¥® ROYAL SOCIETY

Journal of
PP OF CHEMISTRY

Materials Chemistry C

View Article Online

View Journal | View Issue

Optoelectronic stimuli-driven switchable
memristors with multilevel resistance states
for neuromorphic vision sensorst

’ '.) Check for updates ‘

Cite this: J. Mater. Chem. C, 2025,
13, 445

Pravinraj Selvaraj, Meng-Lin Chen, Sreeshyam Adat and Yu-Wu Wang ‘2 *

Advancements in next-generation artificial intelligence technology have revolutionized neuromorphic
visual systems by surpassing the limitations of the visible light range. However, the intricate circuitry of
artificial visual systems, which relies on traditional image sensors, processing units, and memory, poses
significant obstacles to device computational speed, large-scale integration, and power consumption. In
this research, synaptic devices were developed with novel optoelectronic two-terminal resistive
random-access memory. In this manner, a robust neuromorphic visual system with synaptic behaviors
and nonvolatile optical resistive switching achieved by optical stimuli can be developed. The proposed
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optoelectronic synapse exhibits a symmetric and linear conductance-update trajectory with several
conductance states, enabling image-sensing memory functions and efficient neuromorphic visual image
DOI: 10.1039/d4tc01796;] pattern recognition with robust fault resistance. The optoelectronic memristor logic function "OR" can

also boost the information-sensing potential of neuromorphic visual sensors. This work aimed to
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Introduction

The extraordinary ability of the human visual system to discern
diverse entities has inspired the advancement of biomimetic
visual systems with electronic mechanisms, enabling artificial
vision in the forthcoming era of vision."™ An artificial visual
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i Electronic supplementary information (ESI) available: XRD patterns of PMMA/
ZnO/2IF and pristine (PMMA/ZnO) films with 20 versus intensity plots; Raman
spectra of PMMA, PMMA:ZnO, PMMA/ZnO/2IF and 2IF on a glass substrate;
transmission spectra of 2IF materials; UV absorption spectrum of the 2IF material
measured by density functional theory; HOMO-LUMO energy gap for 2IF materi-
als; electrical characteristics: I-V characteristics of various PMMA/ZnO device
concentrations and the corresponding SET and RESET; electrical characteristics:
I-V characteristics of various concentrations of the PMMA/ZnO/2IF device; dis-
tributions of set/reset voltages during electrical switching cycles; electrical
resistive switching characteristics of the memristor for the PMMA/ZnO device;
fitted I-V curve of the set process of the memristor; electrical resistive switching
characteristics of the memristor for the PMMA/ZnO/2IF device; endurance test of
the memristor for 200 cycles of PMMA/ZnO; electrical reliability test of the
memristor for more than 10° s for the PMMA/ZnO device; AFM of the tomo-
graphic image of the top surface of a PMMA/ZnO/2IF layer; long-term potentia-
tion and long-term depression of the device with pulse numbers; nonlinear values
of potentiation and depression of the device; and electrical and optical pulses
applied on the optoelectronic synaptic device for LTP/LTD emulation and
optoelectronic artificial synapses. Recognition accuracy evolution with training
epochs for small and large handwritten digits and cyber-type images for PMMA/
ZnO/2IF. See DOLI: https://doi.org/10.1039/d4tc01796j
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advance the creation of cutting-edge optogenetic neuromorphic vision systems.

system encompasses photoreceptors to capture visual inputs in
digital images, a memory module to retain visual information,
and a processing unit to execute intricate image-processing
endeavors, such as pattern recognition and object detection.™*”
However, conventional artificial visual systems rely on discrete
sensors for the artificial retina and in-memory computing devices
for the artificial visual cortex, which cannot directly respond to
optical stimuli. Instead, they depend on image sensor arrays to
convert optical signals into electrical signals before passing them
to neuromorphic chips for subsequent signal processing. This
process requires additional time and energy to convert and
transmit information between distinct functional components.®
Traditional von Neumann computers face obstacles in the
modern era of artificial intelligence (AI) due to the inherent
limitations imposed by the physical segregation of processing
and memory units, which restrict computational speed and
substantially increase energy consumption.”" Neuromorphic
computing draws inspiration from the human brain, offering
the benefits of robust fault tolerance, rapid computations, and
low energy consumption needed for sophisticated learning,
perception, recognition, and memory.”>"* Over the last few
years, many artificial neuromorphic devices, including two-
terminal memristors and three-terminal field-effect transistors,
have been investigated to overcome the constraints imposed by
the von Neumann architecture.'>'*® Despite extensive simu-
lation of fundamental synaptic functions, most synaptic
devices modulate synaptic weight via electrical stimulation,
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which also limits processing speed due to the tradeoff between
bandwidth connection density and interconnection.'"
In contrast, optical stimuli present a potential operation mode
for synaptic devices, offering advantages such as rapid compu-
tational speeds, reduced crosstalk, broad bandwidth, reduced
energy consumption, simple parallel input, outstanding scal-
ability, and efficient mitigation of interconnectivity problems.***"
A physical architecture based on optoelectronic synapses is
required to construct effective in-memory computing systems.
Researchers have recently become interested in light-stimuli
neuromorphic computing systems.”>** Optoelectronic memris-
tors can significantly contribute to integrating sensing, memory,
and neuromorphic computing as the fundamental components
of light stimuli in artificial neuromorphic computing systems.
Exploring optoelectronic memristors is crucial for creating Al

Polymethylmethacrylate (PMMA), a low-cost, high-trans-
parency, and easily machinable dielectric polymer has garnered
significant interest in application in electronic devices.**** The
inherent properties of PMMA, such as its ability to be processed
into thin films and its compatibility with various substrates,
make it an excellent candidate for use in memristive devices.
Previous studies have explored the resistive switching behavior
in PMMA films and noted improvements in performance
with the inclusion of inorganic or metal particles (e.g., ZnO)
to enhance stability and switching parameters.”® ZnO
semiconductor-based optoelectronic memristors are potential
candidates for light-stimuli neuromorphic computer systems
because of their high transparency, low cost, easy manufactur-
ing, and broad bandgap. Oxides must be exposed to ultraviolet
(UV) light to be optically stimulated. Interstitial zinc atoms and
oxygen vacancies, typically considered inherent defects, are
advantageous for light-controlled artificial synapses.”” How-
ever, size and shape alterations complicate the successful use
of conductive filaments (CFs) in light-stimuli synaptic devices.
The human brain contains approximately 10'® neurons and
10" synapses that facilitate information transmission between
neurons via synaptic connections. A synaptic device may
accommodate ionic flow to resemble the behaviors observed
in filament-based memristive devices. 2-Iodofluorene (2IF) is
an organic semiconductor with a wide bandgap (4.8 eV),
excellent transparency, and strong UV light responsiveness.
Incorporating 2IF into the device structure significantly
enhances the photoresponsiveness of the synaptic device. The
synergy between ZnO and 21IF allows for efficient charge carrier
generation and separation under UV illumination, facilitating
robust and stable resistive switching behavior. To the best of
our knowledge, no previous studies have addressed the impact
of 2IF on optically controlled synaptic devices.

In this study, an optical stimuli synaptic device with a
straightforward two-terminal structure of Ag/PMMA/ZnO/2IF/
Ag for sensing UV light was engineered. Volatile and nonvola-
tile resistance switching modes were optically triggered to
observe the optically tunable synaptic behaviors. The proposed
device exhibits stable synaptic properties, such as high linear-
ity, repetitive potentiation/depression cycles, prolonged DC
endurance for neuromorphic computing, and multistate data
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storage contingency in response to incident light intensity.
Thus, this device is suitable for image-sensing applications.
Furthermore, simulations of neuromorphic visual systems
enable the precise and energy-efficient recognition of hand-
written digits. Given their outstanding performance, optoelec-
tronic artificial neural networks (ANNs) are promising for next-
generation in-sensor Al systems.

Results and discussion
Device structure and optical characteristics

Fig. 1(a) depicts synaptic devices replicating synaptic functions.
These devices are electrically stimulated, optically stimulated,
and photoelectric synergetic synaptic devices based on electri-
cal and optical signal stimulation. Fig. 1(b) shows a schematic
of two-terminal optoelectronic memristors based on PMMA/
ZnO/2IF. This device employs 2IF as the charge-trapping layer
and responds to light stimuli for both inhibitory and excitatory
synaptic behaviors. For the ZnO film to serve as the active layer,
the trapped holes/electrons in 2IF may linearly change the
conductance of ZnO. Thus, the conductance update trajectory
must have a nearly linear relationship. Fig. 1(c) shows the
developed optoelectronic PMMA/ZnO/2IF film demonstrating
the potential of PMMA/ZnO/2IF for large-scale applications. We
investigated optoelectronic characteristics using individual
devices, and neural network simulations were based on these
characteristics. The prepared PMMA/ZnO/2IF films were exam-
ined via X-ray diffraction (XRD). The patterns revealed that the
films were amorphous (Fig. S1, ESIt). Fig. 1(d) and (e) show the
diagram of the UV-assisted ZnO NP-activated synapse array and
its potential application as a helmet screen for quick actions.
Fig. 1(f) shows the Raman spectrum of PMMA/ZnO/2IF, in
which multiple peaks are observed. The Raman bands at 472,
596, 807, 979, 1115, 1158, 1446, 1728, 2842, and 2947 cm ™!
are attributed to ZnO, v4(C-C-0), v4{(C-C-0), O-CH3, v(C-C),
v,(C-0-C), 0,(C-H) of a-CHj;, ¥(C—0), O-CHj3, and v4(C-H) of
O-CH; with v{(C-H) of a-CH; and v,(CH,), respectively.”® The
peak at 472 cm ™" corresponds to the nonpolar optical phonon
mode of Zn0.?° The Raman peaks corresponding to v4(C-C-0),
O-CHj;, ¥(C=0), and v4(C-H) typically represent symmetric
stretching vibrations in the polymer chain. The y,(C-O-C) peak
typically represents the asymmetric stretching vibration, and
the J,(C-H) peak of a-CHj; represents the chemical shift of the
stretching vibration in fluorine derivatives.*® The Raman spec-
tra indicate a high degree of uniformity on a macroscopic scale.
This uniformity is crucial for device performance and reliability
and ensuring the reproducibility of electrical properties.
While filament formation may inherently involve stochastic
processes, the observed uniformity and reproducibility across
the material suggest that filament formation is likely to occur
consistently across all devices. The material composition and
structural characteristics are consistent across the device,
suggesting reliable electrical behavior and enhanced device-
to-device reproducibility. The Raman spectra of PMMA,
PMMA:ZnO, PMMA/ZnO/21F, and 2IF and their corresponding

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Characterizations of the optoelectronic memristor based on the PMMA/ZnO/2IF devices. (a) Schematic of biological neurons and applications.
(b) Schematic of the optoelectronic memristor. (c) Photograph of a 2.5 cm x 2.5 cm PMMA/ZnO/2IF film. (d) UV-assisted ZnO NP activated synapse array.
(e) The helmet screen can be designed as a synapse array. When external stimuli enter the synapse array, it can immediately recognize dangerous things
and signal the central processing unit (CPU) to prompt the driver to take quick action to avoid them. The process involves the camera taking pictures and
sending the signals to the CPU, recognizing the danger and acting accordingly. This architecture allows for faster responses compared to traditional
methods. (f) Raman spectra of PMMA/ZnO/2IF on a glass substrate. (g) Optical absorption spectra of PMMA/ZnO/2IF and pristine PMMA/ZnO.

bands are shown in Fig. S2 (ESIt). Fig. 1(g) shows the strong
absorption peaks in the UV region with and without a
2IF-doped PMMA/ZnO device. This absorption eventually fades
to zero for wavelengths exceeding 600 nm. The results were
determined based on density functional theory (DFT). The 2IF
material has strong absorbance in the UV range, as shown in
Fig. S3(b) (ESIt). Overall, optical synapses based on PMMA/
ZnO/2IF may be activated by light irradiation at a wavelength of
365 nm.

Optoelectronic tunable synaptic modulator

Fig. 2(a) shows a schematic of the PMMA/ZnO/21F-based two-
terminal optoelectronic memristor synapse. An initial electrical
analysis was performed by grounding the Ag electrode and
switching the voltage on the bottom Ag electrode. While the
device remains stable in the high-resistance state over a voltage
window of —3 V to 2.5 V under dark conditions, switching
between high- and low-resistance states occurs within a more
restricted voltage range, as demonstrated in Fig. 2(b). We have
performed a detailed analysis of the set and reset voltages
of our PMMA/ZnO/2IF-based devices both under UV light
and in the absence of light, as shown in Table S1 (ESIY).

This journal is © The Royal Society of Chemistry 2025

The current-voltage (I-V) characteristics of the various concen-
trations of the PMMA/ZnO memristor and PMMA/ZnO/21F and
the corresponding set/reset and ON/OFF ratios are shown in
Fig. S4 (ESIf). The device entails bipolar switching behavior
with sudden SET and RESET. Fig. 2(b) shows the I-V curves of
the PMMA/ZnO/21F device under dark and UV light conditions
(365 nm, 900 pW cm ) using an optoelectronic resistive
random-access memory (RRAM). The HRS of the system was
maintained at a low current level when kept in the dark at room
temperature. When a positive (negative) voltage sweep was
applied to the device, a SET (RESET) transition was observed
at a voltage of 2.4 V (1.5 V), and the ON/OFF ratios were
determined at 4.52 V for the ON state and 1.2 V for the OFF
state. By contrast, when exposed to UV light of 365 nm wave-
length (UV LED: 900 uW cm ™ ?), an abrupt increase in current
implies a resistive transition from the HRS to LRS at a lower
voltage. Without UV light, this transition occurs at a higher
voltage, as the device still exhibits resistive switching but with
increased voltage due to lower photoconductivity. Conse-
quently, the optoelectronic memristor shifted to a relatively
low set (reset) and a wide ON/OFF ratio at 1.2 (0.8) and 5.40 V,
respectively. The observed reduction in the SET voltage under
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Fig. 2 (a) Schematic of the memristors used for optical measurements. (b) Optoelectronic resistive switching properties of memristors with and without

UV light. (c) Fitted /-V curve of the memristor’s set procedure. (d) Electrical reliability test of memristors at >10% s for PMMA/ZnO/2IF. (e) Endurance test
of memristors for 200 cycles of PMMA/ZnO/2IF. (f) Variations in multilevel PMMA/ZnO/2IF device states with light intensity and electrical pulse. Note: the
device has an extremely high multilayer memory storage capacity based on the intensity of incoming light.

UV illumination can be attributed to the enhanced photo-
conductivity of the PMMA/ZnO/2IF-based memristor. When
exposed to UV light, the 2IF layer absorbs photons and
generates electron-hole pairs, significantly increasing charge
carriers within the device. These additional carriers reduce the
potential filament formation barrier, lowering the voltage
required to initiate the SET process. This photogate effect
facilitates the migration of Ag" ions and the subsequent for-
mation of conductive filaments at a reduced SET voltage. The
device could read the current level at a subthreshold voltage of
0.1 V while switching between the HRS and LRS using the SET
and RESET voltage pulses. This change from the HRS to LRS is
equivalent to a “writing” function in the storage of data
devices. The UV light performance indicates that the LRS can
be well preserved even after removing the UV light, further
demonstrating the nonvolatile nature of the PMMA/ZnO/
2IF-based device. However, to return the device to its HRS,
the applied voltage must be adjusted to a specific negative
value, which ensures the device exhibits optimal characteristics
such as low leakage current and high stability. The change from
the LRS to HRS in digital memory systems corresponds to
“erasing” a process. The device remains in the HRS when a
continuous voltage sweep within the —3 to 2.5 V range is
applied. In the device proposed in this study, reverse bias was

448 | J. Mater. Chem. C, 2025, 13, 445-455

needed for resistance switching between the LRS and HRS or
vice versa; incidentally, RRAM devices frequently entail bipolar
resistive switching behaviors.*»** Furthermore, previous studies
have demonstrated that RRAM devices with top electrodes scaled
to the nanoscale maintain equivalent switching capabilities.**?*
This configuration provides the opportunity for ultrahigh inte-
grated ANNs. The device also entailed highly reliable switching
between progressive SET and RESET.

Fig. S5(c) (ESIt) shows the electrical resistive switching
properties of the memristor for the PMMA/ZnO/2IF device.
Different hypotheses were considered for the positive parts of
the I-V curve to understand the potential principles of conduc-
tion behavior. Fig. 2(c) shows the conduction in the HRS region
interrupting the ohmic conduction (I oc V) and space-charge-
limited current (SCLC) (I oc V?). The SCLC model equation is
expressed as SCLC = aV”, where o is a constant, V is the applied
voltage, and f is the exponent.*® The slope in the lower voltage
region is ~1.02. Therefore, ohmic conduction dominates the
charge carrier transfer. The current increases exponentially in
the intermediate voltage region as I oc V™ (m is ~2). Therefore,
the SCLC dominates the carrier transport mechanism. The
substantial concentration of free-charge carriers may explain
the increase in values (1.88) at this location with increas-
ing light intensity. In the LRS, Ohm’s law obeys the plot of

This journal is © The Royal Society of Chemistry 2025
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In(Z) versus In(V). Hence, ohmic conduction predominates in
the LRS.

The addition of UV light causes the resistance in the LRS to
decrease. The difference in the resistance states of the RRAM
device highlights the prospective application of UV light for
data encryption technologies. This optically tunable resistance
effect may also be utilized in multilevel memory cells, boosting
the information stored in a single cell.*® Fig. 2(d) shows the
capacity for data retention of the multilayer UV-assisted RRAM
device. The ON and OFF currents did not significantly decrease
after 10* s, demonstrating robust and durable stability.
A reliability endurance test was also performed using SET and
RESET cycles. The results are shown in Fig. 2(e). Using the SET
optical stimulus (3 V, with UV light of 365 nm wavelength
and 900 pW cm 2 intensity) and the RESET optical stimulus
(=3 V, removal of UV light), the device was switched between
the HRS and LRS throughout the measurement. A reading
voltage of 0.1 V was used to determine the current levels. The
electrical pulses are necessary to switch between the LRS and
HRS fully, while UV light can modulate the resistance state to
enhance the overall switching behavior. The devices did not
show apparent volatility across the 200 cycles under ambient
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conditions; this issue has long been a concern in the memory
sector.*’*® Fig. 2(f) shows the different resistive states (LRS1
to LRS4) under various illumination irradiances. The UV-
modulated resistive state of LRS devices may reach distinct
conditions for multilevel data storage, indicating their excellent
capability for neuromorphic computing applications because of
their long-term durability and stability. The dark mode reten-
tion and endurance are shown in Fig. S6 (ESIY).

Optically-assisted resistive switching characterization

The optoelectronic characteristics of the PMMA/ZnO/21F-based
memristor were examined by conductive atomic force micro-
scopy (C-AFM) under UV irradiation. Two regions were selected
for each area (2.5 um x 2.5 pm) to read the resistance phases of
the film under various conditions (Fig. 3(a)). Fig. 3(a) presents
the surface layer analysis of the PMMA/ZnO/2IF device under a
SET voltage of 1 V in the dark, with current measurements at
specific compliance currents. The resulting current was within
the nanoamp range. A peak current of 17.4 nA was observed in
the PMMA/ZnO/2IF thin film, corresponding to a resistance
of approximately 57.5 MQ. The minor peaks detected in CAFM
suggest potential CF formation sites, with the maximum

115.0nA
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(a) and (b) C-AFM electronic/photonic excitation and carrier conduction under various test conditions. (c) and (d) Energy band diagram of the

device in the dark and in a 365 nm UV environment. (e) and (f) Corresponding conducting state of the RRAM device.

This journal is © The Royal Society of Chemistry 2025
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current limited to 17.4 nA. These nascent CFs are inherently
unstable, often leading to a reversion of the film to its HRS.
Then, the SET operation with a 1 V voltage and 900 uW cm 2 UV
light was simultaneously conducted for the PMMA/ZnO/2IF
thin film. Fig. 3(b) shows a comparative map of the C-AFM
current, in which the current signal approaches 115.0 nA,
corresponding to a resistance value of approximately 8.7 MQ.
The UV light-induced higher conduction current indeed helps
in the formation of CFs. The current map of the PMMA/ZnO/2IF
surface has several CF spots due to the emergence of local
electron-hole pairs. Thus, PMMA/ZnO/2IF can be utilized to
guarantee reliable memristors for memory switching. We also
examine the AFM tomography images of the top surface at
various stages of the structure, as depicted in Fig. S7 (ESIT). The
details of the CF band mechanism are explained in the follow-
ing sections.

Fig. 3(c) shows the CF model used for the PMMA/ZnO/2IF
bilayer device. Fig. 3(c)-(f) further illustrate the potential resis-
tive switching processes and the related variations in energy
levels. The work function of the top and bottom electrodes of
Ag is 4.3 eV.*® The n-type semiconductor ZnO has a large
bandgap (3.2 eV),*° excellent transparency, and abundant oxy-
gen vacancies.*' 2IF is an organic light-sensitive semiconductor
with a bandgap of 4.8 eV. The optimized HOMO-LUMO energy
level diagram obtained by DFT calculations is shown in Fig.
S3(c) (ESIT). The optoelectronic RRAM photoresponse charac-
teristics can be explained as follows: a photoresponsive 2IF
layer absorbs most of the incident light striking the 365 nm-
illuminated device. A photovoltaic effect is produced when 2IF
molecules are excited by UV photon absorption, which creates
electron-hole pairs. Considering the favorable energy level
alignment between ZnO and the photosensitive material 2IF,
excited electrons are driven to much higher energy levels,
leaving holes at the 2IF level. The excited electrons emitted by
2IF can enter the ZnO layer at the LUMO level. Defects or
vacancies in the ZnO lattice can trap electrons injected into the
ZnO layer. Electrons trapped in the photosensitive material and
electrons injected from the ZnO layer may migrate to the Ag
electrode. Under an external bias, Ag is ionized into Ag" cations.
The applied voltage stimulates Ag" migration to the cathode
through the Zn active layer. Eventually, after absorbing charge
carriers, Ag" is reduced to neutral Ag atoms, which nucleate to
form nanoscale Ag filaments. With 2IF, the more photogener-
ated carriers are effectively separated and trapped, which
enhances the photoresponse of the device. The 2IF material,
being UV-sensitive, generates additional electron-hole pairs
when exposed to UV light, contributing to the improved per-
formance of the optoelectronic memristor. The photogate effect
is crucial for the subsequent steps of vacancy filament and
metal filament production. The collected electrons have the
potential to form CFs under specific circumstances, creating a
low-resistance channel for charge transport between the top
and bottom electrodes. According to the device programming,
the RRAM device is in one particular resistive state before
illumination, which might be either high resistance (off state)
or low resistance (on state). Iodine ions (I”) can migrate toward
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the direction of the positively biased electrode (i.e., the Ag
electrode on top) because they are negatively charged. However,
the migration of I" ions alone is insufficient to form a robust
filament capable of sustaining high current conduction. Simi-
larly, zinc ions (Zn') may travel toward a negatively biased
electrode (i.e., the Ag electrode at the bottom).

Emulation of synaptic plasticity

In the context of biological neural networks (BNNs), excitatory
or inhibitory neurotransmitters can be released at the presy-
napse in response to stimulation, and these neurotransmitters
subsequently connect to postsynaptic receptors to form excita-
tory postsynaptic currents (EPSCs) or inhibitory postsynaptic
currents,’” as shown in Fig. 4(a). An optoelectronic memristor
postsynaptic current can be produced when optical stimuli are
applied, allowing many crucial forms of synaptic plasticity.
Postsynaptic neurons contain EPSCs, which are essential for
controlling the excitation activity of neurons. The PMMA/ZnO/
21F-based device proposed in this work can simulate excitatory
synaptic responses in an optical stimulus owing to its versatile
photoresponse with prolonged decay time. Fig. 4(b) shows
EPSCs triggered by optical stimuli at 365 nm wavelength of
900 W cm > and electrical stimuli at 1 V, with 50 pulses at
10 ms intervals, showing the response to varying pulse conditions.
Here, a reading voltage of 1 V was used to measure the current.
When the light illumination is turned off, the device current
might continue to flow at a high level rather than instantly
reverting to its previous state. Subsequently, the spatial Fermi
distribution of the trapped photogenerated charges in the charge-
trapping layers, such as the holes in 2IF and the electrons in ZnO,
causes the trapped charges close to the interface to be released
much more quickly than the charges farther from the interface.
Hence, the photocurrent of the PMMA/ZnO/2IF device slowly
decayed (~80 ms) even after removing the external light. This
phenomenon indicates its potential for optical sensing and
storage without data conversion or transmission.

In biology, paired-pulse facilitation (PPF) is a crucial form of
short-term plasticity that helps excitatory synapses identify and
decode temporal data in visual synapses.*>** In this work, we
observed the EPSC when two subsequent pulses were applied
with varying pulse intervals (At, 10-50 ms). The PPF behavior of
the PMMA/ZnO/21F-based optical synapse was demonstrated by
the first and second pulses.*®> The EPSC triggered by the second
spike was much greater compared to the first spike (Fig. 4c).
This enhancement can be attributed to the accumulation of
trapped electrons in the ZnO films and trapped holes in the 2IF
films (Fig. 4d). The following equations were used to calculate
this phenomenon:*°

PPF = |(I, — I,)|/I; x 100% 1)

where I; and I, represent the currents measured at the first and
second pulse stimuli, respectively.

Neuromorphic visual system and image reorganization

Fig. 5(a) shows the sensing, memorization, and analytical
results of visible information in the human visual system.

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 PMMA/ZnO/2IF-based entirely light-modulated synaptic features. (a) Schematic of a synapse and a BNN. The electrical circuit for the optical
synapses is depicted in the right panel. (b) A UV pulse triggers the EPSC. (c) A postsynaptic current is generated by two successive light pulses delayed by
10 ms. (d) The photonic PPF interval between successive pulses and the simulated curve.

The retina views visible information from the external environ-
ment before this information is transmitted to the visual cortex
in the brain for memory processing.’”” Fig. 5(b) shows the
simulation of a three-layer ANN with one hidden layer. Here,
the backpropagation technique was used to perform supervised
learning on handwritten digit recognition, especially on images
(resolution: 28 x 28 pixels) derived from the Modified National
Institute of Standards and Technology (MNIST) dataset. As
shown in Fig. 5(c), the synaptic weight of the network can be
expressed as the difference in conductance between two equiva-
lent optical synapses, i.e., W = G* — G~.*®*° The accuracy and
efficiency of neuromorphic computing rely heavily on the
linearity and symmetry of the weight update trajectory, and
the quantity of effective conductance states.*>>° The long-term
potentiation (LTP) and long-term depression (LTD) curve
features were initially investigated to determine the potential
of the proposed optical synapse for application in computa-
tional neuroscience. LTP/LTD means the weight increase/
decrease behaviors for the synaptic device after continuous
multiple stimuli. They usually reflect the learning/forgetting
ability of neuro devices.>" Fig. S8(a) (ESIf) shows the device
subjected to 20 successive laser pulses with a wavelength of

This journal is © The Royal Society of Chemistry 2025

365 nm. The same potentiation and depression pulses may be
utilized to increase or decrease the conductance of the mem-
ristive synapse. The following equations were used to assess the
linearity and symmetry of LTP/LTD for the PMMA/ZnO/
2IF-based artificial synapses:*"

Gyrp = B(l — e(fp/A)) + Gmin (2)
Gurp = B(1 — e(P_PmaX/A]) + Gmax (3)
_ (Gmax - Gmin)
G = {1 = o Pnliro) )
AR = max|Gy (1) — Ga(n) forn=1-20 (5)

Gp (nmax) - Gd (nmax)

where Gprp and Gprp represent the conductances of potentia-
tion and depression, respectively; Gmaxy Gminy P, and Ppax
represent the maximum conductance, minimum conductance,
number of pulses, and maximum number of pulses necessary
for the device to switch between the minimum and maximum
conductance states, respectively; B is a fitting constant; Ap and
D represent the nonlinearity (NL) values for potentiation or
depression, respectively; G, and G4 denote the conductance of
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Fig. 5 Simulations of PMMA/ZnO/2IF based on a neuromorphic visual system for image recognition. (a) Schematic of the human visual system, memory,
and processing. (b) Biological three-layer neural network used to recognize 28 x 28-pixel handwritten digits. (c) Schematic of the simplified electrical
circuit for an optical synapse. (d) Optoelectronic synaptic device subjected to optical and electrical pulses for LTP/LTD emulation. (e) Optoelectronic
artificial synapse simulating the optical and electrical characteristics of LTP/LTD. (f)—(h) Recognition accuracy evolution with training epochs for small and

large handwritten digits and for cyber-images of PMMA/ZnO/2IF.

LTP and LTD, respectively; and n represents the number of
pulses. Fig. S8(b) (ESIt) shows the NL values for potentiation
and depression obtained via MATLAB simulations. The NL
values for the LTP and LTD curves were calculated to be 3.88
and —4.1, respectively. The asymmetry ratio between the LTP
and LTD curves calculated according to eqn (5) was 0.27. The
dynamic range (Gmax/Gmin) LTP and LTD curves (2.23) were
obtained after 20 pulses. The modification of gate tuning
considerably affects numerous aspects of artificial synaptic
memristors, including multilevel states, linearity, dynamic
range, and symmetry, thus directly influencing the accuracy
of identifying patterns in ANNs.”>** A significant density of
efficient multilevel states is widely considered an essential
factor for increasing network durability and training. A large
conductance (G) range can increase the consumption of artifi-
cial synapse power.>* The outstanding linearity and symmetri-
cal nature observed in the LTP/LTD curves can be explained by
the modulation of the ZnO channel conductance via the strong
interaction between trapped charges within the 2IF and ZnO

452 | J Mater. Chem. C, 2025, 13, 445-455

films. This impact becomes more apparent when many effec-
tive conductance states are present.

Fig. 5(d) shows the cyclic endurance stability of the long-
term potentiation and depression properties under ideal pulse
settings. The experimental setup for measuring LTP/LTD typi-
cally differs from the static characterization of memristors. It is
intricately linked to the intrinsic properties of the material.
Selecting an appropriate pulse amplitude to prevent device
breakdown due to excessive current in the LRS while preserving
the LTP/LTD characteristics is crucial. For the memristor under
investigation, the pulse amplitude is generally situated within
the transition region between the HRS and LRS. Accordingly,
we employed a pulse amplitude of 2 V/—1 V for the LTP/LTD
assessments. The device was rapidly subjected to 20 electrical
pulses of 2 V and optical spikes with a wavelength of 365 nm,
followed by an additional 20 electrical pulses of —1 V and 20
optical spikes. As shown in Fig. 5(e), the range of memristor
synapsis conductance increased (decreased) with a series of
potentiation (depression) pulses and with tiny cycle-to-cycle

This journal is © The Royal Society of Chemistry 2025
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fluctuations across the whole cycle. This phenomenon indi-
cates electrical/optical durability and accurate synaptic weight
tunability. The features of memristor synapses can imitate the
potentiation and depression processes in the human brain.
Fig. 5(f)-(h) show the improvement in recognition accuracy for
handwritten digits as a function of the number of training
epochs. The neural network size for the cyber-file datasets
(images, documents, and websites) was 256 x 512 x 10, while
that for the large (small) digit datasets was 784 x 300 x 10
(64 x 36 x 10). After 40 epochs, the recognition accuracies of
the BNN reached 82.2% and 84.19% (92.04%) for the cyber-
images and large (small) digits, respectively. Combined with
the ideal floating-point numeric accuracy, this approach yields
limits of 94.55% and 97.59 (96.71%) for neuromorphic algo-
rithms for cyber-type and large (small) digits, respectively. The
considerable improvement in recognition accuracy demon-
strated the strong fault tolerance of PMMA/ZnO/2IF-based
optoelectronic synapses. The simulated calculations based on
neuromorphic recognition accuracy under dark mode condi-
tions and for an optical stimulus over an entire cycle are shown
in Fig. S9 and S10 (ESI}), respectively. These synapses offer
significant potential for advancements in neuromorphic visual
sensor applications.

Advancing optical logic

Synaptic integration of logic operations is highly desirable because
it can considerably improve the ability of neuromorphic computing
to process information. Fig. 6(a) shows the device performing
“OR” optical logic operations owing to the photoresponse of
the optical synapse that relies on PMMA/ZnO/2IF. Fig. 6(b)
shows the setup for an optical logic operation. The two optical
inputs, A and B, represent signals “0” and “1” in the absence
and presence of light, respectively. The logic functions were
established by modulating the output current level with an
additional input. For example, optical pulses at 365 nm are
considered high input, while those at 532 or 632 nm are low
input. The memristors can compile the logical outcome (OUT).
The output of the present OR gate shifts to high (logic “1”)
when one of the inputs (A or B) is high. The outcome does not

View Article Online
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shift to low (the logic of “0”) until all inputs are low. Fig. 6(c)
shows a single unit confirming the adjustable logic gate “OR.”
These results provide a pathway toward incorporating in-sensor
computing and parallel functioning within large-scale neuro-
morphic visual systems.

Conclusions

An efficient optoelectronic PMMA/ZnO/2IF-based memristor
array and an artificial visual system were constructed for
in-sensor computing. The device could be regarded as a non-
volatile memristor used to perform memory tasks via optical
stimulation. The optoelectronic memristors demonstrated that
optical stimuli can alter both optical and electrical conductance
when used in conjunction with electrical stimuli. UV light alone
does not form conductive filaments easily; it assists in generat-
ing electron-hole pairs that enhance the device response. This
combined approach successfully emulates EPSCs and PPFs.
The optical stimuli amplified the ON/OFF ratios and enabled
multilevel data storage. The visible information in the ANN for
sensing memory and processing was simulated using optical
synapses, proficiently identifying handwritten digits and cyber-
security images. The proposed system achieved outstanding
fault tolerance and a recognition accuracy of 84.14 (92.04%) for
large (small) images and 82.2% for cyber-images. Logic proces-
sing operations (“ORs”) for preventing data conversion and
transmission were also demonstrated. The optoelectronic
memristor array exhibited excellent potential for application
in neuromorphic visual systems. The circuitry can be reduced,
and the power consumption can be minimized. These advan-
tages can aid in the efficient processing of abundant visual
information from the natural world.

Experimental section
Device fabrication

The optoelectronic memristor was prepared on transparent
glass (2.5 cm x 2.5 cm) as the base material. First, acetone,
isopropanol, and deionized (DI) water were used to clean the

(a) ' (b) (C) 7E-08}
As High Input As Low Input
(365 nm) X (532 or 632 nm) Q GE-08
- uv (1)
- Red (0)
5 S5E-08 —@—UV (1)+Red (0)=1
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Fig. 6 Optical logic operations for an optical synapse based on PMMA/ZnO/2IF. (a) Schematic of the "OR" logic operator. (b) Truth table for the "OR"
optoelectronic memristor array with light pulses employed for modifying weights. (c) Realization of the “OR" logic function with 632 nm light (red(0)) as
the low-level input and 365 nm light as the high-level input, respectively. UV(1) refers to OR gate output with only a 365 nm light input (high input), and
Red(0) refers to OR gate output with only a 632 nm light input (low input). UV(1) + Red(0) presents the OR gate output simultaneously with 365 nm and
632 nm light inputs. The output raised high when 365 nm UV light was one of the inputs, consisting of the OR gate function.
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substrate. Nitrogen gas was used to dry the substrate. A shadow
mask (0.2 cm x 0.1 cm) was adhered to the cleaned glass
substrate with heat-resistant tape to establish the position of
the bottom electrode. A 100 nm thick Ag electrode was gener-
ated by a thermal coater (VPC-260F) at a vacuum gas pressure of
2 x 107° torr. Second, PMMA/ZnO composites with different
ratios (10:1, 30:1, 50:1, and 100:1) were applied onto the
substrate via spin coating at 3000 rpm for 30 seconds to prepare
a resistive layer. The substrate and the bottom electrode were
positioned inside a nitrogen-filled glove box with 20% humid-
ity. Third, the coated sample was heated at 160 °C on a hot plate
for 2 hours to achieve a resistive layer thickness of 200 nm.
Fourth, a 100 nm-thick coating of 2IF was deposited with a
thermal coater under a vacuum gas pressure of 2 x 107 torr.
Finally, RF sputtering (SB-12) was conducted at room tempera-
ture to develop a 150 nm-thick Ag top electrode. The deposition
procedure used a shadow mask at a vacuum gas pressure of
2 x 107 torr.

Device measurements

A Keithley 2636A probe station was used to analyze the elec-
trical and optoelectronic properties of the optical synapse.
A Tektronix AFG31052 arbitrary waveform generator was oper-
ated under ambient conditions at room temperature. A UV light
source with a wavelength of 365 nm was used to illuminate the
sample for optical measurements. XRD (Bruker D8-Discover)
with Cu Ko radiation was used to characterize the crystalline
structure of the PMMA/ZnO/21F-based memristors. A Raman
apparatus (Tokyo Instrument, Inc.) was used to examine the
molecular composition of the materials. CAFM (Dimension
ICON XR) was used to examine the surface of the PMMA/
ZnO/2IF-based memristors. A UV-vis apparatus (Hitachi
U3900) was used to examine the absorbance spectrum of the
prepared PMMA/ZnO/21F-based memristors.

Neural network simulation

The simulation of the ANN for recognition was conducted on
the Cross-Sim platform.>® In Cross-Sim simulations, three
categories of datasets exist: large (28 x 28 pixels) handwritten
digits from the MNIST dataset,>® small handwritten digits (8 x
8 pixels) from image versions,”” and the Sandia cyberfile format
with 256 byte-pair statistical features.® A three-layer neural
network was used to train the methods for classifying the
datasets via backpropagation. An additional 10 000-image test-
ing set was inputted for recognition after training by using a
60 000-image training set. An updated device conductance was
used to derive the simulation parameters. For W=G" — G, the
synaptic weight denotes the conductance difference between
two equivalent synaptic devices. In this manner, positive and
negative synaptic weights could be simulated.
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