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ABSTRACT: Dual-terminal memristors have emerged as pivotal candidates for next-generation nonvolatile memory due to their
fast switching and low energy consumption. In this study, we fabricated Ag/CeOx/TaOx/FTO and Ag/TaOx/FTO memristors and
systematically investigated their resistive switching behaviors and synaptic functionalities. The incorporation of a CeOx interlayer
significantly enhances oxygen vacancy concentration, reduces the SET/RESET voltages (0.55 V/−2 V vs 2 V/−3 V for Ag/TaOx/
FTO), and broadens the memory window (resistance ratio >100). Moreover, the CeOx layer stabilizes oxygen vacancy migration,
achieving excellent endurance (>1000 cycles) and retention stability (CV < 17% over 104s). Notably, the device emulates synaptic
plasticity, including long-term potentiation/depression (LTP/LTD), spike-timing-dependent plasticity (STDP), and paired-pulse
facilitation (PPF), with high linearity. These advancements position the Ag/CeOx/TaOx/FTO memristor as a promising platform
for energy-efficient neuromorphic computing.
KEYWORDS: Memristor, oxygen vacancy, synaptic plasticity, neural network, CeOx, low-voltage operation

■ INTRODUCTION
In recent years, the dual-terminal memristor has garnered
significant attention, and is anticipated to become a pivotal
device for the next generation of nonvolatile memory.1−3

Based on a straightforward metal/insulator/metal (MIM) dual-
terminal design, the memristor is capable of switching between
a high resistance state (HRS) and a low resistance state (LRS)
through electric field-induced formation/dissolution of con-
ductive filaments (CFs). When the voltage exceeds the
threshold voltage (Vset), CFs nucleate to establish a conductive
pathway, enabling a rapid transition to LRS (SET state).
Conversely, applying a reverse reset voltage (Vreset) disrupts
the CFs, restoring the HRS (RESET state). Its advantages
encompass extremely fast running speed, three-dimensional
storage options, large data storage capacity, multilayer storage
capacity and minimum energy usage.4−6 In addition, as
research into artificial neural networks deepens, the use of
memristors to simulate artificial synapses and neurons has
become a prominent topic.7−9 These memristors are
anticipated to achieve uniform conductance modulation

under pulse sequence stimulation, thereby simplifying the
weight updating process of neural networks and hardware
circuits. Furthermore, high-precision pattern recognition can
also be obtained through the linear conductance weights
generated by the enhanced/inhibitory behavior of the device to
train the neural network.
Among the various materials used to prepare memristors�

such as binary oxides, ferrites, organic compounds, and
sulfides10−15 �a widely accepted theoretical model for the
resistance mechanism of oxide memristors is the oxygen
vacancy conduction mechanism. In oxides where oxygen
vacancies are the primary resistive switching mechanism,
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TaOx and CeOx are considered ideal intermediate layer
materials.16,17 The valence variation of the Ta element in
Tantalum oxide (TaOx) materials is minimal, resulting in a
long switching life and high write speed.18−20 Cerium oxide
(CeOx), with its narrow bandgap (2.7 eV) and high oxygen
storage capacity, facilitates oxygen vacancies (Vo2+) generation
and migration. Theoretical calculations indicate that the lower
Ce−O bond energy promotes Vo2+ redistribution under electric
fields. Consequently, CeOx exhibits good write speed,
multilevel storage characteristics, and low switching volt-
age.21,22 Furthermore, most memristors fail to achieve long-
term potentiation and depression due to the randomness and
instability of the conductive pathways formed by oxygen
vacancies.23 The improved switching behavior in multilayer
structures is attributed to the control of oxygen vacancy
motion within the dielectric layers and at the interfaces,24−26

which further reduces the operating voltage and power
consumption of the device. Consequently, many bilayer27−29

and trilayer30,31 topologies have been proposed to enhance the
resistive switching performance of these devices.
In this study, Ag/CeOx/TaOx/FTO and Ag/TaOx/FTO

composite thin-film memristors were fabricated. The Ag/
TaOx/FTO memristor demonstrated clear memristive behav-
ior, featuring a relatively large memory window and the ability
to retain obvious memristive characteristics after 1000 cycles.
More interestingly, the cerium oxide layer was introduced in
the Ag/CeOx/TaOx/FTO memristor to control the movement
of oxygen vacancies at the interface and within the oxide layers.
This modification resulted in a reduction of the switching
voltage, thereby lowering energy consumption, expanding the
memory window, and enhancing stability and resistance
retention. Consequently, the device demonstrates improved
performance for applications in nonvolatile memory. Fur-
thermore, we discuss the reasons behind the performance
improvements attributed to the CeOx layer, offering a potential
solution for further enhancing device performance. Addition-
ally, due to the continuous resistance change during the
switching process, Ag/CeOx/TaOx/FTO composite memristor
devices exhibit excellent synaptic properties, including long-
term potentiation (LTP), long-term depression (LTD), spike-
timing-dependent plasticity (STDP), and paired-pulse facili-
tation (PPF). These characteristics make them highly suitable
for applications in neural networks.

■ EXPERIMENTAL SECTION
The process of preparing the Ag/CeOx/TaOx/FTO composite film
and testing its memristive properties is illustrated in Figure 1(a).
Initially, the TaOx film was deposited on the FTO electrode (500 nm,
purchased from Xiangcheng Company) using electron beam
evaporation at a deposition rate of approximately 0.3−0.6 Å/s,
achieving a thickness of 150 nm. Subsequently, the CeOx film was
deposited onto the TaOx layer via electron beam evaporation, at a
deposition rate of approximately 0.6−0.8 Å/s and to a thickness of
100 nm. Finally, the Ag electrode was deposited on the CeOx layer
using the same method but at the deposition rate of 1−1.5 Å/s and to
a thickness of 200 nm. The deposition parameters are detailed in
Table 1. The resulting Ag/CeOx/TaOx/FTO composite films were

then annealed at 300 °C for 30 min under atmospheric pressure in Ar
gas. The high oxygen vacancy concentration in CeOx leads to poor
performance dispersion of the devices. Annealing can increase the
grain size in the films and reduce the oxygen vacancy concentration in
CeOx and TaOx films, thereby decreasing the dispersion of VSET,
VRESET, RLRS, and RHRS in Ag/CeOx/TaOx /FTO devices.
The microstructure and morphology of the Ag/CeOx/TaOx/FTO

composite films were analyzed using X-ray diffraction (XRD, Ultima
IV) and field emission scanning electron microscopy (SEM, JSM-
7800F). The chemical states of the films were characterized by X-ray
photoemission spectroscopy (XPS, ESCALab250, USA) and energy-
dispersive spectroscopy (EDS, Xplore15). The resistance switching
performance of the device was evaluated at room temperature using a
Keithley 4200 instrument. The I−V curves of the memristor were
measured by applying a triangular DC voltage sweep with maximum
amplitudes ranging from ± 0.5 V to ± 5 V, reflecting the resistive
switching characteristics, including the high-to-low resistance ratio,
reproducibility, and variation rate. The retention characteristics of the
memristor were assessed by applying a read voltage of 0.15 V at 1-s
intervals over 10000 s under specific configurations. Additionally, the
synaptic properties of the memristor, including long-term potentiation
(LTP), long-term depression (LTD), spike-timing-dependent plasti-
city (STDP), and paired-pulse facilitation (PPF), were tested by
applying pulse voltages of varying amplitudes, pulse widths, and
intervals.

Figure 1. (a) Preparation process of Ag/CeOx/TaOx/FTO film. (b) EDS spectrum, SEM cross-sectional image and 3D schematic diagram of the
Ag/CeOx/TaOx/FTO thin film in the illustration. (c) Top electrode lattice under microscope.

Table 1. Deposition conditions of the Ag, CeOx, and TaOx
films

Ag CeOx TaOx

Base pressure 5 × 10− 4 Pa 5 × 10− 4 Pa 5 × 10− 4 Pa
Beam current 55 mA 30 mA 60 mA
Sedimentation rate 1−1.5 Å/s 0.6−0.8 Å/s 0.3−0.6 Å/s
Film thickness ∼200 nm ∼100 nm ∼150 nm
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2. RESULTS AND DISCUSSION
Figure 1(a) illustrates the preparation process of the Ag/
CeOx/TaOx/FTO composite film. TaOx and CeOx thin films
were sequentially deposited on the FTO electrode, followed by
the deposition of Ag electrodes through a mask to create
discrete silver dot arrays. A test voltage was then applied
between the exposed FTO electrode and the Ag top electrode
to evaluate the memristive properties of the thin films.
Figure 1(b) in the set shows the cross-section of Ag/CeOx/

TaOx/FTO under the electron microscope, revealing clear
stratification between the TaOx and CeOx intermediate layers
and the FTO bottom layer, including the distinct layered
structure between the metal electrode and the oxide layer.
Figure 1(b) illustrates the distribution of elements in the Ag/
CeOx/TaOx/FTO cross-section, where Ag elements are
concentrated at the top layer, and Sn, Ta, and Ce elements
exhibit clear hierarchical characteristics. Figure 1(c) shows
that, under the microscope, the small metal cylinders of Ag are
evenly distributed on the oxide layer, serving as electrodes.
Each Ag electrode is approximately 400 μm in diameter, with
an interval of about 1 mm between them.
Many studies have shown that the memristive properties of

binary oxide memristors are related to oxygen vacancies and
the valence state of metal elements.32−34 Therefore, further
analysis was conducted on the crystal structure of the
composite films. Figure 2(a) and (b) shows XRD patterns of
the Ag/CeOx/TaOx/FTO and Ag/TaOx/FTO films annealed
at 300 °C, respectively. It can be observed that the TaOx oxide
layer in the Ag/TaOx/FTO film exhibits growth along the TaO
(221) plane. Additionally, in the Ag/CeOx/TaOx/FTO film,
besides the TaO planes, there are also CeO2 (111) and (220)
planes, indicating partial crystallization in both the CeOx and
TaOx layers. Figure 2(c−f) shows the XPS profiles of the Ce,
Ta, and O elements in the Ag/CeOx/TaOx/FTO films. The
XPS profile of the cerium element on the 3d track is shown in
Figure 2(c). A total of 10 peaks were extracted by

deconvolution from this XPS spectrum, with four peaks
attributed to Ce3+ and the remaining six peaks attributed to
Ce4+. Peaks belonging to Ce3+ are labeled as U1, U, V1, V,
while peaks belonging to Ce4+ are labeled as U’’’, U’’, U’, V’’’,
V’’, V’.35 To distinguish characteristic peaks on different tracks,
peaks labeled ’U’ indicate electrons on Ce 3d3/2 and peaks
labeled ’V’ indicate electrons on Ce 3d5/2. Previous studies
have shown that the reduction of Ce4+ to Ce3+ leads to the
formation of oxygen vacancies.36 The proportion of Ce3+
atoms relative to the total amount of Ce is generally related
to the surface oxygen vacancy content. The ratio of the
summed area of all Ce3+ peaks to the total peak area of Ce4+
determines the Ce3+ content, which in this case is 28.41%.37

Figure 2(d) shows the XPS spectrum of Ta elements on the
4f track, with two peaks corresponding to the 4f5/2 and 4f7/2
orbitals at binding energies of 28.20 and 26.31 eV, respectively.
Figure 2(e) and (f) shows the XPS spectra of oxygen elements
on the O 1s track for the CeOx and TaOx layers, respectively.
In Figure 2(e), corresponding to CeOx, the small peak at 532.2
eV corresponds to chemisorbed oxygen, which can be
attributed to the lower binding energies of fully oxidized
CeOx compared to its oxygen-deficient counterpart.38 The
lattice oxygen (OL) in the CeOx and TaOx layers appears at
529.43 and 530.56 eV, respectively, indicating Ce−O and Ta−
O bonding, while the oxygen vacancy (OV) is positioned at
531.34 eV. The lower bond energy of Ce−O implies that
oxygen vacancies in the CeOx layer can more easily migrate
and redistribute under external energy influences such as
electric fields or thermal excitation, and potentially transfer to
the TaOx layer. Additionally, the oxygen vacancy content (OV/
(OV + OL)) in the CeOx and TaOx layers is 53.76% and
43.54%, respectively. This increase in oxygen vacancy content
and the change in tantalum valence ratio may play a key role in
the transition of memristor resistance.
The I−V characteristic curves for the Ag/CeOx/TaOx/FTO

memristor and the Ag/TaOx/FTO memristor over 100 cycles

Figure 2. (a) XRD pattern of the Ag/CeOx/TaOx/FTO composite films. (b) XRD pattern of the Ag/TaOx/FTO composite films. (c) High
resolution of Ce 3d spectrum. (d) High resolution of O 1s spectrum of the CeOx. (e) High resolution of Ta 4f spectrum. (f) High resolution of O
1s spectrum of the TaOx.
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are presented in Figure 3(a) and (d), respectively. The current
values are shown as absolute magnitudes on a logarithmic
scale. As illustrated in Figure 3(a), the current initially
increases at a steady rate with rising voltage. Upon reaching
the threshold voltage, referred to as Vset,

39 which is
approximately 0.55 V for the Ag/CeOx/TaOx/FTO mem-
ristor, a sharp increase in the current slope is observed. This
increase causes the current to elevate by one to 2 orders of
magnitude, transitioning the memristor into a low-resistance
state (LRS).40,41 Subsequently, as the voltage is decreased to a
specific reverse voltage (Vreset), the current reduces to zero,
indicating a transition to a high-resistance state (HRS).42 The
inset I−V characteristic curves in Figure 3(a) and (d) depict
the electrical responses of the Ag/CeOx/TaOx/FTO and Ag/
TaOx/FTO memristors over 100 cycles, highlighting signifi-
cant differences in the switching behaviors of the two devices.
During a single operational cycle of scanning voltage on the
memristor, the Ag/CeOx/TaOx/FTO memristor exhibits
significantly lower upper/cutoff voltages of 0.8 V and −2 V,
respectively, compared to the Ag/TaOx/FTO memristor,

which displays higher switching voltages of 2 V and −3 V.
This reduction in switching voltages enhances the applicability
of the Ag/CeOx/TaOx/FTO memristor in low-power
applications. Furthermore, the Ag/CeOx/TaOx/FTO mem-
ristor demonstrates an increased memory window and a higher
high-to-low resistance ratio, suggesting improved stability and
performance. According to the resistance distributions
analyzed in Figure 3(b) and (e), measured at a read voltage
of 0.15 V after 1000 cycles, the Ag/CeOx/TaOx/FTO
memristor shows superior electrical characteristics, potentially
offering broader functional capabilities in memristive device
applications. The observed resistance ratio characteristics of
the Ag/CeOx/TaOx/FTO memristors indicate a significant
improvement over the Ag/TaOx/FTO memristors. Specifi-
cally, the minimum high-to-low resistance ratio of Ag/CeOx/
TaOx/FTO memristors exceeds 80, with an average ratio
above 100. In contrast, the corresponding minimum ratio for
Ag/TaOx/FTO memristors falls below 10. This data indicates
that Ag/CeOx/TaOx/FTO memristors offer a larger memory
window and enhanced accuracy, making them more suitable

Figure 3. (a) 100-cycle curves of the Ag/CeOx/TaOx/FTO memristors; the Ag/CeOx/TaOx/FTO memristors single-cycle curves are shown in the
inset. (b) Distribution of resistance of Ag/CeOx/TaOx/FTO memristor in 1000 cycles. (c) Frequency distribution and rate of resistance of Ag/
CeOx/TaOx/FTO memristor in 1000 cycles. (d) 100-cycle curves of the Ag/TaOx/FTO memristors; the Ag/TaOx/FTO memristors single-cycle
curves are shown in the inset. (e) Distribution of resistance of Ag/TaOx/FTO memristor in 1000 cycles. (f) Frequency distribution and rate of
resistance of Ag/TaOx/FTO memristor in 1000 cycles. (g) Ag/CeOx/TaOx/FTO memrior curves at different compliance currents (Icc). (h) Ag/
CeOx/TaOx/FTO low configuration resistance with compliance current Icc. (i) Distribution of high and low resistance of 10 different memristors.
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for nonvolatile memory applications. Moreover, the reprodu-
cibility of the Ag/CeOx/TaOx/FTO memristor is highlighted
by its lower coefficient of variation (CV, the degree of
dispersion of resistance distribution, defined as δ/μ, where δ is
the standard deviation of HRS/LRS and μ is the average)43 in
the high resistance state (HRS), recorded at 16.81%, compared

to 40.56% for the Ag/TaOx/FTO memristor. This lower CV
underscores the stability and reliability of the Ag/CeOx/TaOx/
FTO memristor, enhancing its utility in nonvolatile memory
devices.
Figure 3(c) and (f) illustrates the frequency distributions of

resistance states for both memristor types, further substantiat-

Figure 4. Retention curves of high and low resistance read at 0.15 V at 10,000 s (a) for Ag/CeOx/TaOx/FTO and (c) Ag/TaOx/FTO. Frequency
distribution of (b) Ag/CeOx/TaOx/FTO and (d) Ag/TaOx/FTO.

Figure 5. Representative current−voltage plots for RS behavior of the memristor devices: (a) Ag/CeOx/TaOx/FTO and (b) Ag/CeOx/TaOx/
FTO. Ag/CeOx/TaOx/FTO memristors curve fits the Ohmic model (c) for low resistance and SCLC model (d), Schottky emission model (e),
and Poole-Frenkel emission model (f) for high resistance.
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ing these findings. Figure 3(g) illustrates the cyclic curves of
the Ag/CeOx/TaOx/FTO memristor under different com-
pliance currents (Icc).

44,45 The memristive profile at various
current limits generally maintains a stable low-resistance state
(LRS), albeit with slight variations in resistance values. The
switching voltage remains approximately constant across
different settings, indicating robust voltage thresholds for the
device. Figure 3(h) analyzes the LRS at a fixed read voltage of
0.15 V for three distinct compliance currents. It is observed
that the resistance in LRS decreases as the compliance current
increases, suggesting that the resistance level of LRS can be
effectively modulated by varying the compliance current. This
feature enhances the device’s adaptability for different
applications by allowing for dynamic resistance adjustments.
Furthermore, the device demonstrates excellent spatial
uniformity.46,47 This is evidenced by tests conducted on ten
separate devices (Device to Device), with the high-resistance
state (HRS) and LRS being documented for each. Figure 3(i)
presents the distribution of the high and low resistance values
at a compliance current (Icc) of 10 mA for these devices. The
resistance switch ratio across all devices is closely grouped
around a mean of 125.9, with a remarkably low coefficient of
variation (CV) at 4.06%. This low variability confirms the
memristor’s stability and uniform response across multiple
devices, underscoring its reliability for consistent performance
in practical applications.
Figure 4(a) and (c) displays the resistance retention profiles

of the Ag/CeOx/TaOx/FTO and Ag/TaOx/FTO memristors
over a duration of 10000 s. Initially, the memristors are
switched to a low resistance state (LRS) by applying a forward
voltage exceeding the set voltage, followed by a stabilization
phase where a read voltage of 0.15 V is applied to monitor
resistance changes over the specified period. Subsequently, a
negative voltage below the reset threshold reverts the devices
to a high resistance state (HRS), with resistance readings taken
at 1-s intervals for 10000 s to assess stability. Figure 4(b) and
(d) illustrates the resistance variability of both memristor types
within the same period. The Ag/CeOx/TaOx/FTO mem-
ristors exhibit coefficients of variation (CV) in high and low

resistance values of 16.93% and 21.34%, respectively, which are
notably lower than those observed in the Ag/TaOx/FTO
memristors. This reduced variability in resistance states
suggests that Ag/CeOx/TaOx/FTO memristors possess
superior memory retention characteristics, enhancing their
suitability for applications in nonvolatile memory systems and
neural network implementations. This performance advantage
underscores their potential for reliable, long-term data storage
and processing capabilities in advanced computing architec-
tures.
To elucidate the resistance switching mechanisms in Ag/

CeOx/TaOx/FTO and Ag/TaOx/FTO memristors, Figure
5(a) and (b) presents the memory resistance curves along with
the forward voltage settings for each device type. These curves
reveal a linear relationship between voltage and resistance in
both the low and high resistance states, characteristic of Ohmic
conduction.48 This linear behavior suggests a straightforward,
resistive response to applied voltage changes under normal
conditions. However, deviations occur in the high voltage
region of the high resistance state (HRS), where the
relationship becomes nonlinear. This nonlinearity is further
analyzed in Figures 5(c) through (f), which compare the
experimental I−V curves with theoretical fits from various
conduction models: Space-Charge-Limited Conduction
(SCLC),49 Schottky,50 and Poole-Frenkel.51 The coefficient
of determination (COD) values accompanying these fits assess
the accuracy of each model in describing the experimental data.
The data fitting indicates that the Space-Charge-Limited
Conduction (SCLC) model is particularly adept at describing
the conduction behavior of the Ag/CeOx/TaOx/FTO
memristor under high-voltage and high-resistance conditions.
Specifically, the SCLC model shows that in the depicted high
resistance region (Figure 5(d)), the initial slope of
approximately 1.17 suggests Ohmic conduction at lower
voltages, where current conduction is dominated by free
charge carriers generated by thermal excitation. As the voltage
increases, the slope escalates to 2.37, indicative of a quadratic
I−V2 relationship,52 and then further increases to 8.79,
suggesting trap-filled limit (TFL) conduction53,54 due to

Figure 6.Mechanism diagram of Ag/TaOx/FTO memristor (upper layer) and Ag/CeOx/TaOx/FTO memristor (lower layer) based on the oxygen
vacancy conduction current model.
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deep trap levels within the CeOx/TaOx film. This steep
increase is characteristic of a transition from Ohmic to space-
charge-limited current flow, where deep traps significantly
impact electron transport. When the voltage is subsequently
reduced, the slope decreases back to approximately 0.99
(Figure 5(c)), reaffirming that SCLC predominantly governs
the conduction mechanism in the high voltage range of
HRS.55−57

To better illustrate the memristive mechanism of the Ag/
CeOx/TaOx/FTO memristor and the Ag/TaOx/FTO mem-
ristor, a schematic of the conductive mechanism based on the
oxygen vacancy conduction current model is presented in
Figure 6. This phenomenon is attributed to the lower diffusion
barrier of oxygen vacancies in the TaOx layer compared to that
in Ag-based conductive filaments (CFs), where Ag CFs are
only partially formed near the Ag/CeOx interface.

58−60 In the
initial state, oxygen vacancies are randomly distributed in the
CeOx and TaOx layers. When a small positive voltage is
applied, lattice oxygen is excited to become oxygen ions and
leaves the lattice, forming oxygen vacancies.61 Simultaneously,
the oxygen vacancies between the oxide layers converge due to
the forward electric field, forming a conductive filament,
though a complete conductive path is not yet established. At
this stage, the memristor remains in a high resistance state
(HRS), with the current conduction mechanism being

primarily Ohmic. When the voltage exceeds Vset, the
conductive filament formed by the oxygen vacancies
establishes a complete conductive path. The traps in the
oxide layer (most likely oxygen vacancies) are fully filled by
carriers, causing a significant increase in current as the
memristor transitions to a low resistance state (LRS). In the
LRS, current conduction is primarily facilitated by the
conductive pathways formed by oxygen vacancies. Upon
applying a reverse voltage, the oxygen vacancies migrate
toward the top electrode, disrupting the conductive filament
and releasing carriers from the traps.62 Consequently, the
memristor reverts to the HRS. Compared to the Ag/TaOx/
FTO memristor, the cerium oxide layer in the Ag/CeOx/
TaOx/FTO memristor contains a higher concentration of
oxygen vacancies and, due to the lower Ce−O bond energy,
has a greater tendency to form oxygen vacancies. This higher
vacancy concentration facilitates the formation of conductive
filaments and pathways, thereby reducing the threshold voltage
(Vset). Furthermore, the Ag/CeOx/TaOx/FTO memristor
exhibits better stability than the Ag/TaOx/FTO memristor.
This is mainly reflected in the gradual increase of the high
resistance current with repeated cycling of the Ag/TaOx/FTO
memristor. This phenomenon may be attributed to the low
mobility of oxygen vacancies in the TaOx layer, making the
conductive filaments more difficult to disrupt. Additionally, the

Figure 7. (a) Schematic diagram of biological synapse in human brain, which resembles memristive devices with sandwich structure. (b) The
response characteristic of the current when applying a pulse voltage of 1 ms pulse width and amplitude of 1 V. (c) Long-term potentiation and
depression (LTP, LTD) characteristics of the artificial synapse (blue line: potentiation; black line: depression). The applied pulse voltage signal is 1
V, 1 ms and −1 V, 10 ms. (d) Relationship between pulse number and synaptic weightsΔW in LTP/Ltd. (e) The STDP characteristics of the
memristors; the inset of the figure is the schematic representation of the voltage pulses of the top and bottom electrodes. (f) The current response
of the memristor after receiving both anterior and posterior pulses, where the pulse interval is 1 ms. (g) The relation between the synaptic weight
changes and the interpulse interval.
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higher switching voltage in the Ag/TaOx/FTO memristor
exacerbates this trend. Therefore, incorporating the CeOx layer
into the Ag/TaOx/FTO structure effectively improves
resistive-switching and synaptic characteristics.
In this research, the Ag/CeOx/TaOx/FTO memristor was

demonstrated to effectively simulate the functions of neural
synapses in the brain.63 Figure 7(a) schematically illustrates the
fundamental roles of neurons and synapses in the human brain.
Neuronal pulses, representing action potentials, are received by
presynaptic neurons, leading to the release of neurotransmit-
ters within the synaptic cleft. These neurotransmitters then
bind to receptors on the postsynaptic membrane, thereby
activating the postsynaptic neuron. To replicate real synaptic
functions using a memristive device, the top and bottom
electrodes are designated as pre- and postsynaptic channels,64

respectively. In this model, the device’s conductivity serves as
an analog for synaptic weight,65 which can be adjusted through
voltage pulses to modulate synaptic plasticity. Synaptic
plasticity refers to the synapse’s ability to alter its response
based on the signals transmitted between neurons, which plays
a crucial role in the encoding of neuronal inputs.66

Figure 7(b) presents the current response characteristics of
the Ag/CeOx/TaOx/FTO memristor subjected to a pulse
voltage of 1 V with a duration of 1 ms.67 The observed
behavior shows a stable and continuous rise in current
throughout the application of the voltage. This increase in
current can be interpreted as a gradual increase in the
memristor’s conductance G = I/V at the given pulse voltage,
mimicking the process of neurotransmitter release from a
presynaptic to a postsynaptic neuron. This phenomenon
represents a conductance modulation process where synaptic
weight updates occur, with ΔW = (G-G0)/G0, reflecting
changes in synaptic efficacy.68

Further illustrated in Figure 7(c), the memristor’s response
to 50 forward pulses and 50 negative pulses (each 10 ms long)
demonstrates a continuous increase in current with each pulse.
This behavior models the long-term potentiation (LTP) and
long-term depression (LTD) characteristics typical of neural
networks,69,70 which are key processes in learning and memory
formation. Figure 7(d) provides a statistical analysis of the
synaptic weight updates ΔW = (G-G0)/G0 under different
enhancing and inhibiting voltage conditions (50 pulses at 1 V
for 1 ms and 50 pulses at −3 V for 10 ms). The results indicate
that the synaptic weights of the Ag/CeOx/TaOx/FTO
memristor enhance or suppress progressively with an
increasing number of pulses and fluctuate within an acceptable
range. This behavior effectively simulates the LTP and LTD
dynamics observed in neural networks, showcasing the
memristor’s potential for applications in neuromorphic
computing.71 This suggests that such devices could be highly
beneficial in the emulation of synaptic functions in artificial
neural networks, enhancing their ability to mimic human
cognitive functions.
The study of spike-timing-dependent plasticity (STDP) in

Ag/CeOx/TaOx/FTO memristors offers valuable insights into
the mechanisms of synaptic learning and memory in neural
networks.72 STDP is a form of plasticity where the timing of
spikes across synapses significantly influences the synaptic
weight, denoted as ΔW. This weight changes depending on the
temporal difference (Δt) between the activations of pre- and
postsynaptic neurons. Enhancements in synaptic connections
occur when presynaptic spikes precede postsynaptic ones,
known as the “anterior sequence”. Conversely, synaptic

connections weaken when postsynaptic spikes precede
presynaptic ones, referred to as the “posterior sequence”. In
the context of memristors, these dynamics are simulated by
considering the top electrode as analogous to the presynaptic
neuron and the bottom electrode as the postsynaptic neuron.
Changes in the memristor conductance reflect changes in
synaptic weight, as shown in Figure 7(e). For example, when
the potential at the top electrode precedes that at the bottom
(Δt > 0), the synaptic weight increases, and the magnitude of
this increase (ΔW) decreases as Δt increases. Conversely,
when Δt < 0, the synaptic weight decreases, and ΔW similarly
decreases with Δt.
The fitting of these changes to a mathematical model

resulted in specific parameters that describe the behavior of the
synaptic weights over time.73 The curves of Δt versus ΔW
were fitted using the following formula:
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The derived parameters, including ΔW0 = 0.026, ΔW1 =
−0.016, A+ = 1.85, A− = −1.28, τ+ = 45.4 ms, τ− = −54.5 ms.,
indicate the model’s capability to mimic STDP, with the Ag/
CeOx/TaOx/FTO memristors showing potential for effective
simulation of synaptic behaviors in neuromorphic systems.
Paired pulse facilitation (PPF) is recognized as a significant

form of synaptic plasticity, characterized by an enhanced
postsynaptic response to a second stimulus closely following
the first.74 This response exemplifies the synaptic system’s
temporary amplification in reaction to consecutive signals.
Initially, an electrical signal at the presynaptic neuron triggers
an action potential, leading to neurotransmitter release into the
synaptic cleft and an increase in intracellular calcium
concentration, which is crucial for neurotransmitter release.
If a subsequent stimulus rapidly follows, the residual calcium
from the first stimulus enhances the effect of the second,
resulting in a greater release of neurotransmitters and a
correspondingly stronger postsynaptic response, manifesting as
PPF.
PPF serves as an adaptive mechanism, allowing neural

circuits to temporarily enhance synaptic transmission and
adjust synaptic signal gain under specific conditions. This
mechanism is vital for encoding processes in learning and
memory and provides insight into how neural networks adapt
their response patterns to dynamic environmental stimuli. Such
understanding is crucial for both functional neuroscience and
the development of interventions for neurological disorders.75

To explore this phenomenon in an artificial setting, the PPF
functionality of the Ag/CeOx/TaOx/FTO memristor was
evaluated. The experimental setup involved applying a pulse
voltage of 1 V for 1 ms with a 1 ms interval between pulses, as
shown in Figure 7(f). PPF was quantified by the relative
increase in current response following the second pulse,
defined as PPF = (A2-A1)/A1 × 100%, where A1 and A2 are
the current responses to the first and second pulses,
respectively. Subsequently, the pulse interval (Δt) was varied,
and a decline in the magnitude of current increase was
observed, suggesting a time-dependent decrease in PPF
effectiveness, as shown in Figure 7(g). The curves were fitted
using the following equation:

PPF C e C et t
1

/
2

/1 2= + (2)

ACS Applied Electronic Materials pubs.acs.org/acsaelm Article

https://doi.org/10.1021/acsaelm.5c00483
ACS Appl. Electron. Mater. XXXX, XXX, XXX−XXX

H

pubs.acs.org/acsaelm?ref=pdf
https://doi.org/10.1021/acsaelm.5c00483?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


The relationship between Δt and PPF was modeled, yielding
time constants τ1 = 1.27 ms and τ2 = 5.89 ms, indicative of the
Ag/CeOx/TaOx/FTO memristor’s capability to simulate PPF.
These findings underscore the potential of such memristive
devices to mimic critical aspects of synaptic behavior,
advancing their application in neuromorphic computing.

■ CONCLUSIONS
In this study, by introducing the cerium oxide layer in the Ag/
CeOx/TaOx/FTO memristor, we demonstrate a memristor
with ultralow switching voltage (0.55 V), high endurance
(>1000 cycles), and synaptic functionalities approaching
biological fidelity. The CeOx layer elevates oxygen vacancy
concentration by 23% (XPS) and stabilizes filament formation
via interfacial Vo2+ gradient control. Furthermore, The device
achieves linear conductance modulation (nonlinearity α=0.92)
and biomimetic STDP/PPF, These characteristics demonstrate
its potential for constructing neural networks as artificial
synapses.
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