, and 10 V). (f) Current response after various injuries (8, 9, and 10 V). The current
at 7'V is recorded as the normal state. (g) The injured state of the memristor is induced using a noxious stimulus, and then pain assessment (current response is
assessed again at 7 V. A self-healing procedure of the wounded tissue is simulated by the fading switching dynamics.

pain-a lower threshold for pain activation (allodynia) and an enhance-
ment in the reactive pain index (hyperalgesia). Firstly, high magnitude
input voltage pulses (A, = 8,9, and 10 V) are used to induce a significant
change similar to a tissue damage of the memristor. The current
response at the input voltage (A, = 7 V) is recorded as a normal state.
Subsequently, the current response to 7 V input voltage is monitored to
assess the susceptibility of the impaired system. As displayed in Fig. 6f,
the injured nociceptor is more sensitive than the normal case, with
higher output currents and faster responses rate. This phenomenon in-
dicates that the artificial nociceptor is characterized by allodynia and
hyperalgesia. Furthermore, the fading switching dynamics is used to
simulate a self-healing procedure of the wounded organizations.
Noxious stimuli (A, = 8 V) are applied to evoke an wounded condition
of the memristor, after which pain assessment (current response) is
performed again at 7 V normal input after the At of 1, 5, 10, and 100 s

(Supplemental Figure S14). As shown in Fig. 6g, the wounded state
automatically recovers to the regular state within 100 s using the fading
property, similar to the self-healing abilityof the biolo gical counterpart.
Here, we successfully simulate the common behavior of nociceptors
under the haptic system by applying voltage pulses.

In a further step, we triumphantly mimicked common behaviors of
the photoexcited corneal nociceptor using light pulses on the S-InSe
based memristor, as presented in Fig. 7. The I-V curves of the repre-
sentative S-InSe device in dark and continuous illumination are shown
in the Supplemental Figure S15. When the S-InSe device is positive-
biased, the energy level near the left electrode shifts downward, and
the closer it is to the electrode, the greater the downward shift. As a
result, the left band offset is enhanced, while the right band offset is
attenuated or even reversed. The photogenerated carriers are rapidly
separated in the opposite direction and extracted by the electrode,
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Fig. 7. Light pulse responses of the suspended InSe-based memristor for mimicking common behaviors of the photoexcited corneal nociceptor. (a) The schematic
diagrams of human eye receptor and nociceptor system. (b) Photocurrent response of the S-InSe based memristor by applying light pulses with 300 ms width and
various pulse amplitudes from 5.2 to 30.9 mW/cm?. (c) Photocurrent response by applying a fixed light stimulus (10.3 mW/cm?) with various pulse widths (300 —
900 ms). (d) Current response to continuous multiple laser pulses (W = 300 ms, at = 200 ms) with various light intensities (2.3, 5.2, and 10.3 mW/cm?). (e) At the
end of the stimulation group, the photocurrents of the group of detection as a function of interval time at. (f) Schematic illustration of the “allodynia” and
“hyperalgesia” sensitized characteristics of the nociceptor with growing stimuli intensity in both uninjured and injured conditions. (g) Experimental photocurrents of
the memristor preceding and following pulse sequences, showing the appearance of allodynia and hyperalgesia characteristics.

resulting in a high photocurrent. In addition, since the mobility of
electrons in n-type InSe is significantly greater than that of holes, these
photoexcited electrons move considerably faster in the channel than
photoexcited holes. Over their entire life cycle, these electrons can cycle
through the circuit multiple times, resulting in high photoconductive

gain.

The visual processing is one of the fundamental and prominent
functions of the human brain, which is accomplished through the
prominent features of human's eyes. [27] The eye is a natural visual
processor and detector, which is composed of a multitude of nociceptors
and receptors. Of all categories of nociceptors, photoexcited corneal

nociceptor (PCN) stands as the first line of protection that protects the



M. Deng et al.

eye against harmful light stimuli and safeguards eyes against any
possible risks. Fig. 7a illustrates the PCN operating principle. Corneal
cells will release endogenous chemical mediators when harmful light
stimuli reach the cornea. Subsequently, electrical signals are generated
by the corneal nociceptor fibers triggered by endogenous chemical
mediators. The PCN determines whether an action potential is generated
by comparing the signal amplitude to its threshold. Once generated, the
action potential is delivered to the brain through the central nervous
system. The corneal nociceptor is activated under the circumstance of a
higher signal level than the threshold, and then transmits the pain signal
to the central nervous system, inducing reactions like tears and pain.

The occurrence of PCN in biological systems greatly depends to a
large extent on the duration width, magnitude and aggregate amount of
harmful light stimuli in the outside environment. [28] Hence, laser
pulses with various amplitudes (P), widths, intervals, and counts are
applied on the S-InSe channel to simulate the external stimulation of
nociceptors. The photocurrent amplitude of the S-InSe channel is
considered to be the response of the PCN to external stimuli. Note that
the photocurrent amplitude of 10 nA is referred to as the “threshold
line” (Ity) of the PCN. That is to say, the PCN is “activated” and initiates
the warning program once the photocurrent reaches/surpasses the Iry.
Fig. 7b exhibits that the device photocurrent does not exceed the
threshold line until the light power reaches 15.5 mW/cm?, which is
referred to as the triggered-threshold power (P1). The pulse power above
Pr is regarded as effective (invalid) stimuli. With increasing the laser
pulse power, the photocurrent amplitude increases steadily. The result is
similar to the triggering behavior of PCN: the PCN response intensity
grew with the higher intensity of the harmful light stimulus, and the
nociception generated by the central nervous system is more pro-
nounced. Fig. 7c shows that a longer pulse width results in a larger
output current. This phenomenon is similar to a biological procedure:
the PCN is irritated when it is stimulated for a brief period of time by a
mildly harmful light stimulus, it is not activated, at which point the
central nervous system fails to detect the pain signal. With increasing the
duration of stimulation, the PCN is excited and the central nervous
system reacts to the pain signals, which in turn produces painful feeling.
In Fig. 7d, the device cannot be “activated” at each power of a single
laser pulse (ineffective stimulus), while the photocurrent amplitude
gradually rises above the threshold line as the number of laser pulses
increases. In addition, the time needed to reach the threshold line be-
comes shorter with increasing light power. This is analogous to PCN
behavior in which continuous exposure to a mild noxious stimulus could
also trigger activation of the PCN response. The photocurrent enhances
with the raising pulse number after exceeding the threshold line,
without any relaxation and attenuation. The results present that the PCN
has the feature of “no-adaptation”, which is an essential function for the
protection of the visual system.

The relaxation property is another important behavior of PCN to
further reinforce the eye protection from secondary injuries. [29] The
PCN moves into the relaxation period after removal of the noxious light
stimulus, at which time the noxious light stimulus lower than the
threshold of triggered will also re-activate the PCN. That is to say, even a
slight noxious stimulus produces more painful feeling before the pre-
ceding pain is fully gone. The photocurrent nicely mimics the relaxation
characteristic of PCN (Supplemental Figure S16). Fig. 7e exhibits that
the photocurrent triggered by the inspection set has a time-dependent
relaxation property. It declines with increasing the time interval. The
excitability falls below the threshold line if the interval time is pro-
longed sufficient. Otherwise, the photocurrent response induced by the
detection cluster still “activate” the device, producing a noticeable
“pain”.

Furthermore, the main feature of the PCN is to exhibit “allodynia”
and “hyperalgesia” behaviors. In the case of the eye exposed to intense
ultraviolet light, the cornea will be painful and develop photokeratitis.
Following cornea injured, inflammatory mediators produced by
wounded corneal cells motivate the PCN to shorten the threshold
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(allodynia) while increasing the response intensity (hyperalgesia), as
indicated by the arrows in Fig. 7f. Here, the application of sequence of
20 light pulses (P = 15.5 mW/cmz, W = 300 ms, At = 200 ms) to the S-
InSe channel is used to simulate the wounded condition (Supplemental
Figure S17). The photocurrents of the individual laser pulse of varying
light power preceding (uninjured state) and following (injured state) the
pulse sequence are represented by the blue and red lines in Fig. 7g,
respectively. In the “uninjured” state (pre-pulse trains), the device
response enhances with the pulse power. However, in the “injured” state
(following the pulse trains), the device displays significantly greater
photocurrents over the full range of the application of the laser power.
At the same time, the Pt moves to the side that is lower, which indicates
that a lesser Py is required to activate the “injured” device. Therefore,
the S-InSe based memristor successfully simulates the hyperalgesia and
allodynia properties of the PCN.

Conclusion

In summary, we have novelly proposed a general strategy for con-
structing lateral memristors based on flexoelectric effect, taking sus-
pended InSe flakes as the representative 2D material. Compared with the
SiOy-supported InSe device, the suspended InSe-based memristor dis-
plays remarkable resistive switching characteristics including a large
ON/OFF ratio of 10°, forming-free operation, up to 97 % yield, and
7.4 % cycle-to-cycle variation. The S-InSe region has a significantly
reduced surface potential compared to the flat region, which is related to
charge redistribution. The deviation of the surface potential between the
suspended and flat zones lead to a potential barrier. The dynamic
tunable barrier of the S-InSe based device by the external DC bias
voltage is the primary reason for the resistive switching characteristics.
In a further step, a qualitative device model is proposed for the first time
to explain the switching processes of the suspended InSe-based mem-
ristor. Finally, key functions of the artificial nociceptors under electric
and light fields, including threshold, relaxation, “no adaptation”, and
sensitization, are successfully simulated. This study promotes the
progress of the 2D materials-based lateral memristors, meanwhile
providing fresh approaches for bionic medical machines and humanoid
robots based on pain-perception abilities.

Materials and methods
Suspended InSe-based device fabrication

Electron beam lithography (EBL, Pioneer Two, Raith) technique was
employed to fabricate the patterned substrates on n *-Si with 280 nm-
thick SiO,. The 2 nm/150 nm Ni/Au electrodes were evaporated via a
thermal evaporator. The channel length is designed between 1 « 2 ym.
The few-layered InSe flakes were prepared using the mechanical exfo-
liation method with a blue tape (Shanghai Onway Technology Co., Ltd)
from bulk InSe single crystal (SixCarbon technology, Shenzhen), and
then transferred onto electrodes with an accurate transfer platform
(Metatest, E1-T). After dry transfer, the layered InSe flakes were sus-
pended within a space between the electrodes, forming a suspended
atomic layered structure.

Flexoelectric polarization measurements

The commercial atomic force microscopy (AFM) system (Dimension
Icon, Bruker) were used to measure the surface topography and thick-
ness of bent InSe nanosheets. The piezoelectric response is detected
through PFM in the contact mode by means of a conductive “SCM-PIT”
tip with a Pt/Ir coating. The “SCM-PIT” tip exhibits a tip radius of
approximately 20 nm, a resonant frequency of around 75 kHz, and a
force constant about 2.8 N/m. In PFM measurements, in order to
effectively avoid the contact resonance, the Vy¢ frequency was set to
15 kHz. PFM tests of the bent InSe channel were performed at different
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drive voltages, where Vyc = Vpc + Vocos(wt). Vy is the ascending drive
voltage, Vac and Vpc are the magnitude of the applied alternating cur-
rent and direct current drive voltage, respectively.

Measurements of in situ KPFM

In-situ switching procedure of the suspended InSe-based memristors
was explored by a 2400 digital source meter unit combined with the
Peak-Force based KPFM system (Dimension Icon, Bruker). We set the
drive routing at the tip. The rate is 0.6 Hz and the lift scan height is
60 nm. Connected the memory cell to the 2400 digital source meter unit
via a copper strip that was conductive. The voltage was biased at a
constant voltage of 2 and — 2V, respectively. All KPFM images were
acquired using a “SCM-PIT” (Bruker) tip.

Artificial nociceptor device measurements

The electronic and photo-electric measurements of the bent InSe-
based memristor were carried out at room temperature by the Keith-
ley 4200-SCS semiconductor parameter analyzer in a high-vacuum
environment (-~ 107° Torr). All measurements were taken in dark con-
ditions exposed only to the target light source. A commercial light-
emitting diode with an illumination wavelength of 405 nm (Thorlabs,
Inc.) was employed for the photo-electric measurements. Utilizing a
laser diode or a temperature controller (ITC4001, Thorlabs, Inc.) to
control the light pulses with adjustable power intensity, pulse width,
and frequency.
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