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Leaky integrate-and-fire and oscillation neurons based on ZnO diffusive
memristors for spiking neural networks
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ABSTRACT Diffusive threshold switching (TS) memristors
have emerged as a promising candidate for artificial neurons,
effectively replicating neuronal functions and enabling spiking
neural networks (SNNs) to emulate the low-power processing
of biological brains. In this study, we present an artificial
neuron based on a Pt/Ag/ZnO/Pt volatile memristor, which
exhibits exceptional TS characteristics, including electro-
forming-free operation, low voltage requirements (<0.2 V),
high stability (2.25% variation over 1024 cycles), a high on/off
ratio (106), and inherent self-compliance. These Pt/Ag/ZnO/Pt
diffusive memristors are employed to simultaneously emulate
oscillation neurons and leaky integrate-and-fire (LIF) neu-
rons, enabling precise modulation of oscillation and firing
frequencies through pulse parameters while maintaining low
energy consumption (1.442 nJ per spike). We further integrate
the oscillation and LIF neurons as input and output neurons,
respectively, in a two-layer SNN, achieving a high classification
accuracy of 89.17% on MNIST-based voltage images. This
work underscores the potential of ZnO diffusive memristors in
emulating stable artificial neurons and highlights their pro-
mise for advanced neuromorphic computing applications
using SNNs.

Keywords: threshold-switching memristor, volatile diffusive
memristor, oscillation neurons, leaky integrate-and-fire neurons,
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INTRODUCTION
As human society advances into the era of big data, artificial
intelligence (AI), implemented through artificial neural net-
works (ANNs) based on traditional computer hardware, faces
challenges in terms of data processing and energy efficiency
[1,2]. The human brain, primarily functioning through spiking
neural networks (SNNs) and operating at petaflop speeds while
consuming less than 20 watts, demonstrates efficient, real-time,
ultralow-power data processing, inspiring the potential of neu-
romorphic computing to revolutionize technology [3,4]. SNNs
support large-scale parallel processing, offering a means to
overcome the limitations of the von Neumann architecture.
Therefore, breakthroughs in AI will hinge on the development of
highly compact artificial neurons and synapses. Conventional
complementary metal-oxide semiconductor (CMOS) technol-

ogy, which relies on intricate auxiliary circuits to emulate bio-
logical dynamics, encounters significant challenges in scalability
and efficiency for constructing artificial neurons and synap-
ses [5].

Memristors, highly scalable two-terminal devices with low
power consumption, have emerged as a promising technology
that can function as artificial neurons and synapses, significantly
reducing both the complexity and energy consumption of sys-
tems. In particular, the realization of spiking neurons, which
convert input signals into discrete spikes, is a key to the
advancement of artificial neuromorphic systems [6]. Artificial
neurons can be effectively emulated using memristors char-
acterized by volatile threshold switching (TS) properties and
complex dynamic behaviors [7–10]. Innovations in materials
and design have enabled the development of various artificial
neuron devices, including metal-insulator transition (MIT) [11–
13], ovonic threshold switching (OTS) [14–16], and conductive-
bridge random-access memory (CBRAM) [17–19]. Recently, the
diffusive TS memristor, a newly developed CBRAM, employs
silver (Ag) or copper (Cu) as the active electrode or dopant in
solid electrolytes, which has gained great attention [20]. These
diffusive TS memristors provide low leakage characteristics, high
performance, and excellent integration potential with the CMOS
technology [20,21]. Current reports highlight several innovative
artificial neurons constructed from simple devices utilizing
metal oxides such as SiO2 [22,23], HfO2 [24,25], and TaOx [26–
28], with an Ag top electrode. However, most of these diffusive
TS devices require electroforming and exhibit restricted on-state
currents. When the compliance current (Icc) exceeds 10 μA,
volatile TS generally converts into a nonvolatile memory due to
stable growth of conductive filaments (CFs) [21]. Meanwhile, the
stochastic nature of filament formation, driven by the movement
of active metal ions, can result in increased performance varia-
bility, thereby impeding the advancement of reliable artificial
neurons [29]. Therefore, there is an urgent need to develop
artificial neurons based on metal-filament TS memristors that
operate without electroforming and current limiting, ensuring
consistent and stable performance for practical applications.

Several studies have demonstrated that diffusive TS memris-
tors can effectively function as leaky integrate-and-fire (LIF)
neurons [30–33] or oscillation neurons [34,35]. These findings
highlight promising potential of diffusive TS memristors for
applications in neuromorphic systems. However, there is con-
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siderable randomness in oscillation intervals when the device
functions as oscillatory neurons, as well as in integration time
when it operates as LIF neurons. Besides, diffusive TS devices
that can simultaneously exhibit both oscillation and LIF neurons
functionalities have been rarely reported. Therefore, developing
novel architectures, which integrate stable oscillation behavior
and LIF functions, is essential for advancing neuromorphic
technology.

In this work, diffusive memristors based on Pt/Ag/ZnO/Pt
demonstrate excellent volatile threshold-switching character-
istics, fast turn-on delay time and endurance exceeding 105

cycles. These stable TS properties enable the memristors to
effectively emulate both LIF and oscillation neurons, which
respond well to applied electronic stimuli. As the input pulse
width increases, the number of pulses required for firing
decreases, indicating a higher output spike frequency. Addi-
tionally, the oscillation frequency increases nearly linearly with
the input pulse voltage. More importantly, we developed a fully
connected SNN using ZnO memristors for MNIST image clas-
sification, achieving an accuracy of 89.17% after 50 epochs. This
demonstrates the potential of ZnO memristors in constructing
efficient and high-performance neuromorphic systems for
complex computational tasks.

EXPERIMENTAL SECTION

Device fabrication
Crossbar structured Pt/Ag/ZnO/Pt/Ti memristive devices were
fabricated on silicon wafers with a 500 nm thermal oxide layer,
utilizing a combination of standard photolithography and
magnetron sputtering technologies. Sequentially, a Ti adhesive
layer (5 nm) and a Pt bottom electrode (20 nm) were deposited
via direct current (DC) sputtering, followed by a ZnO layer
(30 nm) using radio frequency (RF) sputtering in an Ar:O2

(14:1) mixture. An Ag top electrode (10 nm) and Pt (55 nm)
were then deposited. The fabricated devices were annealed in
ambient air at 300°C for 2 h.

Characterizations and electrical measurements
The microstructure of the Pt/Ag/ZnO/Pt/Ti device was analyzed
using an FEI Tecnai G2 F30 transmission electron microscope
(TEM) equipped with energy-dispersive X-ray spectroscopy
(EDS). Samples for TEM analysis were crafted using a Helios G4
UX focused ion beam. Additionally, atomic force microscopy
(AFM) was employed to examine surface topography. To
determine the chemical composition of the as-deposited ZnO
film, X-ray photoelectron spectroscopy (XPS) was used for
material characterization analyses. Electrical measurements were
performed using a Keithley 4200 SCS system.

RESULTS AND DISCUSSION
Fig. 1a illustrates the schematic structure of a two-terminal
volatile threshold-switching device, featuring a Pt/Ag/ZnO/Pt
configuration fabricated on a SiO2/Si substrate. The device
exhibits a classic metal-insulator-metal structure, incorporating
a top electrode of Pt-capped Ag, an intermediary ZnO thin film,
and a bottom Pt electrode with an adhesive Ti layer. The Pt/Ag/
ZnO/Pt memristor is fabricated using a bottom-up deposition
approach, integrating magnetron sputtering with photo-
lithography techniques. The device features a crossbar archi-
tecture with an active area of 10 μm × 10 μm. Following the
fabrication process, the device was subjected to post-annealing at
300°C for 2 h in air. Fig. 1b features a cross-sectional view
obtained through TEM, alongside EDS mapping that shows the
distribution of Pt, Ag, Zn, and Ti elements. The distinct layered
structure is clearly observed, and the inset high-resolution TEM
(HRTEM) image indicates that Ag remains unoxidized during
annealing process. Additionally, EDS confirms partial diffusion

Figure 1 Characterizations of Pt/Ag/ZnO/Pt memristor. (a) Schematic illustration of the Pt/Ag/ZnO/Pt device with a crossbar two-terminal structure.
(b) The cross-sectional TEM image alongside EDS mapping of Pt/Ag/ZnO/Pt/Ti device. The inset is an HRTEM image of the Ag film. (c) Surface topography
of the ZnO film over a 2 μm × 2 μm area acquired through AFM analysis. The XPS spectra of (d) Zn 2p and (e) O 1s with and without annealing process.
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of the Ag layer into the ZnO layer, which contributes to the
forming-free behavior of the device and significantly enhances
its cycling stability. Fig. 1c depicts the ZnO film’s surface
topography characterized through AFM, which demonstrates an
exceptionally smooth surface with a root-mean-square (RMS)
roughness of just 1.104 nm. The above results depict the mul-
tilayered structure of the Pt/Ag/ZnO/Pt device, offering a
detailed understanding of the structure of the TS artificial neu-
ron.

XPS analyses were employed to analyze the surface composi-
tion and chemical state of the ZnO films before and after
annealing, with spectra calibrated to the C 1s binding energy
(284.8 eV). Fig. 1d illustrates the XPS spectra of the Zn 2p for
two samples, both revealing two distinct peaks at 1021.65 and
1044.60 eV. These peaks correspond to Zn 2p3/2 and Zn 2p1/2 of
the ZnO thin film, confirming that Zn within the ZnO films is in
the +2 oxidation state [36–38]. The analyses of oxygen vacancies
and interstitial oxygen defects were effectively conducted by
examining the chemical state of the O 1s region. As illustrated in
Fig. 1e, the XPS spectra of the O 1s in two ZnO samples exhibit
an overlay of three distinct peaks. After fitting, these peaks,
designated as O (i), O (ii), and O (iii), are positioned at

approximately 530.13, 530.57, and 532.01 eV, respectively. The
O (i) peak primarily belongs to the lattice oxygen in ZnO
[39,40]. Meanwhile, the O (ii) and O (iii) peaks correspond to
O2− ions in the oxygen deficient regions and chemisorbed
oxygen, respectively [36,41]. The lattice oxygen vacancies facil-
itate the development of diffusion pathways for Ag+ ions [42,43].
It is worth noting that the proportion of the O (ii) peak in the
annealed sample (67.1%) is significantly higher than that in the
unannealed sample (31.9%). Consequently, the annealed ZnO
device exhibits excellent electrical performance, including
enhanced stability, faster response speed and even forming-free
operation.

The diffusive memristor utilizes electrochemical metallization
(ECM) as its switching mechanism, where the application of a
bias voltage causes silver ions to migrate and form CFs in areas
of high electric field [44,45]. Notably, we investigated the
threshold switching characteristics of the Pt/Ag/ZnO/Pt device
without employing electrochemical forming process. The typical
current-voltage (I-V) curve of the Pt/Ag/ZnO/Pt TS device,
acquired through alternating voltage sweeps between 0 and 0.3 V
in 5 mV steps, is illustrated in Fig. 2a. The device demonstrates
remarkable volatile TS behavior, showing no significant degra-

Figure 2 Electrical characterizations of the Pt/Ag/ZnO/Pt device. (a) Current-voltage characteristic curves for 1024 switching sweeps. (b) Switching slope of
the device during the initial sweep. (c) The corresponding histogram of Vth/Vhold and (d) the distributions of LRS/HRS during 1024 switching cycles. I-V
characteristics of the Pt/Ag/ZnO/Pt device (e) under various compliance currents and (f) without ICC. (g) Distribution of Vth/Vhold over 10 sweeps from 30
devices. (h) Turn-on speed under a 1.5 V/10 μs pulse and a 0.2 V reading voltage. The inset illustrates its turn-on delay time. (i) 105 switching cycles of the
device at room temperature.
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dation during 1024 consecutive sweeps at an ICC of 10 μA. The
device starts in a high resistance state (HRS, OFF) of roughly
130 MΩ at 0.14 V, with a low leakage current of about 2 nA.
Upon achieving the threshold voltage (Vth) of about 0.17 V, the
formation of CFs leads to a swift transition from an HRS to a
low resistance state (LRS, ON) with a steep slope (SS) of
1.31 mV dec−1 (Fig. 2b). Then, the device reverts to the HRS as
the voltage falls below the hold voltage (Vhold) of around 0.1 V.
The device exhibits excellent cycling stability, with cumulative
probability variation (Cv) of 2.25% for Vth and 4.44% for Vhold
(shown in Fig. 2c), alongside a switching ratio of approximately
104 (Fig. 2d). Table 1 presents a summary of recently reported
artificial neurons utilizing diffusive TS memristors. Our device
exhibits lower operating voltage, enhanced stability in threshold
voltage variation, and self-limiting current capabilities, which
support both LIF and oscillatory neuron functionalities.

Fig. 2e demonstrates the multi-level TS characteristics of the
device under various compliance currents from 100 nA to
100 μA. The Vth and Vhold under different compliance currents
are obviously similar, which reveals marked consistency in both
Vth and Vhold. Additionally, the device demonstrates a notably
low set power of 16.5 nW, calculated using P = Vth × Ith, which is
lower than those of other TS memristors [32]. Furthermore, it is
worth noting that the device still displays volatile TS behavior
even at the absence of a limiting ICC, highlighting its self-com-
pliance characteristics and high On/Off ratio of about 106, as
shown in Fig. 2f.

To evaluate the variation among devices, 30 devices were
randomly selected and subjected for 10 DC sweeps, and the
distribution of threshold voltages among the various devices is
illustrated in Fig. 2g. The average value (μ) and the standard
deviation (σ) of Vth are 0.169 and 0.0079 V, respectively, with a
value of σ/μ at 4.67%, indicating a high level of consistency
between devices.

The On-Off switching speed of the Pt/Ag/ZnO/Pt device was
evaluated through pulse measurements, as depicted in Fig. 2h.
The device can be triggered by applying a voltage pulse of 1.5 V
with a duration of 2 μs, and the turn-on delay time is roughly
20 ns. Furthermore, as illustrated in Fig. 2i, the endurance test
was conducted using programming pulses, with 1.2 V/5 μs set
pulse and 0.1 V/10 μs read pulse, incorporating a 10 μs interval.
The device exhibits an endurance exceeding 105 cycles, indi-
cating that the device has robust electrical properties across
general operating conditions.

In biological neural networks, neurons integrate input signals
from presynaptic connections via synapses and generate an
action potential upon reaching a specific membrane potential
threshold [51,52]. This mechanism has inspired the development

of artificial neurons within electronic frameworks intended to
emulate SNN functions. Among the primary types of neurons
are LIF neurons, which accumulate signals over time and space,
and oscillation neurons, which encode inputs into spike trains.
Diffusive memristors stand out in mimicking biological neuro-
nal behavior more effectively than other TS memristors, owing
to their close resemblance to the ionic drift and diffusion pro-
cesses in neurons [18,33].

The LIF neurons utilizing diffusive TS memristors facilitate
efficient processing of temporal information. When diffusive
memristors are exposed to a series of input voltage pulses (Vin),
silver ions diffuse and form CFs. After applying sufficient pulses,
these filaments connect the electrodes, allowing current to flow
—a progress called firing. During the resting phase, the silver
filament dissolves, returning the device to its initial state, thus
emulating the behavior of LIF neurons.

The artificial LIF neuron circuit, which is composed of a Pt/
Ag/ZnO/Pt device, a capacitor C (47 nF), and a resistor R
(1 MΩ), is illustrated in Fig. 3a. Here, the capacitor functions as
the cell membrane by storing charges, while the device acts as an
ion channel, generating action pulses. The interval between
input signals influences the generation of output action poten-
tials [32]. Fig. 3b–e illustrate the output voltage (Vout) corre-
sponding to a sequence of 100 input pulses, each with an
amplitude of 2 V, a fixed interval of 200 μs between pulses, and
pulse widths of 200, 400, 500, and 600 μs. The capacitor charges
when the device is in HRS and discharges upon reaching the
threshold voltage (the device is in LRS). The device switches
back to HRS once the voltage drops below the Vhold, subse-
quently starting the next charge process. The artificial LIF
neuron requires more input pulses to generate the initial action
potential, with the first output spike exhibiting the highest vol-
tage under discrete pulse stimulation. This is likely due to the
200 μs interval between pulses, during which Ag ions partially
diffuse away from the filament region. As a result, the first spike
requires more pulses and a higher voltage to overcome ion
diffusion and form a stable filament, leading to a higher voltage
compared to subsequent spikes. Obviously, as the input pulse
width increases, the number of pulses required for firing
decreases, indicating a higher output spike frequency, as shown
in Fig. 3f.

In neuromorphic computing, oscillation neurons are funda-
mental, as they encode input signals into spike strains. Artificial
oscillation based on diffusive TS memristors can replicate neural
self-oscillation behaviors upon the application of voltage, and
parameters such as oscillation frequency can be strategically
employed to encode and retain the information from input
voltages [53].

Table 1 Comparison with literature reported artificial neurons based on diffusive TS memristors

Device structure Vth/Vhold (V) Vth variation Self-compliance Neuron type Energy/spike Ref.

Ag/TaOx/ITO ~0.3/0.1 – (1000 cycles) × LIF 250 nJ [26]

Pt/Ag NDs/HfO2/Pt 0.607/0.201 4.8% (–) × Oscillation – [35]

Pt/Ag/TiN/HfAlOx/Pt 0.4/~0 6.3% (200 cycles) × LIF 16 pJ [46]

Ag/ZrOx/Pt 0.4/0.02 5.6% (50 cycles) × LIF – [47]

Ag/IGZO/ITO 1.69/0.18 12% (50 cycles) × LIF – [48]

Pt/Ag/SiO2 NRs/Ag/Pt 0.5/0.3 – (500 cycles) √ LIF – [49]

Au/Ag/hBN/Au/Ti 0.202/0.024 16.8% (500 cycles) × LIF 634 pJ [50]

Pt/Ag/ZnO/Pt 0.17/0.1 2.25% (1000 cycles) √ LIF & Oscillation 1.442 nJ This work
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For the development of artificial oscillation neurons, a Pt/Ag/
ZnO/Pt device was incorporated into a simple RC circuit, which
is identical to that of the LIF neuron, as depicted in Fig. 3a. The
oscillation neuron circuit includes a parallel capacitance of 47 nF
and a series resistor of 1 MΩ. When a suitable input pulse is
applied, the capacitor charges and raises the device’s potential.
Upon reaching the threshold voltage, the device rapidly transi-

tions to the LRS, releasing the capacitor’s stored charges and
firing an output spike. This causes a decrease in the capacitor’s
potential, allowing the device to return to the HRS. Conse-
quently, output voltage oscillations occur due to the continuous
TS within the Pt/Ag/ZnO/Pt device.

Fig. 4a illustrates the self-oscillation characteristics of the Pt/
Ag/ZnO/Pt device under input voltage pulses of 0.8 V with

Figure 3 The Pt/Ag/ZnO/Pt LIF neuron circuit and output voltage responses. (a) Schematic of the LIF neuron circuit. (b–e) The output voltages across the
device under different pulse width of 200, 400, 500, and 600 μs. (f) Average and standard deviation of pulse number required for firing versus pulse width. The
results include the input pulses required for the first spike, and the averages and standard deviations were calculated based on all output spikes.

Figure 4 Oscillation characteristics of the Ag/ZnO/Pt neuron device. (a) Self-oscillation at 0.8 V pulse with durations of 50 and 100 ms. (b) The output wave
responses to square pulses (100 ms) with different input voltage. (c) Oscillation frequency as a function of input voltage.
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widths of 50 and 100 ms. In both cases, stable and reversible
spikes are sustained until the removal of the applied voltage
pulse. Additionally, their oscillation frequencies are nearly
identical: 73.1 Hz for 50 ms duration and 73.5 Hz for 100 ms
duration. The oscillation frequency is calculated by dividing the
total interval time between the first and last pulses by the
number of pulse intervals. We investigated the oscillation
behavior of the artificial neuron by applying varied input voltage
amplitudes, effectively simulating the response of biological
neurons to different stimulus intensities, as shown in Fig. 4b.
When an input voltage of 0.5 V is applied, the ZnO TS device
exhibits stable oscillation behavior, with an average energy
consumption of 1.442 nJ per spike, demonstrating its capability
as a low-voltage and low-power artificial neuron. Moreover, the
artificial neuron exhibits stable oscillatory output spikes across
different input voltages ranging from 0.5 to 2 V. The oscillation
frequency increases nearly linearly from 38 to 176 Hz as Vin
increases, as illustrated in Fig. 4c. The voltage-controlled self-
oscillation highlights the potential of memristor-based SNNs in
applications such as image recognition.

Furthermore, a fully connected SNN based on our ZnO
memristors was constructed for MNIST image classification, as
depicted in Fig. 5a. The encoding function of oscillation neurons
is simulated by the fitting curve in Fig. 4c, while the output
neurons are described by an LIF neuron model. The threshold
voltage and hold voltage are set based on the experimental data
in Fig. 2a. The training progress contains a forward pass and a
backward pass, while the testing progress only contains the
forward pass.

In the forward pass, the ZnO oscillation neurons encode the
input images into spike trains with different frequencies, and the
input spikes are linearly transformed by the synaptic weights of a

784 × 10 fully connected layer. The output neurons integrate the
postsynaptic currents in temporal and spatial domains, leak over
time, and fire when their membrane potential reaches the
threshold voltage. The index of the output neuron with the
highest firing rate corresponds to the predicted result.

In the backward pass, the mean square error (MSE) is used as
the loss function to measure the error between the target labels
and predicted labels. The back-propagation through time
(BPTT) is applied to train the weights of the fully connected
layer. To avoid using a non-differentiable step activation func-
tion of spiking neurons, a sigmoid function is used as the sur-
rogate function for gradient calculations.

Here, a total of 60,000 images were used for training, while
10,000 images were used for testing. The SNN model was con-
structed and trained using SpikingJelly. Fig. 5b demonstrates the
accuracy in the test dataset, which reaches 89.17% after 50
epochs. Fig. 5c shows the average spiking counts of output
neurons after training, with columns representing target labels
and rows indicating neuron indexes. The output neuron corre-
sponding to the target label has a high firing rate, while other
neurons fire at a very low rate, resulting in high energy effi-
ciency. The confusion matrix of the classification result is illu-
strated as Fig. 5d, demonstrating that most images are correctly
identified by the SNN based on our ZnO memristors.

CONCLUSIONS
Artificial neurons are essential components of neuromorphic
computing, enabling SNNs to efficiently replicate the low-power
processes of the biological brain. This study highlights the
promising potential of Pt/Ag/ZnO/Pt-based diffusive memris-
tors for such applications. These memristors demonstrate
excellent volatile threshold-switching characteristics, rapid

Figure 5 The simulation of an SNN based on Pt/Ag/ZnO/Pt LIF memristors for MNIST image classification. (a) Schematic diagram of a trained SNN for the
MNIST image classification. (b) Image classification accuracy with 50 training epochs. (c) The average spike counts of output neurons with different input
images. (d) Confusion matrix of classification results after training.
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response times, and high endurance, making them well-suited to
effectively emulate both LIF and oscillatory neurons. By inte-
grating these memristors into an SNN, we achieved a classifi-
cation accuracy of 89.17% on the MNIST dataset, showcasing
their capability to efficiently handle complex computational
tasks. These findings position ZnO diffusive memristors as
promising artificial neurons for the development of energy-
efficient and high-performance neuromorphic systems, bringing
us closer to bridging the gap between artificial and biological
neural processing.
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基于ZnO扩散型忆阻器的漏电整合发放神经元和振
荡神经元用于脉冲神经网络

汪亮1,2, 张乐2, 化帅斌2, 傅邱云1*, 郭新2*

摘要 扩散型阈值转变忆阻器已成为人工神经元的有前景候选者, 能
够有效模拟神经元功能, 并通过脉冲神经网络模拟生物大脑的低功耗
处理. 在本研究中, 我们提出了一种基于Pt/Ag/ZnO/Pt扩散型忆阻器的
人工神经元, 该忆阻器展现出优异的阈值开关特性, 包括不需要电预处
理、低电压工作(<0.2 V)、高稳定性(在1024个循环中的变化系数仅为
2.25%)、高开关比(106)以及固有的自适应特性. 这些Pt/Ag/ZnO/Pt扩
散型忆阻器被用于同时模拟振荡神经元和泄漏积分发放(LIF)神经元,
通过改变脉冲参数精确调节振荡和发放频率, 同时保持低能耗(每个脉
冲1.442 nJ). 我们进一步将振荡神经元和LIF神经元分别集成作为输入
和输出神经元, 构建了一个两层的脉冲神经网络, 在基于MNIST的电
压图像上实现了89.17%的高分类准确率. 这项工作强调了ZnO扩散型
忆阻器在模拟人工神经元方面的潜力, 并突显了它们在使用脉冲神经
网络进行先进类脑计算应用中的前景.
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