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ABSTRACT: Mixed ionic-electronic conductors (MIECs) are
known to show analog resistive switching (RS) behavior due to
their coupled electronic and ionic transport properties. This study
introduces a memristor device, made up of a well-known MIEC
cuprous iodide (CuI), for artificial synaptic applications. A cross-
point structured Cu/CuI/Pt device initially shows digital bipolar
RS under bias voltage sweeping, which is characterized by well-
separated SET and RESET voltages with a high ON/OFF
resistance ratio of ∼105. After 100 bias sweeping cycles, the device
completely changes, showing analog RS behavior without any well-
defined SET and RESET voltage, and exhibits a continuous current
trajectory under bias sweeps. In comparison to the digital RS
mode, the analog RS mode exhibits minimal cycle-to-cycle
variability with a reduced ON/OFF ratio of ∼10. The current conduction mechanism underlying the digital switching behavior
is ascribed to the formation and dissolution of a Cu filament. The analog RS behavior arises from charge trapping/detrapping at
defect sites created during digital RS cycles. The device showing analog RS exhibits long-term and short-term plasticity, similar to
biological synapses under voltage pulse applications. Utilizing the long-term plasticity data, artificial neural network simulations
demonstrate an image recognition accuracy of ∼93% for handwritten digits. Furthermore, the device successfully replicates paired-
pulse facilitation/depression and spike timing-dependent plasticity. These findings indicate the great potential of the CuI-based
analog memristor to serve as artificial synapses for neuromorphic computing applications.
KEYWORDS: cuprous iodide, analog memristor, artificial synapse, mixed ionic-electronic conductor (MIEC), in-memory computing,
artificial neural network (ANN)

1. INTRODUCTION
As society becomes increasingly interconnected and with the
prevalence of the Internet of Things and edge computing, the
demand for faster and more energy-efficient computing
systems is rapidly increasing. This need is further accelerated
by the expansion of artificial intelligence technologies, which
are transforming fields such as computer vision, gaming,
language processing, and image classification.1,2 However, the
traditional computational paradigm, hindered by the limi-
tations of Moore’s Law and the von Neumann bottleneck,
struggles to meet these escalating demands. To address these
issues, non-Von Neumann architectures such as the in-memory
computing (IMC) paradigm are gaining popularity. Inspired by
the intricately parallel network structure of neurons and
synapses in the human brain, which facilitates both
computation and adaptive learning, IMC offers a promising
avenue for overcoming the von Neumann memory bottleneck.
In particular, IMC architectures, such as artificial neural
network (ANN) accelerators, use vector-matrix multiplication
(VMM) operations to mimic the weighted sum of inputs in a

neural network layer. While traditional complementary metal-
oxide-semiconductor (CMOS)-based technologies like graphic
processing units and application-specific hardware accelerators
have been developed to handle VMM operations, crossbar
architectures using memristors are emerging as the most
promising and energy-efficient solutions.1,3

Most of such memristors are made with oxide or dielectric
films that exhibit digital (binary) memory states.4,5 Although
digital memory can be used for IMC applications, it needs to
be greatly optimized in terms of pulsing parameters, circuit
design, and modification of the ANN algorithm.6,7 For
example, in organic halide perovskite-based memristors
showing typically digital switching, optimizations of pulse
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parameters are needed to find suitable analog memory
windows for ANN operations.7 From the material and
memristor configuration point of view, lots of work has been
reported on the conversion of digital memristors to analog
memristors. This transition has been achieved utilizing various
methods, such as introducing barrier layers, tuning the
thickness of the switching layer, employing ligand exchange
reactions, optimizing the electrodes, and so on.8−11 In contrast
to pure dielectrics/insulators, materials with conductivity
linked to both ionic and electronic motions are favored for
demonstrating analog memory capabilities.12,13 Mixed ionic-
electronic conductors (MIECs), endowed with superior
electrical transport properties due to both ionic and electronic
contributions, emerge as promising candidates for achieving
analog-type memristive behavior.14 Notable examples of such
materials include perovskites, metal halides/sulfides, lithiated
transition-metal dichalcogenide materials, and organic MIECs,
which are suitable for analog switching.15−18

Of such MIEC materials, cuprous iodide (CuI) stands out
for its properties as a superionic conductor and a hole-
conducting semiconductor. In terms of electronic conductivity,
CuI is a p-type semiconductor, due to the presence of intrinsic
copper (Cu) vacancies (VCu) that act as acceptors. It further
displays a high hole mobility of ∼ 40 cm2 V−1 s−1 and a band
gap of around 3.1 eV.19 However, the zinc-blende phase of
CuI, which is stable at room temperature, exhibits the lowest
electrical conductivity of its various polymorphs, ranging from
10−4 to 10−5 S cm−1.20 In particular, when CuI is deposited as a
thin film, it inherently has significant iodine vacancies (VI).
Such VI acts as a hole trap and reduces the overall electrical
conductivity.21 Through defect engineering, such conductivity
can be adjusted, opening avenues for exploring CuI in
memristive applications. Despite this potential, CuI has not
been explored significantly as a memristive material for IMC
and neuromorphic applications.22−24 A few studies have
reported memristors with Ag or Al as one electrode and CuI

as the switching layer, formed by physical vapor deposition or
by iodination of the Cu layer.22,23 A Cu/CuI/Pt memristor
showing nonvolatile logic operations has also been fabri-
cated.24 However, these memristors exhibited only digital
switching behavior, which limits their effectiveness for ANN
applications.

In this work, we fabricated a cross-point Cu/CuI/Pt
memristor device using a CuI film spin-coated from its
precursor solution. Optimizing the coating parameters enabled
the reduction of the CuI film thickness down to 60 nm without
any surface defects. The device initially exhibited digital
resistive switching (RS) behavior, which is attributed to the
formation and dissolution of a Cu filament based on Cu-ion
transport and electrochemical reactions. After more than 100
cycles of bias sweeping, the device transitioned to analog RS
behavior. This analog switching is associated with the
trapping/detrapping of carriers (holes) by defects induced
during digital RS cycles. The device showing analog RS
demonstrated key synaptic functionalities such as long-term
and short-term plasticity, which are similar to the functionality
found in biological synapses. Leveraging potentiation and
depression data, ANN simulations achieved an image
recognition accuracy of ∼93%.

2. EXPERIMENTAL SECTION
The Cu/CuI/Pt devices were fabricated on a Si substrate covered
with 200 nm-thick SiO2, as illustrated in Figure S1 of the Supporting
Information (SI). The substrate was cleaned by ultrasonication with
acetone and ethanol, each for 10 min, followed by plasma ashing
treatment in an O2 atmosphere for 1 min. First, the patterning of the
bottom electrode was made using maskless photolithography.
Subsequently, 5 nm-thick Ti and 35 nm-thick Pt were deposited by
electron-beam (EB) evaporation, followed by a lift-off process with
remover PG. Then, the switching matrix (CuI) film was prepared
using a solution-based method. To create a 0.5 molar CuI precursor
solution, CuI powder (purchased from Sigma-Aldrich) was dissolved
in an organic solvent. The CuI solution was stirred for 24 h at 300

Figure 1. (a) XRD pattern and (b) UV−visible absorption spectra of CuI powder and a CuI thin film spin-coated on an SiO2/Si substrate. The
inset of (b) shows the Tauc plot used to determine the band gap energy of both CuI powder and thin film. (c) Typical AFM image of a CuI thin
film coated on a SiO2/Si substrate. (d) Typical cross-sectional line profile across the CuI film surface.
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rpm to ensure homogeneity and then filtered through a filter paper.
On the bottom Pt electrode, the CuI solution was spin-coated at 3000
rpm for 60 s with a slope time of 10 s. The coated film was annealed
on a hot plate at 150 °C for 15 min to evaporate the solvent. It was
found that the choice of solvents plays an important role in obtaining
a homogeneous and pinhole-free CuI film. As shown in Figure S2 of
SI, acetonitrile solution produced very nonuniform films. However, a
mixture solution of 2-aminoethanol and 2-methoxyethanol at a 1:1
molar ratio produced a uniform and pinhole-free CuI film on a SiO2/
Si substrate.24 The thickness of the resultant CuI film was measured
as ∼60 nm using an optical thickness meter (Otsuka Denshi OPTM-
F1). This film thickness was also confirmed by cross-sectional
scanning electron microscopy, as shown in Figure S3 of the SI. Finally,
40 nm-thick Cu and 30 nm-thick Pt were EB deposited utilizing a
shadow mask. This resulted in a cross-point structured Cu/CuI/Pt
device with a junction area of 5 μm × 5 μm.

The structural properties of the CuI thin films spin-coated on
SiO2/Si substrates were analyzed using PANalytical Xpert3 powder X-
ray diffraction (XRD) with a Cu−Kα1 source of wavelength 1.54 Å.
The absorption spectra of the CuI film were examined by using an
Agilent Cary 5000 UV−vis−NIR spectrophotometer. The surface
topography of the CuI film was measured by atomic force microscopy
(AFM) under ambient conditions using a Seiko Instruments Nano
Navi E-sweep, with a Si cantilever in a noncontact mode. Electrical
measurements of the fabricated devices, in both DC sweep and
voltage pulse operations, were conducted at room temperature under
ambient conditions by using a prober system equipped with a
Keithley 4200 SCS/F semiconductor characterization system.

3. RESULTS AND DISCUSSION
3.1. Material Characterization. The XRD patterns of CuI

powder and thin CuI film spin-coated on a SiO2/Si substrate
are shown in Figure 1a. The CuI powder is identified as being
in the γ-phase, featuring a cubic zinc-blende structure.25 Upon
film formation from the solution, CuI remains in its γ-phase
with predominant growth orientation along the (111) plane,
accompanied by contributions from the (220) and (311)
planes, exhibiting the polycrystalline nature of the coated CuI

film. The preferred crystallographic orientation for the growth
of thin CuI films along the (111) direction has been reported
for various deposition techniques, including physical vapor
deposition and solution-based methods.26 This directional
preference is attributed to the accelerated growth kinetics
along that direction owing to the favorable stability energy
dynamics at the growth interface. Moreover, the growth of CuI
films along the (111) direction may increase the formation of
VI. This phenomenon can be explained primarily as being due
to the difference in ionic radii between Cu and I species. The
relatively small ionic radius of Cu (0.074 nm) with the
comparatively larger ionic radius of I (0.206 nm) promotes the
close-packed (111) lattice planes by pressing iodide,
consequently increasing the likelihood of vacancy generation
in the crystalline lattice.27 The (111) Bragg peak of the CuI
thin film was significantly broader than that of the CuI powder,
as seen in Figure 1a. The average crystallite size along the
(111) was reduced to ∼5.43 nm in the thin film, compared to
36.48 nm for the bulk powders as estimated using the Debye−
Scherrer formula. The smaller crystallite size of CuI in the film
has opposite effects on the transport properties of Cu ions and
holes. The increase in volume fraction of the grain boundaries
due to reduced crystallite size provides preferential paths for
Cu ion transport.24 On the other hand, the grain boundary
scattering lowers hole mobility.28,29

The UV−visible absorption spectra of CuI powder and thin
CuI film coated on an SiO2/Si substrate are displayed in Figure
1b, for wavelengths ranging from 200 to 800 nm. The CuI
powder exhibited no absorption above 440 nm, whereas a
notable absorption was observed in the CuI film. Both the CuI
powder and thin film showed a peak at ∼406 nm, representing
a characteristic feature of CuI.30 The optical band gap energy
was determined through Tauc plot analysis, as shown in the
inset of Figure 1b. The band gap energy was estimated to be
∼2.98 eV for CuI powder and ∼2.79 eV for the thin film,

Figure 2. (a) Typical I−V characteristics of a Cu/CuI/Pt device showing digital bipolar RS behavior up to 100 sweep cycles. (b) I−V curves with
different ICC. The inset plots the ON resistances as a function of the ICC value, read at 0.1 V after SET, showing multilevel ON states. (c) RON and
ROFF plots as functions of switching cycles. The inset displays the average SET and RESET voltages, with standard deviation. (d) Plot of I−V curves
measured at every 20 cycles, illustrating the transition from digital to analog RS.
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which aligns closely with reported values.31 Note that the CuI
film exhibits a higher absorbance due to the scattering of
incident light by the film, which is due to granular structures
with smaller grain sizes. Figure 1c presents an AFM image of a
60 nm-thick CuI thin film, measured over an area of 1 μm × 1
μm. The topography image revealed a smooth surface,
representing uniform coverage of the CuI layer without any
cracks or pinholes. The root-mean-square surface roughness
(RRMS) was evaluated to be ∼0.33 ± 0.04 nm, as shown in
Figure 1d.

3.2. Electrical Characterization. The current−voltage
(I−V) characteristics obtained from a Cu/CuI/Pt device are
shown in Figure 2, which were measured under DC voltage
sweeps. In all measurements, the Pt electrode was grounded,
and a bias voltage was applied to the Cu electrode. The ON
current was regulated by different current compliance values
(ICC) ranging from 10 to 500 μA, only for the positive bias
sweep (the results of Figure 2a were obtained with an ICC of
500 μA). The Cu/CuI/Pt device initially exhibited an OFF
resistance (ROFF) of greater than 108 Ω. When the bias voltage
was swept in the positive direction, the current gradually
increased and jumped to the compliance level of ∼0.8 V, as
indicated by the red curve in Figure 2a. This corresponds to
the first SET process from the OFF state to a low-resistance
(ON) state, which is referred to as the forming process. As the
bias voltage was subsequently swept to the negative direction,
the device returned to the OFF state at ∼−0.3 V,
corresponding to the RESET process. With increasing sweep
cycles, the device exhibited digital RS behavior with lowered
SET and RESET voltages, as indicated by the blue curve. The
ON resistance (RON) can be tuned from 104 to less than 103 Ω
by increasing the ICC from 10 to 500 μA, as shown in Figure
2b, demonstrating multilevel ON states.

Figure 2c plots ON and OFF resistances as a function of
switching cycles, which were taken from the measured I−V
curves of Figure 2a. It was found that both RON and ROFF were

stable up to ∼70 cycles with respective resistances of ∼103 and
∼108 Ω, resulting in an ON/OFF ratio of ∼105. The average
SET and RESET voltages were estimated to be approximately
0.2 and −0.15 V, respectively, as shown in the inset of Figure
2c. As the switching cycle exceeded 70, the ROFF gradually
decreased, although the RON was unchanged, as indicated by
the solid curves. The ROFF dropped by nearly 2 orders of
magnitude at the 100th cycle. This change in the RS behavior
can also be observed in the I−V curves. Figure 2d presents five
I−V curves, measured at every 20 cycles (from the 20th to the
100th cycle), which were extracted from Figure 2a. As the
number of switching cycles increased (from the blue to purple
curves), the current did not jump directly to the compliance
value at the SET voltage but continued to increase even after
the jump. The steepness of the current jumps gradually slowed,
as indicated by the arrows. At the 100th cycle, the current no
longer jumped and increased continuously, as indicated by the
pink curve. A parameter to quantify such steepness is the turn-
ON slope, which is known as the subthreshold slope in MOS
field-effect transistors. The turn-ON slope is defined as the
ratio of the voltage range to a decadal change in current, i.e.,
the inverse of the slope of the I−V curve near the SET
voltage.32 It was calculated to be ∼ 4 mV/decade at the 20th
cycle and significantly increased to ∼42 mV/decade at the
100th cycle. These results indicate that the device transitioned
from digital RS mode to analog RS mode after 100 switching
cycles. The same transition behavior was observed on different
devices. The number of switching cycles required for the
transition to analog RS varied slightly between devices, ranging
from ∼60 to ∼100. Note that the current minima were always
observed on the negative bias side, as indicated by the dashed
circles in Figure 2a,d. The origin of these current minima will
be discussed later.

Once the switching behavior has changed into analog RS
mode, the device exhibited a stable, continuous switching
behavior in a smaller bias voltage range. Figure 3a represents

Figure 3. (a) Typical I−V characteristics of a Cu/CuI/Pt device showing analog RS behavior for 50 sweep cycles. (b) ON and OFF resistances
plotted as a function of switching cycles. (c) I−V curves measured under five consecutive positive voltage sweeps (0 V → 0.5 V → 0 V) and the
subsequent five consecutive negative voltage sweeps (0 V → −0.5 V → 0 V). (d) Temporal evolution of the current during five consecutive positive
sweeps followed by five consecutive negative voltage sweeps. The inset depicts the memory window, defined by the ON/OFF resistance ratio, for
consecutive gradual SET and RESET processes.
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the typical I−V characteristics of such analog RS behavior,
measured between 0.5 and −0.5 V for 50 sweep cycles. As the
voltage was swept on the positive bias side, the OFF state was
gradually SET to the ON state. In the subsequent sweeping on
the negative bias side, the ON state was again gradually RESET
to the OFF state. The device exhibited highly stable analog RS
behavior, with almost constant hysteresis, and significantly
reduced cycle-to-cycle variations. Figure 3b plots the ON and
OFF resistances as a function of the switching cycle, which
were taken from the I−V curves of Figure 3a. The average ON
and OFF resistances were 103 and 104 Ω, respectively, resulting
in an ON/OFF resistance ratio of ∼10, which is significantly
reduced by ∼10,4 compared to the digital RS behavior (Figure
2c). The turn-ON slope further increased to ∼152 mV/
decade, indicating a smooth resistance change of the device in
the measured voltage range.

Another illustration of the analog RS operation is presented
in Figure 3c. In this measurement, the bias voltage was first
swept on the positive voltage side with a sequence of 0 V →
0.5 V → 0 V for five consecutive cycles. The current increased
gradually with increased sweep cycles, indicating a gradual
decrease of the ON resistance, as shown by the I−V curves
labeled 1−5. As the bias voltage was subsequently swept on the
negative voltage side with a sweeping sequence of 0 V → −0.5
V → 0 V for five consecutive cycles, the current decreased
gradually, as shown by the I−V curves labeled 6−10. The
hysteresis of the current was always large for the first voltage
sweep, becoming smaller and smaller with repeated sweeps,
resulting in a decrease in resistance change. To get a clear
picture of the change in device resistance with voltage sweeps,
Figure 3c is replotted in Figure 3d as a temporal evolution of
the current along with the bias voltage. The continuous
application of consecutive positive and negative biases induced
a gradual increase in the positive current peak, followed by a
gradual decrease in the negative current peak. This continuous

and gradual change of the device resistance upon bias
applications is analogous to synaptic functions such as
potentiation and depression of synaptic weight by an external
stimulus. The inset shows that the memory window, defined by
the ON/OFF resistance ratio, decreased with an increasing
number of sweep cycles for positive and negative bias sweeps,
respectively.

3.3. Switching Mechanisms for Digital and Analog
Switching. We investigated the switching mechanism of the
Cu/CuI/Pt device in both digital and analog RS modes. First,
we analyzed the I−V characteristics of the SET and RESET
processes in the digital RS mode, as depicted in Figure 4a,b on
a log−log scale, respectively. When the bias voltage is swept
from 0 V to the positive direction, the device exhibits a linear
relationship in the low voltage region from 0.01 to 0.12 V of
the OFF state, fitted with a slope of 0.92 V, as shown in Figure
4a. As the bias voltage further increases to the high voltage
region from 0.13 to 0.25 V, another linear behavior with a
slope of 1.41 was observed. The current conduction
mechanism for the whole voltage region (from 0 to 0.25 V)
can be explained by the Mott−Gurney law for ion-hopping,
which is expressed as33
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2

a
0

(1)

where z is the ionic charge, e is the electron charge, c is the
concentration of mobile ions, a is the jump distance of ions, v
is the frequency factor, wa0 is the energy barrier, k is the
Boltzmann constant, T is the absolute temperature, and E is

the applied electric field. Under a low electric field ( )E kT
aze

conditions, the current I is linearly dependent on E, similar to
ohmic conduction, which is given by

Figure 4. Log−log plots of I−V curves for the (a) SET process and (b) RESET process of the digital RS mode in a Cu/CuI/Pt device. (c) Log−log
plot of an I−V curve for a positive voltage sweep of the analog RS mode. The inset represents an ln(I) vs V plot with linear fitting in a voltage
region between 0.28 and 0.43 V. (d) Variations of the Schottky barrier height (ΦB) with consecutive positive and negative voltage sweeps in the
analog RS mode.
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For the high electric field (E kT
aze

), I varies exponentially
with E, given by

i
k
jjjjj

y
{
zzzzz

i
k
jjj y

{
zzz=I zecav

w
kT

azeE
kT

exp exp
2

a
0

(3)

The slopes of 0.92 and 1.41 observed for the low- and high-
voltage regions coincide with the approximations of the Mott−
Gurney law. Based on these fittings and the observed switching
behavior, we attribute the observed digital RS switching to the
formation and dissolution of a Cu filament between the two
electrodes, due to the electrochemical metallization (ECM)
mechanism.34 Above a critical positive voltage, Cu is oxidized
to Cu ions, and these ions migrate toward the Pt electrode
through the CuI film. Then, a Cu filament is formed from the
Pt electrode and bridged to the Cu electrode, resulting in the
SET process. Therefore, the current jumps abruptly to the
compliance level. After the SET process, the current slope of
the ON state is ∼1 during the sweep back to 0 V, indicating
Ohmic conduction of the Cu filament formed.35 In the
subsequent sweep to the negative direction, the current
conduction is still governed by Ohmic conduction with a
slope of ∼1, as shown in Figure 4b, indicating nonvolatile
switching. Then, the RESET process takes place at a certain
negative voltage (−0.17 V in Figure 4b), resulting in the
dissolution of the Cu filament. The device returns to the OFF
state with a current level of 1 nA.

To investigate the conduction mechanism of the analogue
RS mode, the current in a positive voltage sweep of the
analogue RS mode is plotted on a log−log scale, as displayed in
Figure 4c. In the low voltage region from 0 to 0.28 V, the
current exhibits a linear slope close to 1, indicating Ohmic
conduction. However, the current increases nonlinearly in the
intermediate voltage region from 0.28 to 0.42 V. This
nonlinear segment is replotted as ln(I) vs sqrt(V) in the
inset. The plot shows a well-fitted linear relationship, indicating
that current conduction is governed by Schottky emission in

this voltage region.34 In the highest voltage region from 0.42 to
0.5 V, the current slope further increased to ∼4.56, suggesting
that the current conduction is characterized by trap-assisted
space-charge-limited conduction (SCLC).36 After sweeping
back from 0.5 V, the current slope again maintains a value
close to 1 down to 0 V, suggesting Ohmic conduction in the
ON state. In the subsequent negative bias sweep, the current
follows the opposite sequence of Ohmic conduction, SCLC,
Schottky emission, and again Ohmic conduction, as shown in
Figure S4 of the SI. The charge carrier mobility μ can be
calculated in the SCLC region by the Mott−Gurney law34:

=
J d

V

8

9
d

3

0
2 (4)

where Jd is the current density, A is the junction area, d is the
thickness of the CuI film, ε is the dielectric constant, ε0 is the
permittivity of vacuum, and V is the applied voltage.
Considering the device structure, the charge carrier mobility
was calculated to be ∼1.1 cm2 V−1 s−1, which agrees with the
reported values.20,37 The Schottky barrier height at the Cu/
CuI interface was calculated from the I−V data of Figure 3c
using the Richardson-Schottky equation, as presented in Figure
4d.35 The result suggests that the barrier height decreases with
successive positive voltage sweepings, while successive negative
voltage sweepings increase the barrier height, which supports
the continuous variation of the ON resistance. It was
confirmed that the Schottky barrier height during the digital
RS is much higher and the reduction of the barrier height
under voltage sweeps is smaller than the analog RS, as shown
in Figure S5 of the SI.

Another feature of the analog RS is the disappearance of the
nanobattery effect, which is generally observed in ECM devices
with an insulating switching layer.38 Due to the ion
concentration gradient, an electromotive force (emf) is
inherently present during digital RS, as shown by the current
minima in the dashed circles of Figure 2a,d. The current
minimum observed after RESET processes corresponds to a
nonzero-current crossing in a linear scale, as shown in Figure
S6a and S6b of the SI. The emf was observed during digital RS
mode but completely disappeared in the analog RS mode, as

Figure 5. Switching mechanisms proposed for the digital and analog RS modes of a Cu/CuI/Pt device. (a) Pristine state of the device. (b)
Formation and (c) dissolution of a Cu filament in the digital RS mode. (d) Device in the analog RS mode after digital RS cycles. Energy band
diagrams of a Cu/CuI/Pt structure under (e) positive and (f) negative voltage bias to the Cu electrode in the analog RS mode.

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

https://doi.org/10.1021/acsaelm.5c00529
ACS Appl. Electron. Mater. 2025, 7, 4616−4627

4621

https://pubs.acs.org/doi/suppl/10.1021/acsaelm.5c00529/suppl_file/el5c00529_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaelm.5c00529/suppl_file/el5c00529_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaelm.5c00529/suppl_file/el5c00529_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaelm.5c00529/suppl_file/el5c00529_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsaelm.5c00529?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.5c00529?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.5c00529?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.5c00529?fig=fig5&ref=pdf
pubs.acs.org/acsaelm?ref=pdf
https://doi.org/10.1021/acsaelm.5c00529?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


seen in Figure 3a,c. The linear and enlarged plot of a
representative analogue switching is shown in Figure S6c and
S6d of the SI. These results suggest that the analogue RS mode
is no longer based on the ECM mechanism and is associated
with electronic contribution in a mixed conducting switching
layer.

Based on the above considerations, we inferred the
transition mechanism from digital and analog RS modes in
the Cu/CuI/Pt device, as shown in Figure 5. The XRD result
(Figure 1a) is suggestive of the presence of predominantly
native donors, such as VI, giving rise to a low hole
concentration and reduced hole mobility. Therefore, the
pristine Cu/CuI/Pt device exhibited a very high resistance of
>1 GΩ (Figure 5a). The device initially exhibited digital RS
behavior, which is attributed to the formation (Figure 5b) and
dissolution (Figure 5c) of a Cu filament, based on the ECM
mechanism. During these switching cycles, the concentration
of Cu around the filament increases because a higher electric
field promotes excess Cu ions to migrate toward the filament,
giving rise to a Cu-rich environment. Density functional theory
calculations revealed that VCu and Cu interstitials (Cui) have
the lowest formation energies under Cu-rich conditions.39

These defects act as shallow acceptors. Therefore, the

significant decrease in ROFF after 100 digital RS cycles can be
attributed to the creation of Cui and VCu around the filament in
the CuI film. The intrinsic VI may be compensated by Cu
antisites to form the neutral charge state,40 which also
contributes to the reduced OFF resistance.

After digital RS cycles, the insulating CuI matrix changed to
the MIEC with higher electronic conductivity, as illustrated in
Figure 5d. The subsequent analogue RS is explained using the
band diagrams of the Cu/CuI/Pt device for both polarities, as
illustrated in Figure 5e,f. The work functions of Cu, CuI, and
Pt are 4.4, 5.05, and 5.6 eV, respectively.34,37,41 In the
equilibrium state, the Cu/CuI and CuI/Pt interfaces form
Schottky and Ohmic contacts, respectively (the energy band
diagrams before and after contact are illustrated in Figure S7 of
the SI). When a positive bias voltage is applied to the Cu
electrode, the Schottky barrier height at the Cu/CuI interface
is reduced (Figure 5e), and the majority carriers (holes)
become trapped in the shallow acceptor sites in the CuI film.
Therefore, the device is turned ON. Conversely, when a
negative bias voltage is applied, the Schottky barrier height at
the Cu/CuI interface increases (Figure 5f), causing the charge
carriers to be released from the acceptor sites, which turns the
device OFF. This mechanism can also be corroborated by the

Figure 6. (a) Schematic showing the resemblance of the working mechanism of a biological synapse and a Cu/CuI/Pt analog RS device. (b)
Typical LTP and LTD characteristics obtained with 100 consecutive positive pulses of 0.5 V and the subsequent 100 consecutive negative pulses of
−0.3 V. (c) Endurance property of LTP/LTD characteristics for 5 cycles. (d) Schematic diagram of four-layer ANN with 784 input nodes, two 512
hidden nodes, and 10 output nodes for the classification of 28 × 28-pixel images from the MNIST data set. (e) Train and test accuracy plotted as a
function of epoch numbers during neural network training. The inset shows the relationship between training accuracy and the number of hidden
nodes.
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modulation of the Schottky barrier height during successive
voltage sweeps, as shown in Figure 4d. The modulation of the
barrier height with repetitive positive and negative biases is
mainly determined by the trapping/detrapping of carriers in
the CuI film, which in turn gives rise to analog RS behavior.

3.4. Long-Term and Short-Term Synaptic Plasticity. A
biological synapse, comprising a presynaptic neuron and a
postsynaptic neuron, is depicted in Figure 6a. The action
potential arriving at the presynaptic membrane triggers the
release of neurotransmitters at the synaptic cleft. These
neurotransmitters bind to receptor ion channels on the
postsynaptic membrane, inducing alteration in the membrane
potential of the postsynaptic neuron.42 This alteration is
quantified as postsynaptic current. The analog RS behavior
observed in our CuI-based device can be used to emulate
synaptic functionalities, where Cu and Pt serve as analogous to
the presynaptic and postsynaptic membranes, respectively. The
synaptic processes crucial for long-term and short-term
plasticity functions are realized through this emulation.43

First, long-term potentiation (LTP) and depression (LTD)
were investigated by the application of voltage pulses with
different amplitudes, widths, and intervals. Figure 6b shows the
LTP and LTD characteristics obtained with 100 consecutive
positive pulses of 0.5 V and the subsequent 100 consecutive
negative pulses of −0.3 V. The pulse width and interval time

between pulses were fixed at 400 ms, respectively, and the
device conductance was measured after each pulse with a read
voltage of 0.1 V. The conductance increased (decreased)
steeply for the initial 10 positive (negative) pulses and then
increased (decreased) gradually with an increase in the number
of positive (negative) pulses, which emulates the LTP and
LTD functions of biological synapses, respectively. This LTP/
LTD behavior is highly reproducible for 1,000 pulses (five
LTP/LTD cycles), without any deterioration, as shown in
Figure 6c, indicating good endurance behavior of the Cu/CuI/
Pt device. The device also exhibited good retention properties
of the ON state for at least up to 14 min after applying positive
pulses, as shown in Figure S8 of the SI.

The nonlinearity of the observed LTP and LTD character-
istics was evaluated by a widely used resistive memory-based
synaptic model, given by the following equation:44
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where ω is the internal variable (ranging from 0 to 1), GON and
GOFF are the conductances of the ON and OFF states,
respectively, and α represents the nonlinearity coefficient.
From fitting of eq 5 to the LTP and LTD data with 20 voltage
pulses, as shown in Figure S9 of the SI, the nonlinearity

Figure 7. (a) Typical PPF behavior obtained from a Cu/CuI/Pt device under an application of two consecutive positive pulses with 0.5 V
amplitude and 400 ms width. (b) PPF index plotted as a function of varied time intervals of the pulse pair. (c) PPD index plotted as a function of
varied time intervals, obtained under an application of two consecutive negative pulses with −0.3 V amplitude and 400 ms width. A pre- and
postsynaptic pulse pair applied to mimic Hebbian STDP for (d) Δt > 0 and (e) Δt < 0. (f) Conductance change plotted as a function of varied time
intervals between pre- and postsynaptic pulses.
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coefficients for LTP (αLTP) and LTD (αLTD) were evaluated to
be 2.51 and 0.98, respectively. These parameters are essential
in the off-chip training process for pattern classification with
neural network training.45 We performed ANN simulations
using these nonlinear coefficients for supervised learning of
handwritten digits from the Modified National Institute of
Standards and Technology (MNIST) data set. Using the
Pytorch package, training images were linearized to 784 × 1
input matrices with each pixel value normalized to [0, 1].
Then, the ANN network was constructed with 784 input
nodes, two hidden layers with 512 nodes each, and 10 output
nodes representing the digits “0” to “9”, as shown in Figure 6d.
The neural network training algorithm is based on the rectified
linear unit (ReLU) activation function, which employs cross-
entropy loss as the cost function. To achieve high recognition
accuracy, the training process was repeated five times in each
epoch. Figure 6e shows plots of the mean values of the training
accuracy for 200 epoch cycles. It shows a peak accuracy of
∼96%, which finally stabilized at ∼93% after 50 epochs of the
pattern recognition task during the training cycles. It was also
confirmed that the test accuracy remains consistent with the
training accuracy. The inset of Figure 6e delineates the stable
accuracy values after 50 epochs, when the number of hidden
neurons varied from 64 to 784. We found that the most stable
accuracy is observed at 512 hidden nodes, although increasing
the number of hidden neurons leads to a higher recognition
rate. These results show the potential of CuI-based analog
memristor arrays towards effective image recognition applica-
tions.

Paired pulse facilitation (PPF) and depression (PPD)
represent distinct forms of short-term plasticity, entailing a
temporary modulation of synaptic connection strength
subsequent to two consecutive presynaptic action potentials.
In particular, PPF elicits an augmentation in the postsynaptic
current during the second action potential, but PPD induces a
reduction in the same. In biological synapses, PPF is attributed
to residual calcium accumulation within the presynaptic
terminal, precipitating an increased release of synaptic vesicles
and thereby amplifying neurotransmission. Conversely, PPD
arises from vesicle depletion, leading to fewer neuro-
transmitters for release, hence attenuating synaptic trans-
mission.46 With our Cu/CuI/Pt device, the PPF behavior was
achieved by applying a pair of identical positive pulses with an
amplitude of 0.5 V and a pulse width of 400 ms. The current
clearly increased due to the second pulse being greater than the
first pulse, as shown in Figure 7a. The interval time between
the pulse pair was varied from 400 ms to 3.84 s, and the PPF
index was calculated using the formula (A2 − A1)/A1 × 100%,
where A1 and A2 represent the peak current values for the first
and second voltage pulses, respectively. The PPF index
exhibited a maximum value of ∼90% at the shortest interval
time (400 ms) and decreased to ∼6% at 3.84 s, as shown in
Figure 7b. The PPF index was analyzed using a double
exponential function47:
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where Δt is the interval time between the first and second
voltage pulses, B1 and B2 represent the amplitude of two
exponential decay constants, and τ1 and τ2 are the relaxation
time constants of the respective phases. From fitting eq 6 to
the data of Figure 7b, c, τ1 and τ2 were found to be 2.38 and

8.34 s, respectively. For PPD behavior, a pair of identical
negative pulses (−0.3 V, 400 ms) was applied with varied
interval times. The current after the second spike became
smaller than that after the first pulse, as shown in Figure S10 of
the SI. The PPD index was calculated to be ∼87% at Δt = 400
ms, and decayed exponentially to ∼ 3% at Δt = 3.84 s, as
shown in Figure 7c. The decay is well fitted with the double
exponential function (eq 6), and τ1 and τ2 were estimated to be
1.4 and 15 s, respectively.

Spike-timing-dependent plasticity (STDP) is a form of long-
term plasticity that constitutes a critical mechanism underlying
learning and memory in biological synapses. In STDP, the
synaptic weight is modulated by the order of appearance and
the interval time (Δt) between pre- and postsynaptic action
potentials. When the presynaptic spike arrives before the
postsynaptic spike (Δt > 0), it results in an increase in
connection strength between the two neurons, thereby
inducing LTP. Conversely, if the presynaptic spike lags behind
the postsynaptic spike (Δt < 0), it leads to the attenuation of
connection strength, thereby inducing LTD.48,49 The detailed
input pulse scheme for STDP measurements is illustrated in
Figure S11 of the SI. Figure 7d shows the typical result under
an application of a pulse pair with Δt > 0, comprising a positive
voltage pulse (1 V, 400 ms) as the presynaptic spike and a
negative voltage pulse (−0.8 V, 400 ms) as the postsynaptic
spike. Similarly, for Δt < 0, a pair of negative voltage pulses
(−0.8 V, 400 ms) as the presynaptic spike and positive voltage
pulse (1 V, 400 ms) as the postsynaptic spike were applied, as
shown in Figure 7e.The resultant current was measured at 8 s
after the postsynaptic spike. The change in synaptic weight was
quantified as the difference between the conductances before
and after the pulse pair. The gradual change of the
conductance, depicting both LTP and LTD, is evident in the
II and IV quadrants of Figure 7f, showcasing the dependency
on the interval time of the pulse pair. The conductance change
(ΔW) was fitted with the Hebbian STDP function, given by
the following equations47,49:
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where A+, A−, and τ+, τ− are the scale factors and decay time
constants of the exponential functions, respectively. From
fitting eq 7 to the data of Figure 7d, e, τ+ and τ− were
estimated to be 2.86 and 1.65 s, respectively, which are values
similar to the τ1 obtained from the PPF and PPD behaviors.
We see that the Hebbian scheme derived from fitting the
STDP data follows an asymmetric Hebbian learning rule.50

These results indicate that the Cu/CuI/Pt device can
successfully emulate PPF/PPD and STDP behaviors, similar
to what is exhibited by biological synapses.

The switching speed and energy consumption are crucial
parameters for neuromorphic device applications that enable
efficient and effective processing, closely mimicking the
behavior of the human brain. In our measurements, the
minimum pulse width that can induce the SET process is 100
ms. In order to switch the Cu/CuI/Pt device with a shorter
pulse width, a higher voltage is required. However, we used
voltage pulses with an amplitude of less than −0.7 V to limit
the device operation to the analog RS mode. To observe the

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

https://doi.org/10.1021/acsaelm.5c00529
ACS Appl. Electron. Mater. 2025, 7, 4616−4627

4624

https://pubs.acs.org/doi/suppl/10.1021/acsaelm.5c00529/suppl_file/el5c00529_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaelm.5c00529/suppl_file/el5c00529_si_001.pdf
pubs.acs.org/acsaelm?ref=pdf
https://doi.org/10.1021/acsaelm.5c00529?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


short-term and long-term plasticity, such as LTP/LTD, PPF/
PPD, and STDP, voltage pulses with a 400 ms width were
used. The energy consumption dE can be calculated using the
following equation:51

= × ×E V I td (8)

where V is the amplitude of the input pulse, I is the maximum
current to SET the device, and Δt is the pulse width. Using the
experimental values V = 0.5 V, I = ∼0.95 mA, and Δt = 400
ms, the dE was estimated to be ∼190 μJ. We believe that the
switching speed and energy consumption can be further
improved by optimizing the material/device parameters and
measurement conditions.

3.5. Comparison with Other CuI-Based Devices.
Finally, we discuss the differences between our Cu/CuI/Pt
analog memristor and other CuI-based RS devices. As
mentioned in the Introduction, previous studies of CuI-based
RS devices had primarily focused on their digital RS
characteristics. Mishra et al. and Li et al. found digital RS
with sharp SET and RESET processes in ITO/CuI/Ag and Pt/
CuI/Cu devices, respectively.22,24 CuI films were formed by
the iodination of Cu and spin-coating of CuI precursor
solutions using the same mixed solvents that we employed,
resulting in 270 and 115 nm thick CuI films, respectively. They
attributed the observed RS to the formation and dissolution of
a Ag(Cu) filament. Assi et al. reported digital RS in a
symmetric Al/CuI/Al device with a 100 nm thick CuI film
deposited by thermal evaporation.23 Their device exhibited
digital RS with small SET and large RESET voltages in a wide
voltage scan range of −3 to 3 V, and the observed switching
was explained by charge trapping and detrapping. Bala et al.
reported the RS of an ITO/CuI/Ag device with a CuI film
spin-coated by CuI solution with acetonitrile.52 Despite the
thickness of the CuI film being only 20 nm, they claimed that
their device shows digital RS due to the charge trapping/
detrapping processes. However, the SET operation appeared to
be forced by a wide voltage scan between −2.5 and 2.5 V, and
the device essentially exhibited I−V curves similar to analog
RS. The devices by Mishra et al. and Assi et al. showed high
initial resistance values of ∼107 Ω, while the devices by Li et al.
and Bala et al. exhibited lower OFF resistance values of 104−
105 Ω in the pristine state. This difference in initial resistance
may come from the deposition method as well as the thickness
of the CuI films, which results in different stoichiometries and
native defects. The measurement parameters, such as the
voltage scan range, sweep rate, and current compliance value,
were also different.

In this work, our Cu/CuI/Pt device showed a high initial
resistance, despite the CuI film being relatively thin (60 nm).
By carefully tuning the voltage sweep, the device first showed
digital RS, but it transitioned to analog RS. After that, the
device showed stable analog switching behavior. Therefore, we
believe that the switching behavior of the CuI-based device is
strongly dependent on the material/device parameters and
measurement conditions. To determine the validity of the
switching mechanism that we proposed, structural character-
izations on the RS transition, such as X-ray photoemission
spectroscopy and Fourier transform infrared spectroscopy,
should be useful. However, since it is not possible to remove
the upper electrode without damaging the CuI film, such
analyses are difficult to apply at this stage. Further investigation
is needed to clarify the correlation between the material,
device, and measurement parameters and switching behavior.

4. CONCLUSIONS
In summary, we present the unique behavior of a Cu/CuI/Pt
analog memristor device, based on a cross-point architecture.
The device initially manifests distinct digital RS behavior under
bias voltage sweeps, showing sharp SET and RESET processes
with a high ON/OFF resistance ratio of ∼105. The digital RS is
attributed to the formation and dissolution of Cu filaments
based on the ECM mechanism. With increasing sweep cycles,
the OFF resistance gradually decreased, and the SET/RESET
processes became continuous. After 100 switching cycles, the
device finally transitioned to analog RS behavior. This analog
RS can be attributed to charge trapping/detrapping to acceptor
vacancy sites, which were created during digital RS cycles. The
device showing analog RS demonstrated various synaptic
functionalities of long-term and short-term plasticity, including
LTP, LTD, PPF, PPD, and STDP. Using the LTP and LTD
characteristics, the ANN simulations exhibited an image
recognition accuracy of ∼93% for handwritten digits from
the MNIST data set. These findings indicate substantial
potential of the CuI-based analog memristor to serve as an
artificial synapse, thus offering promising avenues for
applications in IMC and neuromorphic computing.
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