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Universal Core—-Shell Nanowire Memristor Platform with
Quasi-2D Filament Confinement for Scalable Neuromorphic

Applications

Enxiu Wu,* Yue Wang, Shida Huo, Junxi Xu, Ming Sheng, Hongsheng Liu, Li Zhong,

Junfeng Gao,* Yuan Xie,* and Caofeng Pan*

Memristors are central to the advancement of nano-electronic and neuro-
morphic systems due to their fast-switching speed, low power consumption,
and compatibility with CMOS technology. However, the stochastic formation
of conductive filaments (CFs) in filament-based memristors remains a major
obstacle, leading to significant variability in switching performance. Here,

a novel memristor architecture that combines spatial confinement precision
with fabrication simplicity is proposed; a core—shell silver nanowire structure,
consisting of a highly conductive Ag core wrapped in a polyvinylpyrrolidone
(PVP) shell. This 1D nanowire serves both as the active electrode and as

a geometric scaffold that constrains CF growth within a quasi-2D plane. The
resulting device demonstrates excellent electrical performance, including a low
threshold voltage (0.22 V), high switching uniformity (coefficient of variation
<15%), and ultra-low power consumption (=400 pW). Molecular dynamics
simulations reveal the spontaneous rupture behavior of CF and establish

a correlation between filament dimensions and their temporal stability.
Furthermore, the system emulates key nociceptor-like functionalities—such
as threshold triggering, relaxation recovery, and sensitization—highlighting
its neuromorphic potential. This work establishes a versatile structural
platform for precise nanoscale CF control using a structurally simple
core—shell nanowire architecture, offering broad applicability across device
formats for energy-efficient, neuromorphic-compatible memristive electronics.

1. Introduction

Memristors have emerged as a key enabling
technology in advanced nanoelectronics
and neuromorphic computing due to their
high speed, scalability, low power con-
sumption, and compatibility with CMOS
processes.'™#l Among various memristor
types, devices based on the migration of
reactive species (e.g., silver atoms, oxygen
ions, vacancies) and the formation of con-
ductive filaments (CFs) in dielectric layers
have shown the most rapid progress.>=I
However, accurately controlling the posi-
tion and number of these filaments re-
mains a critical challenge, resulting in sub-
stantial variability in switching thresholds.

To mitigate this issue, spatial confine-
ment strategies have been proposed to
guide CF formation along predefined
paths, thereby enhancing switching unifor-
mity. One promising route is employing
one-dimensional (1D) nanowire planar
structures to guide filament growth along
a defined path.*** While 1D-structured
memristors offer enhanced filament
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confinement and tunability, filaments formed via oxygen
vacancy migrationoften exhibit excessive length,>78 lead-
ing to high power consumption and slower switching speed.
Additionally, internal defects and environmental fluctuations
introduce reliability issues.'2*1 Other employ strategies which
constrain the growth area using tailored electrode geometries or
interface modifications.['?>*?° For instance, vertically stacked
structures with reduced electrode overlap confine the conductive
region into a smaller volume.3*2] Dang et al. introduced a
mortise-tenon-shaped (MTS) architecture, embedding h-BN into
the HfO, switching layer to localize filament growth, achieving
improved device consistency with only 2.5% cycle-to-cycle and
6.9% device-to-device variation.®*] Similarly, Li et al. designed
nano-cone electrodes to control the nucleation and growth of
silver filaments, thereby reducing stochastic variability.**] While
these structures can effectively improve CF localization and
consistency, their fabrication often requires precise pattern-
ing, multi-step deposition, or material integration strategies,
increasing the overall manufacturing complexity and limiting
scalability.

To address these limitations, we propose a novel yet
fabrication-friendly strategy: the integration of a 1D metal
nanowire as an active electrode to confine CF growth within a
quasi-2D plane. This approach simplifies the device architecture
while maintaining high spatial control over filament formation.

In this work, we report a high-performance memristor based
on a core—shell silver nanowire, comprising a highly conductive
silver core and an ultrathin polyvinylpyrrolidone (PVP) shell. The
PVP layer not only stabilizes the nanowire formation but also
serves as an ultrathin dielectric interface that bridges interfacial
defects. The complete device structure—metal/ultrathin dielec-
tric/1D metal nanowire—demonstrates excellent electrical char-
acteristics: a low threshold voltage (0.22 V), consistent switching
behavior (coefficient of variation <15%), and ultra-low switching
power consumption (~400 pW). Furthermore, the device exhibits
both volatile and nonvolatile switching modes, expanding the
range of applications. Molecular dynamics simulations reveal the
dynamics of spontaneous conductive filament rupture in the ab-
sence of an electric field and establish the correlation between fil-
ament size and lifetime. Additionally, the system replicates essen-
tial features of biological nociceptors, such as threshold-triggered
response, relaxation recovery, and sensitization—demonstrating
the potential of this structure for neuromorphic applications.
This work presents a generalizable strategy for deterministic CF
confinement that integrates high spatial precision with man-
ufacturing simplicity. By utilizing a 1D nanowire-based core—
shell design, it establishes a universal platform applicable to a
wide range of switching materials and device geometries, advanc-
ing the scalable design of low-power, bioinspired memristive
electronics.

2. Results and Discussion

The 1D silver nanowire electrode confines CF growth within the
vertical plane via nanoscale structural confinement. This spa-
tial confinement suppresses stochastic CF formation, thereby
stabilizing threshold voltage (V) distribution (Figure 1a). The
stochastic formation of conductive filaments between planar
metal electrodes induces significant threshold voltage fluctua-
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tions. In contrast, implementing 1D metallic electrodes sup-
presses V, variation substantially while simultaneously reduc-
ing the absolute V, value (Figure 1b). Structural characterization
confirms that the nanowire comprises a metallic Ag core coated
with PVP,[53¢ forming a core-shell configuration (Figure 1c).
This organic encapsulation layer, as revealed by energy-dispersive
X-ray spectroscopy (EDS) and TEM (Figure 1d.,e). Additional
physical characteristics of the nanowire devices can be found in
Figure S1 (Supporting Information). In previous studies, PVP
functions not only as a surface stabilizer®”! but also as a func-
tional tunneling layer, enabling memristive behavior in the verti-
cal configuration.!8

The switching behavior of this device originates from the
nanoscale electrode-nanowire junction. As schematized in
Figure 2a, equally spaced Au electrodes (denoted A, B, C from
left to right) align parallel to the silver nanowire. Through uni-
directional voltage scanning applied across the two gold elec-
trodes (A and B) on the nanowire, the negative electric field
drives Ag* ions through the insulating PVP encapsulation. Sub-
sequent ion recrystallization forms a conductive bridge connect-
ing the nanowire core to the electrode at electrode B. Conversely,
at electrode A, the absence of a conductive channel between the
other electrode and the nanowire results in high contact resis-
tance, leading to the accumulation of joule heat. This thermal
effect induces physical desorption of the PVP layer and triggers
electromigration-induced welding at the contact end. Thus, this
operational mode differentiates the electrode functions into the
active end and the contact end.

To evaluate the stability of electrically formed contact and func-
tional terminals, we designed a three-electrode test configuration
by incorporating a third electrode (denoted as C) into the device
architecture. High-voltage electroforming established direct core
contacts at terminals A and C, bridging the Au electrodes to the
Agnanowire core. Terminal B constitutes the functional element,
forming a metal-insulator-metal (MIM) structure with Au-PVP-
Ag core layering.

To investigate temperature effects on PVP layer properties, we
characterized device electrical performance under incremental
annealing temperatures (Figure S2, Supporting Information).!*!
Physical desorption has been shown to be a significant phe-
nomenon at ~100 °C, while contact has been observed to un-
dergo partial enhancement, resulting in a reduction in V. An-
nealing at elevated temperatures has been shown to promote des-
orption, concurrently inducing PVP decomposition. This process
does not induce a resistive state transition, exhibiting only neg-
ligible hysteresis. Following the annealing process at 200 °C, the
decomposition of the PVP shell layer in proximity to the device
electrodes facilitates the formation of a direct contact between the
nanowires and the electrodes, transitioning the device to a persis-
tent low-resistance state.

We characterized device electrical properties using a semicon-
ductor analyzer to validate contact reliability. Figure 2b—d shows
the I-V characteristics of different electrode pairs: (A-B) and
(B-C) on the device under 0 V-1 V-0 V-1 V-0 V voltage
sweep. A 1 uA compliance current protected the device during
testing. During forward biasing (0 V—1 V), the device maintains
ahigh-resistance state (HRS) until 0.4 V, where current abruptly
rises to compliance level, transitioning to a low-resistance
state (LRS) for the remainder of the sweep. Reverse biasing
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Figure 1. 1D silver nanowire memristor structure. a) A schematic representation of the limiting effect of using a 1D metal electrode on the growth of CF.
b) A schematic diagram of threshold voltage fluctuation reduction by CF control. c) A schematic diagram of the silver nanowire structure, the nanowire
diameters used in the experiments were 60 nm, and the length distribution varied from 5 to 20 um. d) The elemental analysis by energy spectrometer
of a single nanowire with a scale of 700 nm. e) Transmission electron microscopy (TEM) shows that the surface of the silver nanowire is covered with a

5-10 nm thick, irregular but continuous PVP layer.

(0 V>—1V) exhibits identical switching behavior with symmet-
ric threshold voltages concentrated at 0.4 V over multiple cycles.
This bipolar threshold switching confirms conductive channel
formation in the MIM structure. Figure 2c further demonstrates
stable LRS establishment at terminals A and C, where direct
Ag nanowire-electrode contacts yield minimal contact resistance
during wide-voltage scans (+10 V), verifying contact stability. As
shown in Figure 2e, the silver nanowire memristor demonstrates
good consistency in the device-to-device variation test due to the
stable shell PVP.

Bidirectional volatile switching occurs in symmetric-structure
devices. At the functional terminal with asymmetric Ag-PVP-
Au electrodes (Figure S3, Supporting Information), this phe-
nomenon arises from silver atom accumulation forming conduc-
tive filaments near the Au electrode interface within the organic
encapsulation layer. During Stage I (forward bias), field-driven
Ag* ion migration from the Ag core toward the Au electrode es-
tablishes stable conductive pathways. Upon field removal, fila-
ment rupture occurs, with surface diffusion causing Ag cluster
aggregation on both Ag core and Au electrode surfaces. During
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Stage III (negative bias), reverse migration of Ag clusters near
the Au electrode reforms conductive pathways, enabling bidirec-
tional volatile switching.

The device exhibits symmetric volatile switching behavior un-
der low compliance current, as demonstrated by the bidirectional
I-V characteristics in Figure 3a. During the forward voltage sweep
from 0 to 0.5 V, the device remains in a high-resistance state
(HRS) until the voltage reaches ~0.4 V. At this threshold, a tran-
sition to the low-resistance state (LRS) occurs, constrained by a
compliance current of 1 pA. This switching event features a steep
activation slope of 12 mV dec™!, indicating the onset of CF forma-
tion. As the voltage is swept back from 0.5 to 0V, the device ini-
tially maintains the LRS. When the voltage drops to 0.2V, the re-
sistance sharply increases, restoring the original HRS. This tran-
sition suggests that the conductive filament spontaneously rup-
tures upon removal of the external electric field. A similar transi-
tion is observed during the reverse voltage sweep, confirming the
symmetric and volatile nature of the switching behavior. Repet-
itive cycling over 200 test iterations confirm consistent switch-
ing near +0.4 V (V,,), attributed to field-driven migration of Ag
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Figure 2. Structure characteristics of the NW memristor. a) Schematic diagram of the device with three contact areas A, B, and C. The contacts A and
C are nuclear contacts connected to the inner core, and the contact B is located at the top of the PVP. b—d) I-V characteristics of the device with three
different inter-electrode combinations. The inset in the figure shows the electrode combinations used for testing. e) Device-to-device distributions of V,

for the Ag NW memristors.

ions through the PVP layer and subsequent rupture via surface
diffusion once the field is removed. The electrical characteristics
of the device at different compliance currents can be found in
Figure S4 (Supporting Information).

The device’s switching thresholds are statistically confined, as
shown in Figure 3b. Across 200 cycles, threshold voltages are
distributed in the 0.22-0.67 V and —0.21-0.66 V ranges for for-
ward and reverse directions, respectively. Coeflicients of vari-
ation 14.3% (forward) and 14.9% (reverse) highlight relatively
low cycle-to-cycle variability. The device exhibits exceptionally low
power consumption. The static (standby) power is 50pW, calcu-
lated by Pgnaby = Lurs X Viead» Where Ijpg = 500pA and V,,q =
0.1 V. The dynamic (set) power consumption is calculated by
P =1 XV, yielding 0.4 yW with I. =1 pA and V,,, = 0.4 V.
This combination of ultralow standby and operational power con-
sumption, together with a high on/off resistance ratio exceeding
10°, highlights the energy efficiency of the switching behavior. As
further illustrated in Figure 3c, both resistance states become in-
creasingly uniform over cycling, converging ~10'°Q(HRS) and
~10°Q (LRS), confirming the reliability of filament formation
and rupture within the PVP-encapsulated silver nanowire struc-
ture.

As the current limit increases, the switching mode evolves.
Figure 3d demonstrates that at 10, 100 nA, and 1 pA, the device
consistently returns to HRS upon voltage removal, confirming
volatile switching behavior under sub-microampere compliance.
This behavior originates from insufficient filament stability at
low current levels, which prevents CFs from persisting beyond
the applied field. Consequently, increased threshold fluctuations
and instability are observed. Above the 1 pA threshold, devices
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exhibit a transition toward nonvolatile switching. As indicated in
Figure S5 (Supporting Information), the value of the compliance
current I - controls the device behavior, where switching becomes
increasingly volatile as I is decreased.

Nonvolatile switching characteristics are confirmed at 1 mA
compliance (Figure 3e). The device switches into LRS at ~0.8 V
and maintains this state until reset. Resetting requires a negative
bias of ~—0.8 V, with current limits removed. Two CF disrup-
tion mechanisms were observed. Under high current, a gradual
reset process lowers current to the microampere level before re-
turning to zero. Under lower currents (Figure S6, Supporting In-
formation), the collapse is abrupt and leads to immediate HRS
at —0.5 V, reflecting the fragility of thin CFs. Long-term reten-
tion data further validates device reliability. Figure 3f shows that
both HRS (x10'° Q) and LRS (~10* Q) remain stable across a
2k-second test and after a 24-h interval. No significant resistance
drift or switching degradation is observed. This durability re-
flects the robust CF dynamics enabled by the core—shell nanowire
structure and supports potential applications in crossbar arrays
and neuromorphic circuits.

When operated in a volatile switching mode, the device ex-
hibits zero sustaining voltage and spontaneously relaxes to HRS
upon removal of the voltage sweep. Under low current-limit con-
ditions, the device exhibited volatile switching behavior charac-
terized by the inability to maintain a conductive state after volt-
age removal. This transient response originates not from a fun-
damentally different switching mechanism but from a reduced
CF lifetime. Previous studies suggest“°*?] that both volatile and
nonvolatile switching modes stem from the same filamentary
dynamics, with the key distinction arising from differences in
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Figure 3. Electrical characteristics of the NW memristor. a) Bidirectional volatile switching of the device over a scan voltage range of —0.5 to 0.5 V in
logarithmic scale. Voltage sweep paths are shown from 1to 4. b) Cumulative probability distribution of the threshold voltage with coefficients of variation
of 14.9% and 14.3%, respectively. c) Resistance distribution of the device in high and low resistance states over 200 test cycles at V,.,q = 0.1V. d) Typical
-V curves of the device at different compliance current (CC). ) Nonvolatile RS mode of the device at high limiting current. f) Retention characteristics
of the HRS and LRS of the nonvolatile device for up to 88000 seconds at a 0.1V read voltage.
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Figure 4. MD simulation of surface diffusion. a—c) MD simulation results of Ag nanoscale CF between two electrode plates for three periods of time
att =0, 300 ps and 450 ps. d) Conducting filament model and bottleneck region diameter markers used for simulation. e,f) Cross-sectional view of
CF at 100 ps and typical trajectories of individual atoms along the z-direction in which block atoms (A,C), surface atoms (B,D) and bottleneck atoms
(E,F) are located. g) The following observations were made on the energy relaxation of the MD-simulated filaments: the total energy evolution curve with
simulation time was measured. h) Filament lifetime as a function of normalized diameter for different electrode materials.

thermodynamic stability and filament persistence. Metal CF life-
times are found to be strongly influenced by the self-diffusion
of surface atoms.[*~*] Gradients in the concentration of surface
atomic vacancies have been shown to lead to the migration of
atoms on the CF surface in the direction of surface area mini-
mization. This, in turn, has been demonstrated to result in the
aggregation of metal atoms and, ultimately, to CF rupture. More-
over, recent in situ transmission electron microscopy (TEM)!#6:47]
observations demonstrate that Ag and Cu atoms from conducting
filaments exhibit a propensity to form clusters without diffusing
into the dielectric material.

To clarify the rupture mechanism, molecular dynamics (MD)
simulations were conducted using the embedded atom method
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(EAM) to investigate atomic-scale evolution driven by surface dif-
fusion. The simulation model consisted of a silver filament po-
sitioned between a gold top electrode and a silver bottom elec-
trode, mimicking the vertical configuration of nanowire-based
memristors. The system temperature was set to 800 K to ac-
celerate morphological changes. As shown in Figure 4a—c, a
narrow conductive neck with a diameter of ~0.4 nm forms
at 0 ps under an applied electric field. By 300 ps, signifi-
cant atomic mobility is observed at the filament surface, ini-
tiating structural deformation. At 450 ps, the filament com-
pletely ruptures, separating into two discrete silver clusters an-
chored at the respective electrode interfaces. The geometric
model is illustrated in Figure 4d, comprising two truncated
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cones joined at the narrowest point (d,), where rupture is
initiated.

Figure 4e,f reveals the spatial mobility of individual atoms
within the filament structure. Atoms A and C, located in the in-
ner filament core, remain nearly stationary over 450 ps. In con-
trast, surface atoms B and D migrate toward the electrodes, grad-
ually destabilizing the structure. Bottleneck atoms E and F ex-
hibit lateral displacement, ultimately resulting in filament disin-
tegration. These results indicate that surface-driven atomic dif-
fusion is the primary mechanism underlying filament instabil-
ity, consistent with classical models based on chemical potential
gradients.[*8]

Figure 4g provides a quantitative analysis of potential energy
evolution during filament rupture. At point A, the applied elec-
tric field induces neck formation, causing a slight increase in sys-
tem energy due to tensile strain. At point B, the onset of surface
atom rearrangement leads to a sharp energy drop of ~126.4 eV,
signifying filament breakage. By point C, the system reaches a
stable state, forming two isolated Ag clusters, and the total en-
ergy plateaus. These transitions confirm that spontaneous fil-
ament rupture is energetically favorable and driven by surface
diffusion.

To investigate the size dependence of filament stability, fila-
ments with bottleneck diameters ranging from 0.4 to 2.4 nm
were simulated. The results reveal that increasing the bottle-
neck diameter markedly prolongs rupture time, demonstrating
a strong size-dependent stability. As shown in Figure 4h, fila-
ment lifetime increases nonlinearly with the bottleneck diameter.
For d, = 2 nm, the filament lifetime reaches 180 ns. This trend
is consistent across both gold-silver and silver-silver electrode
systems, validating that memristive switching mechanisms are
fundamentally similar between single nanowire devices and their
networked counterparts. Additional simulations using symmet-
ric Ag electrodes (Figures S7-S9, Supporting Information) fur-
ther corroborate this conclusion.

Injury receptors, a critical subclass of sensory receptors, are
specialized to detect noxious external stimuli and trigger pro-
tective motor responses via action potentials transmitted to the
central nervous system (Figure 5a).1*!] This process serves to
minimize physical damage by activating only when stimuli ex-
ceed a defined threshold. Unlike most sensory receptors, in-
jury receptors exhibit no adaptation to sustained stimuli; their
sensitivity does not decrease over time. Upon exposure to ex-
cessively intense stimuli that cause tissue damage, these recep-
tors undergo sensitization, characterized by a lowered response
threshold and heightened output intensity—phenomena known
as nociceptive hypersensitivity and anomalous pain, respectively
(Figure 5b).5%53]

To emulate this behavior in a nanowire memristive device,
electrical pulses with varying amplitudes, durations, and counts
were applied as external stimuli. When a 50 ms pulse was ap-
plied (Figure 5c), the device remained in an inactive state un-
til the pulse amplitude reached 0.8 V, at which point it exhib-
ited a current of ~800 nA. Beyond this threshold, further in-
creases in amplitude induced a sharp rise in current, mimick-
ing biological activation. A sufficient interval between individual
tests ensured that the device returned to equilibrium before each
measurement.
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Using a fixed amplitude of 1V, the current response became
stable as the pulse width reached 40 ms, and both current mag-
nitude and duration further increased at 50 ms (Figure 5d). This
response parallels the biological relationship between stimulus
duration and perceived pain intensity. Additionally, the current
response depended on the number of applied pulses. Repeated
stimulation with 50 ms pulses of increasing voltage (Figures S10
and S11, Supporting Information) revealed that the output cur-
rent stabilized after initial fluctuations. CF formation, influenced
by pulse duration and strength, established a stable connection
between the top electrode and the nanowire core. Once formed,
this CF maintained a consistent current response regardless of
continued stimulation. This non-adaptive behavior resembles the
maladaptive characteristic of biological injury receptors, which
persistently fire in response to prolonged noxious input.

The process of eliminating a noxious stimulus so that the sig-
nal from the damaged receptors in the body disappears is termed
“relaxation”. As demonstrated in Figure 5e, an activation pulse
with an amplitude of 1 V and a pulse width of 50 ms is initially
applied to the device to facilitate its conductivity. Subsequently, a
read pulse (0.6 V, 50 ms) is applied, and the current response of
the device is recorded after various intervals of 10-200 ms. This
relaxation process is analogous to that of biological injury recep-
tors, which require a period of time to return to their undamaged
state following trauma.

Sensitization in biological nociceptors is a protective response
that enhances receptor sensitivity post-injury. This behavior com-
prises two key nociceptive phenomena: nociceptive hypersensi-
tivity manifested as exaggerated pain response to noxious stimu-
lation, and allodynia presenting as pain perception triggered by
normally nonpainful stimulation. These phenomena were suc-
cessfully replicated in the device using pre-damaging pulses at
2 and 3 V magnitudes, followed by stimulus pulses with am-
plitudes ranging from 0.4 to 1.2 V. The current response was
recorded over 30 s after the initial injury pulse (Figure 5f). De-
vices in the sensitized state showed elevated current responses,
which scaled with the degree of prior damage (Figure 5g). For a
1V test pulse, the current rose from 56 pA (undamaged) to 230
and 480 uA after 2 and 3 V injuries, respectively. Furthermore, the
device’s threshold voltage shifted to lower values (Figure 5h), in-
dicating enhanced sensitivity akin to biological nociceptors. This
behavior closely mirrors the pathological characteristics of sensi-
tized pain perception.

3. Conclusion

We have developed a core—shell silver nanowire-based memris-
tor that achieves precise spatial confinement of conductive fil-
ament growth through a fabrication-friendly architecture. This
1D structure, consisting of a conductive Ag core and an ultrathin
PVP shell, enables highly uniform and energy-efficient switch-
ing behavior. The device exhibits a low threshold voltage (0.22 V),
excellent switching consistency (coefficient of variation <15%),
and ultralow power consumption (~400 pW), addressing key lim-
itations of stochastic filament formation in filamentary mem-
ristors. Molecular dynamics simulations elucidate the mecha-
nism of filament rupture and correlate filament dimensions with

© 2025 Wiley-VCH GmbH

85UB01 7 SUOLLLOD A1 3[ded! dde Uy Aq pauenob ae Sapile VO ‘85N JO 3N oy Akeiqi 18Ul UO A8 ]I LD (SUONIPUOD-PUE-SWLBIALID"AB | IM Afe.d1jBu [Uo//Sty) SUORIPUOD pue SWLB | 8U 89S *[6202/60/ST] Uo AriqiTauliuo A|im ‘(eeng) Aisieaiun Bueyed Aq 9/8TSZ02 WiPe/Z00T OT/I0P/W00 A8 |1 Aeiq1jpuljuo"peoLeApe//sdiy wouy papeojumod ‘0 ‘82089T9T


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED ADVANCED
SCIENCE NEWS MATERTALS

www.advancedsciencenews.com www.afm-journal.de

Stimulate b
Normal state Damage state

Signal of injury

Nociceptors

500
c1 5 l02 - d o8y ——10ms
ZP L read
1re I . ——100ms
| i} 1400 ———200ms
! 0.8}
- 0 460 20
5 4300~ <
= 1480 1520 1560 1600 < < <
5 33061 33
4 s 40 g 515
S 120038, | 33
10+
4100 120
02} 5L
80 0 40 0Ok m .
T T T 7 T T T T T T
0 500 1000 1500 2000 0 500 1000 1500 2000 0 100; 200 800 400 500
Time(ms) N Time(ms)
f Time(ms)
1072 g7 T T T T g h 107 F
10 —e— 0V injury 1x107 | 3V injury 2 Iy
107, N 2V injury - 2V injury
10—3-‘0% —e— 3V injury I OV injury E I OV injury
X | 8 8x107 - < 10"
10" 1'H L
= i z §
< il S o107 - 5 10
E 10+ i 8 8
8 i 5
o i © xro | 167
1074 ] i
i ; Hyperalgesia e
. 1 2x107
107 4 il
il 107
10784, . i . L 04 0?6 org 1 12 0.4 0.6 0.8 1 12
0 500 1000 1500 2000 Voltage(V) Voltage(V)
Time(ms)

Figure 5. Nociceptive characteristics of the NW device. a) When the body is subjected to a noxious stimulus, the receptors produce the sensation of pain
and transmit it to the nerve centre. The injury receptor system in the body corresponds to the artificial injury receptor circuit consisting of a diffusion
memristor (threshold switch). b) Schematic representation of the injury state and the normal state of the receptor presented by an overstimulated
receptor. c) A series of 50 ms voltage pulses and output currents having different amplitudes (0.4, 0.6, 0.8, 1, and 1.2 V) and corresponding output
currents. d) A sequence of 1V pulses with different pulse widths (5, 10, 20, 40, and 50 ms) and corresponding output currents. €) Output current under
1V excitation for 50 ms, considering different recovery times of the device. f) Average output currents with 0.4, 0.6, 0.8, 1, or 1.2 V pulse amplitudes
applied 1 min after a 0, 2, or 3 V injury pulse. g,h) Receptor anomalous pain and nociceptive hypersensitivity embodied by the current characteristics of
the injured device.

temporal stability, offering insight into the intrinsic volatile =~ NWs (0.1 mL) solution was added to ethanol (10 mL) to form the blended
switching behavior. Importantly, the device replicates essential ~ solution. The resultant solution was spin-coated onto the 285 nm SiO,/Si
nociceptor-like functionalities, including threshold-triggered ac- ~ Substrate at 1000 rpm for 45's, and then evaporated for 15 min at room
tivation, relaxation, and sensitization, further enhancing its rele- temperature. The patterning of the electrodes was achieved by electron

f hi Thi K . ! beam lithography with positive photoresist. After exposure and develop-
vance for neuromorphic systems. This work presents a universa ment, 10/30 nm Cr/Au electrodes were deposited via electron beam evap-

and scalable structural platform that achieves deterministic CF oration. Finally, the device was completed after a standard lift-off process.
regulation through a minimalist yet robust design. Its compati- Material Characterization and Electrical Measurement: The atomic
bility with diverse materials and ease of integration position itas  force microscopy (AFM) image was acquired using the Bruker Dimension
a foundational approach for next-generation neuromorphic, flex- Icon, while the PYP Shell Thickness Information was obtained With in-situ
ible, and crossbar-integrated memory systems. STM-TEM electrical measurement system. EIectrlgaI characteristics were
measured under ambient conditions using an Agilent B1500A semicon-
ductor parameter analyzer with a B1525A (HV-SPGU) module and Metat-
est E2 photoelectric testing system.
4, Experimental Section MD Simulation: All the MD simulations were performed by the
LAMMPS program. The interactions between Ag atoms were described by
Au/PVP/Ag NW Memristors Fabrication: Silver nanowires (length:  the EAM potential. Nose~Hoover NVT ensemble was used, and the sys-
10 um, diameter: 60, 120 nm) were purchased from XFNANO Co., Itd. Ag tem temperature was set to 800 K to observe the fusing of the filament in
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