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High synaptic plasticity enabled by controlled ion
migration in organic heterojunction memristors†

Yangzhou Qian,a Jiayu Li,ab Wen Li, *a Cheng-Hung Hou,c Ziyi Feng,a Wei Shi*d

and Mingdong Yi *a

Organic memristors with uniform resistive switching behavior can mimic the functions of biological

synapses, making them promising candidates for brain-inspired neuromorphic computing. Among these,

organic memristors based on ion migration mechanisms have been widely studied because of the

directional movement of anions such as metal cations and oxygen ions under electric fields, which is

more similar to the biological process of ion release in synapses. However, controlling these ion

dynamic processes is often challenging, with rapid ion migration leading to unstable device performance

and reduced accuracy. Here, we present the fabrication of a memristor utilizing an organic

heterojunction. The built-in electric field generated by the heterojunction slows down and orders the

ion migration process, enabling the device to exhibit a wide range of precise multiple conductive states

(10�6–10�3 A). This provides an advantage in simulating synaptic behavior. The continuously adjustable

conductance in organic heterojunction memristors successfully mimics various forms of synaptic plasti-

city, including paired-pulse facilitation (PPF), post-tetanic potentiation (PTP), short-term plasticity (STP)

and long-term plasticity (LTP), as well as higher-order functionalities such as simulating Pavlovian

classical conditioning reflex experiment and experiential learning function. Furthermore, by utilizing

X-ray photoelectron spectroscopy (XPS) and time-of-flight secondary-ion mass spectrometry (ToF-SIMS) depth

profiling, we have gained clear insights into the distribution and movement of ions of different compositions

within the device, elucidating the underlying reasons for resistance changes. These findings provide reliable

references and demonstrations for the design and control of future ion migration-type memristors.

Introduction

Memristors play a vital role in artificial neural networks, owing to
their unique non-linear resistance values, making them crucial
components for enhancing the efficiency of machine learning and
artificial intelligence.1–3 Through memristors, neural networks can
achieve efficient computation and storage, thereby improving
throughput and energy efficiency.4–11 Their programmability and
multi-conductance characteristics enable memristors to adapt to
various neural network structures and application requirements,

Wen Li

Wen Li, currently an associate
professor at Nanjing University of
Posts and Telecommunications
(NUPT), completed her PhD in
organic electronics at NUPT’s
Institute of Advanced Materials
(IAM) in 2017, with joint training
at Imperial College London from
2015 to 2016. Following her
doctoral studies, she conducted
postdoctoral research at North-
western Polytechnical University
in China and the University of
Oxford in the UK. Returning to

IAM at NUPT in 2020, her research has focused on high-
performance thin-film transistors, organic semiconductor memory
devices, and energy-efficient organic neuromorphic electronics. She
was awarded the Jiangsu Association for Science and Technology’s
Young Scientific Talent Support Program (2023).

a State Key Laboratory of Organic Electronics and Information Displays, Jiangsu Key

Laboratory for Biosensors, Institute of Advanced Materials (IAM), Nanjing

University of Posts & Telecommunications (NUPT), Nanjing 210023, China.

E-mail: iamwli@njupt.edu.cn, iammdyi@njupt.edu.cn
b College of Electronic and Optical Engineering & College of Flexible Electronics

(Future Technology), Jiangsu Province Engineering Research Center for Fabrication

and Application of Special Optical Fiber Materials and Devices, Nanjing University

of Posts and Telecommunications (NUPT), Nanjing 210023, China
c Research Center for Applied Sciences Academia Sinica, Taipei 11529, Taiwan
d Key Laboratory of Flexible Electronics and Institute of Advanced Materials,

Nanjing Tech University, Nanjing 211816, China. E-mail: iamwshi@njtech.edu.cn

† Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d4tc01257g

Received 29th March 2024,
Accepted 5th June 2024

DOI: 10.1039/d4tc01257g

rsc.li/materials-c

Journal of
Materials Chemistry C

PAPER

Pu
bl

is
he

d 
on

 0
6 

Ju
ne

 2
02

4.
 D

ow
nl

oa
de

d 
on

 4
/1

5/
20

26
 6

:4
8:

57
 A

M
. 

View Article Online
View Journal  | View Issue

https://orcid.org/0009-0009-7425-9449
https://orcid.org/0000-0001-7013-5435
http://crossmark.crossref.org/dialog/?doi=10.1039/d4tc01257g&domain=pdf&date_stamp=2024-06-12
https://doi.org/10.1039/d4tc01257g
https://doi.org/10.1039/d4tc01257g
https://rsc.li/materials-c
https://doi.org/10.1039/d4tc01257g
https://pubs.rsc.org/en/journals/journal/TC
https://pubs.rsc.org/en/journals/journal/TC?issueid=TC012026


9670 |  J. Mater. Chem. C, 2024, 12, 9669–9676 This journal is © The Royal Society of Chemistry 2024

facilitating precise model training and inference. Additionally,
memristors can also enable low-power, high-performance real-
time processing in edge computing scenarios, providing critical
support for the application of artificial intelligence technologies
in fields such as smartphones and the Internet-of-Things
(IoT).12–15 To ensure the uniformity and accuracy of memristive
networks, memristors typically require a large dynamic range of
conductivity and high precision programmability, posing higher
demands on memristors.

Ion migration is a typical mechanism in memristors, where ions
in the material or electrode migrate under the action of an electric
field, leading to changes in the device’s resistance values, thus
realizing multiple discrete conductive states, hence memristors
based on ion migration mechanism are usually analogue memristors
with continuous change of device conductance.16,17 In addition, this
process is very similar to the biological process of ion release in
synapses and offers advantages such as fast response, low energy
consumption, high density, and reconfigurability, and thus have
attracted significant interests.18–21 Among them, memristors using
organic materials as the ion migration active layer demonstrate
unique advantages, as they can introduce an oxide layer at the
metal–organic interface to serve as the source of ions, providing
active oxygen ions.22–24 However, these ion dynamics processes are
often difficult to control,25–27 leading to unstable device performance.
How to control ions to move uniformly and orderly, achieving a wide
range of high-precision conductive states, remains a challenge.

Based on this, we propose an organic heterojunction mem-
ristor (OHM), which achieves controllable and stable ion migration
by constructing an organic heterojunction to realize multi-
conductive state analog memristors. Heterojunctions effectively
stabilize the lattice and suppress rapid ion migration.28–30 The
heterojunction of OHM is composed of p-type pentacene and
n-type N,N0-ditridecylperylene-3,4,9,10-tetracarboxylic diimide
(P13). The built-in electric field generated by the heterojunction
allows the ion migration process to proceed slowly and orderly,
enabling the device to achieve a wide range (10�6–10�3 A) and
high-precision conductive states. The continuously tunable con-
ductance of OHM has high plasticity and can realize various basic
synaptic functions, including paired-pulse facilitation (PPF), post-
tetanic potentiation (PTP), short-term plasticity (STP) and long-
term plasticity (LTP), as well as simulations of higher-order func-
tions, including Pavlovian classical conditioning reflex experiment
and experiential learning function. Through X-ray photoelectron
spectroscopy (XPS) and time-of-flight secondary-ion mass spectro-
metry (ToF-SIMS) depth profiling, the distribution and movement
of anions and cations inside the device are clearly observed,
revealing the underlying reasons for the resistance changes in
OHMs. This research is expected to provide valuable insights for
the design and control of ion migration-type memristors.

Experimental section
Device fabrications

Pentacene and N,N0-ditridecylperylene-3,4,9,10-tetracarboxylic
diimide (P13) were purchased from Sigma-Aldirch Co., Ltd

and used without further purification. All OHMs were fabri-
cated in a configuration of ITO/Pentacene/P13/Al, in which a
20-nm-thick Pentacene and 20-nm-thick P13 films were depos-
ited on an ITO-coated glass substrate in a vacuum chamber to
form heterojunction, respectively. Before this the glass sub-
strate with ITO strip electrodes was cleaned by acetone, etha-
nol, and deionized water for 10 min each, and then baked in an
oven at 120 1C for 30 min, followed by UV-ozone treatment for
10 min. Al top electrodes were finally thermally evaporated onto
the heterojunction layer through patterned shadow masks
(strip type: 100, 250, 500, and 1000 mm) in a vacuum (E10�4

Pa). The thickness of each evaporated layer was monitored in
real time in a vacuum chamber by a quartz crystal vibrometer.

Electrical measurement

All electrical characterizations of the device were performed in
ambient air using a probe station and a Keithley 4200 s
semiconductor parameter analyzer system equipped with our
programming test software. The voltage signals designed for
specific learning rules were applied to the ITO electrode, and
the Al electrode is grounded.

Material characterizations

Optical absorption spectra of the active layer were collected by
UV-vis spectrowemeter (PerkinElmer Lambda35). UPS data
were recorded by the XPS/UPS photoelectron spectrometer
(*/KRATOS Axis Supra). c-AFM measurements were performed
in contact mode in ambient air using Bruker’s Dimension Icon
AFM with an SCM-PIC type probe tip. The parameters of PIC
probe tip are shown as follows: tip material (0.01–0.025 O cm
antimony (n) doped Si), cantilever (T: 1.8 mm, L: 450 mm,
W: 35 mm), fo: 10 kHz, k: 0.1 N m�1, coating (front side:
conductive Pt/Ir, back side: reflective Pt/Ir). All XPS
depth profiles were acquired using a PHI 5000 VersaProbe
(ULVAC-PHI) system. During XPS depth profiling, a monochro-
matic Al Ka X-ray with a beam diameter of 100 mm was utilized
to produce characteristic photoelectrons, and a 1 keV Ar+ ion
beam was used as the etching source. To compensate the
surface charge, 10 eV electron and Ar+ ion were simultaneously
applied on the sample surface during data acquisitions. All
ToF-SIMS depth profiles were acquired using a PHI TRIFT V
nanoTOF (ULVAC-PHI) system with a dual beam slice-and-view
scheme. During the spectrum acquisition phase, a pulsed
20-keV C60

+ (pulse frequency of 8200 Hz and pulse length of
15 ns) ion beam was chosen as the primary ion beam to
minimize the surface damage. During spectrum acquisitions,
pulsed 10 eV electron and Ar+ ion flooding were applied to
compensate for the surface charge. During the sputter phase, 1
keV Ar+ ion beam was applied as the etching source.

Results and discussion

The structure of Organic Heterojunction Memristor (OHM) is
illustrated in Fig. 1a, where 20 nm of pentacene and 20 nm of
P13 are sequentially vacuum-deposited on a glass substrate
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with etched stripe ITO electrodes. Subsequently, aluminum
electrodes are formed through shadow mask evaporation to
create a cross-bar configuration, with device dimensions of
100 mm � 100 mm. The molecular structures of pentacene
and P13 are depicted in Fig. 1b. Studying the energy band
structure of heterojunctions is crucial for understanding the
formation of local built-in electric fields and the transport of
charge carriers. The energy levels of pentacene and P13 were
calculated by UPS and UV-vis, as shown in Fig. S1 (ESI†). The
highest occupied molecular orbital (HOMO) of P13 is 0.4 eV
lower than that of pentacene (Fig. 1c), resulting in an organic
pn junction. Its built-in electric field helps improve the ion
migration process, leading to a wider range of conductivity in
the device, and ensuring uniform and stable conductivity
changes. Typical current–voltage (I–V) characteristics of the
device under positive and negative voltage scanning cycles are
shown in the left and right halves of Fig. 1d, respectively. Under
positive bias scanning (0 V - +10 V - 0 V), the conductivity of
the device gradually increases. Conversely, applying a contin-
uous negative bias voltage (0 V- �10 V - 0 V) leads to a
gradual decrease in conductivity. Fig. S2 (ESI†) shows the
current values at the end of each scan, up to 160 cycles of I–V
curve scanning, with a gradual increase in current values. At
+10 V, the current increases from 2.1 � 10�6 A to 1.5 � 10�3 A,
an approximately 3 orders of magnitude amplification. This
wide range, high-precision conductive state gives OHM a sig-
nificant advantage in simulating synaptic plasticity. Addition-
ally, the I–V characteristics of the heterojunction device were
examined using atomic force microscopy (c-AFM) measure-
ments (Fig. 1e). ITO-coated glass substrates serve as the bottom
common electrode, the heterojunction as the middle layer, and
Pt-coated c-AFM tip as the top electrode. c-AFM measurements
were conducted in contact mode, covering a sample area of

3 mm � 3 mm.31–33 Clear current responses were observed at
+10 V and �10 V, consistent with the actual OHM I–V char-
acterization results. Furthermore, tests were conducted on the
current maps of the film surface under different scanning
voltage frequencies, as shown in Fig. S3 (ESI†). It can be
observed that the current on the film surface is not significant
at low voltages, with significant positive current appearing at
+8 V and negative current at �7 V. The electrical characteristics
of the nanoscale-scaled devices are consistent with those
observed in actual memristors. This suggests tunable conduc-
tivity of OHM depending on voltage polarity and magnitude. c-
AFM characterization not only rules out filamentary switching
mechanisms within the device but also demonstrates the
potential of OHM to be reduced to tens of nanometers for
high-density integration.34,35 Additionally, the impact of scan
rate on the OHM was investigated, as shown in Fig. S4 (ESI†). As
the scan rate increases, the hysteresis area of the I–V curve
decreases, indicating that changing the scan rate can effectively
modulate the resistance. Therefore, the appropriate scan rate
forms the basis for achieving desirable resistance variation.

More characterizations were carried out to help understand
the resistive switching mechanism. First, we measured the area
dependence I–V characteristics for OHM device. Fig. S5 (ESI†)
shows the cell area dependence of currents in the devices with
different areas ranging from 100 � 100 to 100 � 1000 mm2. We
note that the resistance change process is continuous rather than
filamentary.36 Next, previous researches have shown that the
aluminum electrode and ITO electrode can generate mobile
O2� and In+ ions under an electric field, respectively.25,26 X-ray
photoelectron spectroscopy (XPS) depth profiling can determine
the elemental composition and content of the device from sur-
face to interior by ion sputtering. Fig. 2a–c show the results of
initial state, low resistance state (LRS), and high resistance state

Fig. 1 Schematics of (a) two-terminal OHM in ITO/Pentacene/P13/Al configuration and (b) molecular structure of Pentacene and P13. (c) Energy band
diagram of OHM. (d) I–V characteristics of the OHM respond to positive (left) and negative (right) voltage sweeps. (e) c-AFM measurements of OHM:
current mappings of heterojunction film under voltage sweep of +10 V (upper) and �10 V (bottom). The images on the right are 3D AFM and 3D c-AFM
current mapping of the heterojunction film, respectively.
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(HRS) tests, where the sputtering time corresponds to the depth
of the device The distribution of Al, C, and In elements in the
initial device allow for the clear identification of the Al electrode,
organic heterojunction layer, and ITO structure. Due to the
susceptibility of the Al electrode to oxidation, AlOx is commonly
present in the Al electrode.37–39 After applying the +10 V voltage
treatment, the LRS of the memristor could be achieved. It can be
observed that the O element significantly increases in the organic
layer, while the proportion of C element content decreases
substantially. The intrusion of In elements into the organic
heterojunction layer leads to a uniform decrease in concentration
gradient from ITO to the Al/organic interface. This clearly
indicates the migration of O2� and In+ ions, with the increase
in ion concentration in the organic layer resulting in the device
transitioning to LRS. Applying the �10 V voltage returns the
device to HRS. At this point, the content of AlOx in the organic
layer increases. This is attributed to the migration of Al3+ ions
towards the organic layer under reverse voltage, causing the
distribution of AlOx in the organic layer. Meanwhile, some In+

ions retract to the ITO. These processes lead to OHM returning to
HRS. Furthermore, the XPS spectra of Al 2p (Fig. 2d–f) and In 3d
(Fig. 2g–i) were analyzed under the three conditions of the initial
state, LRS, and HRS. Al 2p was divided into AlOx and metallic Al
components, while In 3d was divided into In 3d3/2 and In 3d5/2

components, with the sputtering time from the surface to the

interior representing depth. It can be clearly observed that in LRS
devices, In elements diffuse from the bottom ITO to the organic
layer, and in HRS devices, the content of AlOx in the organic layer
increases. These results indicate that ion movement in the
organic heterojunction under an electric field is the fundamental
cause of OHM resistance change. The I–V curves of single-layer
pentacene and P13 devices exhibit a linear relationship (Fig. S6,
ESI†), indicating the importance of heterojunction structure. The
organic heterojunction not only provides channels for the migra-
tion of these ions but also effectively slows down the rate of ion
migration through its built-in electric field, enabling the contin-
uous and orderly migration of ions, thereby endowing OHM with
a wide range and high precision of conductive states.

Finally, we employed time-of-flight secondary-ion mass
spectrometry (ToF-SIMS) to provide a more intuitive and clearer
confirmation of ion migration behavior within the device. ToF-
SIMS provides chemical state and molecular information of
elements on the surface of solid materials, making it an
advanced surface analysis technique and an important tool
for surface and interface detection. ToF-SIMS can reconstruct a
three-dimensional chemical structure model of the sample at
nanometer resolution, allowing for a more intuitive and clear
display of the changes in chemical composition and content
within the device.40,41 In order to visualize the dynamic process
of ion migration within the device more intuitively and clearly,

Fig. 2 XPS depth profiles of the OHM in (a) initial state, (b) LRS, and (c) HRS. Al 2p XPS spectrum (d)–(f) and In 3d XPS spectrum (g)–(i) acquired at
different depths from the initial state, LRS, and HRS, respectively.
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the thickness of both pentacene and P13 was increased to
80 nm, thereby increasing the thickness of the organic hetero-
junction layer, and devices with an area of 250 mm � 250 mm
were prepared for measurement. Fig. 3a–c show the three-
dimensional structures of the devices in their initial state,
LRS and HRS, as well as the three-dimensional models of
individual components. The results are consistent with those
obtained from XPS analysis. Positive voltage causes significant
diffusion of inorganic ions within the organic layer of LRS
devices, weakening the isolation of the organic layer from the
top and bottom electrodes, resulting in nearly overlapping
three-dimensional models of the electrodes. Conversely, reverse
voltage partially reverses the migration of these ions. Fig. S7
(ESI†) displays the ToF-SIMS 3D images of each element in the
OHM in its initial state, LRS, and HRS. Fig. 3d–f quantitatively
illustrate the distribution and content of internal components
of the devices under the three states. It can be observed from
the figures that the distribution range of pentacene and P13
within the device narrows and they tend to aggregate towards
the bottom ITO, with a decrease in their relative proportions.
These results, together with XPS testing, collectively confirm
the ion migration process within OHM, and ToF-SIMS analysis
provides a clearer and more intuitive method for elucidating
the mechanism of resistive switching devices.

In biological neural networks, synapses are the points of
connection between two neurons (Fig. 4a). During the process
of information transmission, the presynaptic membrane of one
neuron releases neurotransmitters, which alter the ion channel
selectivity of the postsynaptic membrane of the subsequent
neuron, leading to changes in membrane potential. This results
in excitatory postsynaptic currents (EPSCs) or inhibitory post-
synaptic currents (IPSCs). Fig. S8 (ESI†) illustrates a typical
EPSC. In this process, the strength of synaptic connections
changes, which is known as synaptic plasticity.42,43 Based on
the duration of maintenance, synaptic plasticity can be classi-
fied into short-term plasticity (STP) and long-term plasticity
(LTP).44,45 Paired-pulse facilitation (PPF) is a typical form of
STP. When two consecutive stimuli reach the synapse, the

second stimulus elicits a larger EPSC (Fig. S9, ESI†). The
enhancement effect of PPF is dependent on time interval, with
shorter intervals resulting in stronger enhancement.46,47 This is
attributed to the residual neurotransmitters present in the
synapse. Similar to PPF, post-tetanic potentiation (PTP) is
defined as the persistent change in synaptic plasticity following
a series of stimuli, which is also dependent on time interval. We
examined the index of PPF and PTP synaptic functions in OHM,
respectively, according to the equations as follows

PPF = (I2 � I1)/I1 � 100% (1)

PTP = (I10 � I1)/I1 � 100% (2)

where I1, I2, and I10 are the currents recorded by a positive pulse
in the first, second, and tenth pulse stimulus, respectively. Fig. 4b
illustrates the strong dependence of PPF and PTP index on the
impulse interval (Dt) and number of pulses, showing that a
smaller Dt leads to a larger PPF and PTP index. These results
indicate that the OHM can learn the input signals more effec-
tively when the two signals have a higher degree of relevancy.38

Furthermore, the impact of pulse parameters (including pulse
width, pulse amplitude, and pulse interval) on the current
(synaptic weight) of OHM was investigated, respectively (Fig.
S10, ESI†). It was observed that pulses with wider widths, higher
amplitudes, and shorter intervals resulted in larger current levels,
indicating a more pronounced synaptic weight change. Spike
rate-dependent plasticity (SRDP) is another form of synaptic
plasticity, where increasing stimulation frequency leads to more
persistent memory at the synapse.48,49 Fig. 4c displays current
responses at 7 different frequencies (0.1–2.5 Hz), with each
frequency condition composed of 20 consecutive stimuli (+10
V), showing that higher pulse frequencies result in more pro-
nounced increases in synaptic weight, and faster stimuli cause
more significant changes in device current. Additionally, increas-
ing the number of pulses (N) can also induce LTP in the synapse,
as monitored by a reading voltage of +1 V (Fig. 4d). Different
intensities of relaxation currents indicate the distinction between
STP and LTP. Considering the impact of pulse amplitude, we

Fig. 3 ToF-SIMS 3D images (a)–(c) and depth profiles (d)–(f) of OHM in initial state, LRS, and HRS, respectively.
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input a series of pulses with varying amplitudes and numbers to
achieve corresponding levels of relaxation currents in the device,
obtaining distinct STP and LTP that differ by approximately 2
orders of magnitude (Fig. S11, ESI†), demonstrating the device’s
flexible and adjustable wide-range plasticity and successful tran-
sition from STP to LTP.

In addition to the aforementioned basic synaptic plasticity
simulations, OHMs have successfully achieved higher-order
synaptic functionalities. Firstly, through LTP and long-term
depression (LTD), image recognition training was conducted.
An artificial neural network (ANN) was simulated based on the
Modified National Institute of Standards and Technology
(MNIST) dataset of handwritten digits.50,51 The ANN comprises
a three-layer neural network with 28 � 28 input neurons, 100
hidden neurons, and 10 output neurons,52 depicted in Fig. 4e.
The recognition accuracy increased with the training epoch,
approaching 95% (Fig. 4f). The inset of Fig. 4f shows LTP and
LTD data, from which linearity (NL), maximum conductance
(Gmax), and minimum conductance (Gmin) were extracted as
input parameters for neural network training. A smaller linear-
ity (NL) is essential for achieving high recognition accuracy.
Secondly, we simulated Pavlov’s classical conditioning
experiment.53 A �3 V voltage stimulus served as the condi-
tioned stimulus (CS) bell sound, while a +10 V voltage stimulus
served as the unconditioned stimulus (US) food, with a 0.2 mA
threshold current used to determine whether the dog salivates
(Fig. 4g). Initially, the food induced salivation in the dog, while
the bell did not. With the association training of the bell and
food, the dog established a connection between the bell and
food, subsequently salivating upon hearing the bell, although
this memory gradually weakened over time. This experiment
demonstrates the excellent learning ability and memory reten-
tion of OHM. Based on this, the learning-forgetting-relearning

behavior of the human brain was simulated.54,55 The device
current was normalized to represent the strength of memory as
synaptic weights, as shown in Fig S12 (ESI†). Despite sponta-
neous forgetting leading to memory weakening, relearning
quickly reawakens memories, thereby requiring shorter learn-
ing processes. Finally, the outstanding memory plasticity of our
OHM was demonstrated in a 5� 5 array, as displayed in Fig. 4h.
Regions A, B, and C correspond to initial learning (+10 V), active
memory erasure (�10 V), and relearning (+10 V), visualized as
pixel values representing different memory intensities. These
results underscore the excellent memory programmability of
our OHM, making it a promising candidate for artificial
synapses and edge computing.

Conclusion

In conclusion, through the construction of organic heterojunc-
tions, we have achieved OHMs with controllable ion migration
and high synaptic plasticity. XPS and ToF-SIMS depth profiling
clearly observed the distribution and movement of mobile ions
within the device, providing deep insights into the reasons for
the resistance variation within OHMs. Furthermore, the local
built-in electric field generated by organic heterojunctions
allows for the slow and sustained migration of ions, enabling
the device to achieve a wide range and high precision of tunable
conductive states. OHMs successfully simulated various forms
of synaptic plasticity, including PPF, STP, and LTP, as well as
Pavlov’s classical conditioning experiment and the learning-
forgetting-relearning process. These studies highlight the tre-
mendous potential of organic heterojunctions in memristive
devices, offering an effective approach for high performance
memristive device components.

Fig. 4 (a) Schematic illustration of neuron and synapse. (b) Extracted PPF and PTP index versus impulse interval Dt, where I1, I2, and I10 are the recorded
current after the first, second, and tenth input spike, respectively. (c) Current responses to 20 identical stimulation pulses (+10 V, 50 ms) at different
frequencies (0.1–2.5 Hz). (d) STP–LTP transition. LTP were triggered by applying consecutive spikes (N = 5–50, V = +10 V, DT = 50 ms), where DT denotes
spike duration. The retention data recorded at a read voltage of +1 V. (e) Schematic of ANN consists of 784 input neurons. The input image can be divided
into 28 � 28 input information for input neurons. (f) Relationship between recognition rates and training iterations. The inset shows LTP and LTD data,
from which linearity (NL), maximum conductance (Gmax), and minimum conductance (Gmin) were extracted as input parameters for neural network
training. (g) Simulation of Pavlov’s classical conditioned reflex experiment. (h) A 5 � 5 OHM array demonstrated memory plasticity, with regions A, B, and
C corresponding to initial learning (+10 V), active memory clearing (�10 V), and relearning (+10 V), respectively, with pixel-level values representing
different memory intensities.
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