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1. Introduction

Brain-inspired neuromorphic computing is recognized as a promising

technology for implementing human intelligence in hardware. Neuromorphic
devices, including artificial synapses and neurons, are regarded as essential
components for the construction of neuromorphic hardware systems.
Recently, optoelectronic neuromorphic devices are increasingly highlighted
due to their potential applications in next-generation artificial visual systems,
attributed to their integrated sensing, computing, and memory capabilities. In
this review, recent advancements in optoelectronic synapses and neurons are
examined, with an emphasis on their structural characteristics, operational
principles, and the replication of neuromorphic functions. For optoelectronic
synaptic devices, such as memristor- and transistor-based ones, attention is
given to the two primary weight update modes: the light-electricity synergistic
mode and the all-optical mode. Optoelectronic neurons are discussed in
terms of different device types, including threshold switch neurons and
semiconductor laser neurons. Last, the challenges that impede the progress
of optoelectronic neuromorphic devices are identified, and potential future

directions are suggested.

The human brain is often described as
a biological computer with a remark-
ably low power consumption of 20 W.[!I
However, it surpasses digital computers
in performing complex fuzzy computing
tasks, such as decision-making. Artificial
intelligence (Al) is defined as the abil-
ity of machines to imitate human intel-
ligence, with these machines being de-
signed to carry out tasks that demand hu-
man intelligence, such as image recog-
nition, natural language understanding,
and gaming. Despite the significant im-
pact Al has had on various aspects of soci-
ety, it still falls short compared to human
intelligence. Although tasks can often be
completed more efficiently by Al than
by humans, AI’s capabilities remain con-
fined to specific algorithms, limiting its
operations to predetermined functions.

L. Hu, J. Wang, F. Zhuge

Ningbo Institute of Materials Technology and Engineering
Chinese Academy of Sciences

Ningbo 315201, China

E-mail: zhugefei@nimte.ac.cn

X.Zhuge, ). Wang

School of Electronic and Information Engineering

Ningbo University of Technology

Ningbo 315211, China

X. Wei

State Key Laboratory of Environment-friendly Energy Materials
Southwest University of Science and Technology

Mianyang 621010, China

L.Zhang

Healthcare Engineering Centre

School of Engineering

Temasek Polytechnic

Tampines Ave

Singapore 529757, Singapore

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/aelm.202400482
© 2024 The Author(s). Advanced Electronic Materials published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution License, which permits use, distribution
and reproduction in any medium, provided the original work is properly
cited.

DOI: 10.1002/aelm.202400482

Adv. Electron. Mater. 2025, 11, 2400482 2400482 (1 0f23)

Y. Chai

Department of Applied Physics

The Hong Kong Polytechnic University
Hong Kong 999077, China

X. Xue

School of Microelectronics

Fudan University

Shanghai 201203, China

E-mail: xuexiaoyong@fudan.edu.cn

Z.Ye

State Key Laboratory of Silicon and Advanced Semiconductor Materials
School of Materials Science and Engineering

Zhejiang University

Hangzhou 310027, China

Z.Ye, F.Zhuge

Institute of Wenzhou

Zhejiang University

Wenzhou 325006, China

F.Zhuge

Center for Excellence in Brain Science and Intelligence Technology
Chinese Academy of Sciences

Shanghai 200072, China

© 2024 The Author(s). Advanced Electronic Materials published by Wiley-VCH GmbH


http://www.advelectronicmat.de
mailto:zhugefei@nimte.ac.cn
https://doi.org/10.1002/aelm.202400482
http://creativecommons.org/licenses/by/4.0/
mailto:xuexiaoyong@fudan.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1002%2Faelm.202400482&domain=pdf&date_stamp=2024-09-09

ADVANCED
SCIENCE NEWS

NCED
C ONIC
M

O en Access,

www.advancedsciencenews.com

Moreover, Al algorithms are typically run on digital computers,
which encounter the von Neumann Bottleneck or memory wall
issue due to the memory’s slower speed compared to the cen-
tral processing unit (CPU), leading to periods of CPU inactivity.[?!
Consequently, current Al technologies are considered lacking in
terms of both hardware and software.

Inspired by the neural structure and operating principles of
the human brain, neuromorphic computing (NC) is regarded
as the next generation of AL[?3! Briefly, NC aims to implement
Al by constructing an artificial brain mainly composed of ar-
tificial neurons and synapses. Similar to the human brain, an
ideal neuromorphic system is expected to perform in-memory
computing based on the synaptic weight update rule of spike-
timing-dependent plasticity (STDP)*®l in a massively parallel
mode, potentially surpassing digital computers in computing
speed and energy efficiency, especially for complex fuzzy tasks.
An example of neuromorphic architecture is IBM’s TrueNorth
chip, which consists of 1 million spiking neurons and 256 million
synapses utilizing complementary metal-oxide—semiconductor
(CMOS) technology.”) It can execute Al tasks in real time us-
ing intricate neural networks, such as multi-object detection
and classification, with minimal power consumption of 63 mW.
The TrueNorth chip, mimicking neural or synaptic function
through a CMOS circuit primarily made of transistors, incorpo-
rates 5.4 billion transistors. In addition to CMOS integrated cir-
cuit technology, emerging memory devices such as memristive
devices, 1] transistors, 2635 phase change devices, 2] mag-
netoresistive devices,>*% and ferroelectric devices®~’] have
also been shown to function as artificial neurons and synapses.
These devices can exhibit neural or synaptic behavior without
complex electronic circuits, allowing neuromorphic chips made
from them to achieve an extremely high integration density, po-
tentially comparable to that of the human brain.

A significant amount of research has been conducted on the
development of electronic neuron and synapse devices, which
respond to electrical signals.5862] Neuromorphic chips created
using these electronic devices face a challenge due to the mis-
match in the enhancement rate between off-chip I/O band-
width and internal chip performance.[¥] Light has long been
recognized as a promising medium for matrix multiplication
and interconnects.l*] Optoelectronic devices activated by opti-
cal signals offer higher bandwidth, reduced cross talk, and lower
power consumption compared to electronic devices.[®~!I For in-
stance, an artificial optic-neural synapse consumes only 66 f] per
spike;!”?l and a neuromorphic visual system utilizing photodi-
ode arrays can classify and encode optically projected images at a
speed of 20 million bins per second.”!

The human brain comprises #10!! neurons and around 10"
synapses.”* Each neuron is connected to other neurons through
10°-10* synapses. Neurons initiate action potentials once their
membrane potentials reach specific threshold levels!’>7¢ and
transmit them to the next neuron via chemical or electrical
synapses. Optoelectronic neurons are capable of performing the
dual functions of a photodetector and leaky integrator.2277.7]
They generate electrical or optical spikes when the integrated
pulse-position-modulation optical signals surpass certain thresh-
olds and relay these information spikes to other neurons through
synaptic connections. As early as 1989,7°! a fundamental opto-
electronic circuit mimicking an artificial neuron was developed,
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and a basic content addressable memory was established us-
ing optical interconnections based on the Hopfield model. Sub-
sequently, numerous research breakthroughs in optoelectronic
neuron circuits have since been documented.l®341 Notably, a
photoresponsive single-transistor neuron has been introduced,
enabling optical sensing and neuromorphic capabilities within a
single device.[®]

Synapses are recognized as the fundamental elements of learn-
ing and memory in the brain.[® Signal transmission between
neurons, as well as to non-neural cells such as muscle fibers, is
enabled by synapses.®’] A key feature of synapses is their abil-
ity to track the history of neural activity, which is stored in var-
ious patterns of activity-dependent plasticity, forming the foun-
dation of learning and memory. Optoelectronic synapses have
been demonstrated to adjust device conductance reversibly using
solely optical signals!® 89 I'or a combination of electrical and opti-

cal signals.®™®¥ The first optoelectronic synapse was achieved
in 2010 with an optically gated carbon nanotube transistor.!!
Subsequently, different optoelectronic devices have been discov-
ered to display light-tunable synaptic behaviors.?0-9496-101] In
2020,18889] the all-optically controlled (AOC) synaptic device with
long-term plasticity was unveiled, utilizing a bilayer InGaZnO
(IGZO) memristor.

Optoelectronic neuromorphic devices are positioned as strong
contenders for future neuromorphic visual systems due to their
potential for integrated sensing-computing-memory (ISCM).
This review outlines the latest progress in the advancement of
optoelectronic synapses and neurons, with an emphasis on their
structures and operational principles.

2. Optoelectronic Synapses

A synapse is typically defined as a connection between the axon
of one neuron and the soma of another.®®) The fundamental re-
quirement for a synaptic device is that its conductance, serving
as synaptic weight, can be reversibly tuned. In most synaptic de-
vices, weights updates are driven by electrical stimuli. In con-
trast, optoelectronic synapses involve weight updates using op-
tical stimuli, allowing the advantages of both photonics and elec-
tronics to be combined. Various types of optoelectronic synapses
are explored here based on their device structures and weight up-
date methods.

2.1. Optoelectronic Memristors

The memristor,'®?l with memristance M, is considered the
fourth fundamental two-terminal circuit element alongside the
resistor, inductor, and capacitor. It describes the differential re-
lationship between charge (q) and flux () as dp = Mdgq. The
existence of the memristor was predicted by Leon Chual'%?l in
1971 based on symmetry arguments. In 2008, Hewlett-Packard
Labs!'%] identified resistive switching devices as a type of mem-
ristor through combined theoretical and experimental analysis.
Due to their charge-controlled nonlinear resistance (or conduc-
tance) switching behaviors, memristors are seen as promising
candidates for artificial synapses.|>#10-14.16:90.104-107] Compared to
electronic memristors, research on optoelectronic memristors
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remains in its early stages. Optoelectronic memristors can be
classified into two categories based on the control (i.e., weight up-
date) method: light-electricity synergistic control and all-optical
control.

2.1.1. Light-Electricity Synergistic Control

Optical Potentiation and Electrical Depression: In optoelec-
tronic memristors, device conductance can be modified based on
the persistent photoconductivity (PPC) effect.!890101108] Specifi-
cally, the conductance of the device increases when exposed to
light, and even after the light is removed, the conductance level
remains elevated for a prolonged period, usually due to material
defects such as oxygen vacancies (Vs) in oxides.[891%]

For example, a highly transparent optoelectronic synapse is
demonstrated using an all-oxide memristor.'%!) The device con-
sists of In,0,;/ZnO thin films on a fluorine-doped tin oxide
(FTO)/glass substrate, depicted in Figure 1a. The photocurrent
response of the device, following illumination with a single ul-
traviolet (UV) pulse and subsequent application of electric pulses
for a 30 s measurement period, is shown in Figure 1b. It is evi-
dent that the current gradually increases with UV illumination
due to photogenerated electrons and holes. After UV cessation, a
gradual decay in the current is observed, caused by the recombi-
nation of photogenerated electrons and holes. Nevertheless, the
current does not return to its initial state because photogener-
ated electrons and holes become trapped by Vs defects at the
In,0,/ZnO interface, indicating a PPC behavior. By applying a
series of negative voltage pulses, the current level can be reset to
its initial value. Figure 1c illustrates the reversible regulation of
the synaptic weight, based on the optical potentiation and elec-
trical depression behavior of the In,0,/ZnO device. The conduc-
tance of the device gradually increases when exposed to consec-
utive UV pulses, resembling long-term potentiation (LTP). The
conductance decreases upon the application of negative voltage
pulses, resembling long-term depression (LID).

The PPC phenomenon is commonly observed in semicon-
ductor materials, especially in oxides. As a result, oxide-based
optoelectronic memristors have been extensively studied,
including those made from ZnO,_,/AlO,[* ZnO,M% 1l
CeO,/Zn0,"* ZnO/HfO,[115) MoO,,¥l "CeO,_,/AIO,, 1"
TiO, 18] Nb:SrTiO,, ') NiO/ZnO,[1%  BiFeO,-BaTiO,,[120)
ZnO:N/IGZO,I'2] Si0,,[122] and HfO,.'?3] In addition to oxides,
new materials such as low-dimensional materials®124127] and
perovskites!'2513! are also commonly utilized in the fabrication
of optoelectronic memristive devices.

Electrical Potentiation and Optical Depression: Filamentary
memristors, a common type of electrically driven memristor, pri-
marily involve the formation and rupture of a conducting fila-
ment (CF) made up of Vs or metal atoms from the active elec-
trode (e.g., Cu or Ag).31016.132] The CF links the top and bot-
tom electrodes, switching the device from a high resistance state
(HRS) to a low resistance state (LRS). The CF is usually in a
metastable state and can fracture due to Joule heat-driven diffu-
sion and high interfacial energy, causing the device to revert from
LRS to HRS.[133-135] This presents a potential method for decreas-
ing the conductance of a memristive device through exposure to
light.
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Tseng and co-workers demonstrated a CF-type memristive de-
vice with a structure of ITO/TaO, /Zn,Sn0O,(ZTO)/ITO.°l The
device exhibits stable bipolar switching behavior. By applying a
positive bias to the ITO top electrode (TE), Vs moves toward the
ITO bottom electrode (BE), creating a conical-shaped CF in the
oxide layer, as shown in Figure 1d. When a negative bias is im-
posed on the ITO TE, the CF breaks at the TaO, /ZTO interface. It
is noteworthy that exposure to light can also elevate the device’s
resistance, similar to the effect of a negative bias (Figure 1e). Ini-
tially, without light, the device is switched to LRS by applying a
positive bias on the ITO TE (electrical SET). Subsequently, upon
exposure to blue light (405 nm) with different power densities,
the device’s current decreases rapidly, leading to a transition from
LRS back to HRS (optical RESET). This finding confirms that
light exposure provides adequate energy for oxygen ions to com-
bine with Vs, destabilizing the CF in the oxide layer. The device’s
endurance stability is also confirmed through electrical SET and
optical RESET operations (Figure 1f).

Memristive ~ synapses based on  CH;NH,PbI,,°¥
MoSe, /Bi, Se,,[1*¢] HfO,,37] BiFeO,/SrRu0;,!!*] and organic
materials!!**l demonstrate similar electrical potentiation and
optical depression characteristics.

Light-Assisted Electrical Control: Light illumination can en-
hance the memristive characteristics, such as decreasing the op-
erating voltagel**'*] and increasing the on/off ratio.[100:145-148]
For instance, a CF-type memristive device with a structure of
Ag/CH,;NH,PbI,/ITO was fabricated to mimic synaptic func-
tions driven by electrical signals.'*] It is crucial to highlight that
light illumination can lower the initiation threshold of LTP and
enable the synaptic weights to be updated with smaller electrical
pulses. The resistive switching mechanism of the device relies on
the formation and rupture of CFs composed of iodine vacancies
in MAPDI,. When light is applied to the device, the photogener-
ated electric field aligns with the positive-bias-produced electric
field, boosting the overall electric field and enhancing the migra-
tion force of iodine vacancies toward the ITO electrode. Conse-
quently, under light exposure, LTP can be achieved with a reduced
electrical input signal.

Further, Peng and co-workers developed a vertical memris-
tive synapse based on Au/KI-MAPDI,/ITO,'®! as depicted in
Figure 1g. Various synaptic functions are mimicked using elec-
tric stimuli, such as short-term plasticity (STP), LTP, LTD, and
spike-number-dependent plasticity. The device can also function
as an optoelectronic synapse. Figure 1h illustrates the simula-
tion of LTP and LTD processes of biological synapses by apply-
ing a series of positive and negative voltage pulses to the de-
vice with and without light illumination. It is evident that a se-
quence of positive pulses increases the conductance, while neg-
ative pulses decrease it. In darkness, the on/off ratio is ~16. By
increasing the light intensity to 0.63 mW cm~2, the on/off ra-
tio increases to 27. This indicates that light illumination expands
the conductance regulation range under purely electric stimu-
lation in darkness, thereby improving the device’s capability as
an artificial synapse. It is worth mentioning that the on/off ratio
can also be boosted by applying stronger voltage pulses without
light. However, this comes with the trade-off of increased power
consumption.

Electricity-Assisted Optical Control: The optoelectronic proper-
ties of a memristor are usually influenced by the electrical signal
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Figure 1. Light-electricity synergistically controlled memristors. a) Schematic illustration of the In,O3/ZnO/FTO device. b) Optical potentiation and
electrical depression. c) Reversible conductance regulation based on the optical potentiation and electrical depression. Reproduced with permission.[101]
Copyright 2018, American Chemical Society (a—c). d) Schematic diagram of the bilayer ITO/TaO,/ZTO/ITO device. e) Optical RESET processes with
different power densities (from 5 to 15 mW cm~2). f) Electrical SET and optical RESET cycles. Reproduced with permission.!?°! Copyright 2022, American
Chemical Society (d—f). g) Schematic illustration of the KI-MAPbI;-based memristor. h) Reversible conductance regulation using electrical stimulation
with and without light illumination. Reproduced with permission.[1%1 Copyright 2021, Wiley-VCH (g,h). i) Schematic illustration of the four-terminal
memristor based on GaAs/AlGaAs and InAs QDs. j) Reversible conductance regulation under infrared and red light illumination at three different bias
voltages. Reproduced with permission.[14°] Copyright 2016, AIP Publishing (i,j).

applied to the device. Thus, the optoelectronic response of the de-
vice can be modified by adjusting the amplitude or polarity of the
Voltage.[98'149‘151]

Hartmann et al. introduced a unique memristor with a four-
terminal structure based on GaAs/AlGaAs heterostructure con-
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taining InAs quantum dots (QDs),'*! as shown in Figure 1i.
By applying two gate biases, the conductance of the device can
be increased with infrared light and decreased with red light.
As illustrated in Figure 1j, applying bias voltages of —1.6, —1.7,
and —1.8 V individually to the device, infrared (red) light causes
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a successive increase (decrease) in conductance. As the applied
bias voltage decreases, lower peak and valley values of conduc-
tance are observed. When the device is illuminated with red
light, electron-hole-pairs are generated in the GaAs/AlGaAs het-
erostructure through interband absorption, leading to a decrease
in conductance when more electrons than holes are trapped by
InAs QDs. Conversely, exposure to infrared light triggers intra-
band absorption, causing InAs QD discharge and a subsequent
increase in device conductance.

Further, through the use of electricity-assisted mode, both pos-
itive and negative PPC effect,?! as well as the switching of
STP to LTP of synapses can be achieved by the optoelectronic
memristor.[%]

2.1.2. All-Optical Control

The conductance of AOC memristors can be reversibly modu-
lated under light stimuli. This modulation enables the avoid-
ance of microstructural changes triggered by the electric field and
the Joule heat induced by current in electrical memristors. AOC
memristor-based neuromorphic devices are considered promis-
ing for next-generation vision sensors with integrated sensing,
computing, and memory capabilities. Nevertheless, the achieve-
ment of AOC memristors remains challenging due to the intrin-
sic photoelectric effect of semiconductors.[7071:8%153-156]

The first AOC memristor was developed using an oxygen-
deficient InGaZnO (O,-IGZO)/oxygen-rich IGZO (Ox-IGZO)
homojunction!®#! (Figure 2a). The conductance of this device
was reversibly tuned by light of different wavelength. For exam-
ple, blue light at 420 nm and near-infrared (NIR) light at 800 nm
were employed to increase and decrease conductance, respec-
tively (Figure 2b). The mechanism underlying the light-induced
conductance switching was attributed to the ionization of neu-
tral Vs under short-wavelength light, which reduced the width
of the Op-IGZ0/0y-IGZO interfacial barrier and increased de-
vice conductance. In contrast, NIR light irradiation facilitated the
neutralization of ionized oxygen vacancies (V,?*s), widening the
interfacial barrier and decreasing the conductance.

Multiple conductance states with high stability were demon-
strated in the AOC memristor, allowing it to mimic the synaptic
function of STDP. In one experiment as illustrated in Figure 2c,
a single pulse of blue light served as a presynaptic spike, while
a train of ten pulses of NIR light acted as postsynaptic spikes.
When the presynaptic spike preceded or followed the postsynap-
tic spike (At > 0//\t < 0), synaptic potentiation or depression
occurred (AW > 0//AW < 0, W represents the synaptic weight
indicated by the device conductance), respectively, with | /A W]
increasing as | /\t| decreased. Further, an experimental demon-
stration using bilayer IGZO-based AOC memristors showcased
a neuromorphic vision sensor with in situ cryptographic com-
puting capability.!*>”] The sensor demonstrated a wide range of
in-sensor operations, including sensing, storage, encryption, de-
cryption, denoising, and destruction of visual images, owing to
the unique light wavelength and irradiation history-dependent
bidirectional PPC of AOC memristors (Figure 2d). A decrypted
image could be encoded and accurately recognized through an
AOC memristive neural network. Encrypted and destroyed im-
ages could withstand hacking attacks, even with trained neural
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networks, making the proposed in situ cryptography neuromor-
phic vision sensor a convenient and effective approach to secur-
ing vision information.

Interestingly, a single-layered ZnO memristor with oxide film
sputtered in pure argon also exhibited light-tunable conductance
changes.'*®] These changes were closely associated with the in-
creased or decreased curvature of the conduction band of ZnO
upon light irradiation with short or long wavelength (Figure 2e).
The implementation of complete Boolean logic functions was re-
alized with this AOC memristor. Figure 2f demonstrates a spe-
cific scheme for the Boolean logic “AND” function, where input
and output signals were determined based on initial and final
conductance states, respectively.

The localized surface plasmon resonance (LSPR) effect en-
abled the formation of AOC synapses in memristors made of
Ag-TiO, nanocomposite,®® as shown in Figure 3a. LTP and LTD
functions were observed in this LSPR memristor under visible
and UV illumination, respectively (Figure 3b,c). The AOC op-
eration of the LSPR memristor resulted from the oxidation and
reduction of Ag nanoparticles under illumination with different
wavelength light. Under visible light irradiation, Ag nanopar-
ticles were oxidized owing to the LSPR effect, decreasing the
Schottky barrier at the Ag/TiO, interface and inducing light-
induced LTP. Conversely, UV light stimulated the movement of
electrons from the valence band to the conduction band of TiO,,
promoting the recombination of electrons with Ag nanoparti-
cles, known as photo-reduction of Ag™, resulting in light-induced
LTD.

In addition to altering the wavelength of incident light, AOC
behavior was achieved in memristive devices by adjusting the
power density at a constant light wavelength.['>*1%] For in-
stance, Chen et al. developed an AOC memristor based on halide
perovskites,[1*°] as shown in Figure 3d. Its conductance could
be reversibly modulated by the specific red light (630 nm) of
different intensities (11.8 and 0.9 mW cm™2) (Figure 3e). The
ionization and neutralization of iodine vacancies (V;s) were pro-
posed to elucidate the reversible conductance modulation in the
perovskite-based AOC memristor. High-power red-light illumi-
nation favored the ionization of neutral V;s, reducing the width
of ITO/perovskite interfacial barrier and increasing device con-
ductance. Conversely, under weak light conditions, the neutral-
ization of ionized iodine vacancies (V;*s) dominated, widening
the interfacial barrier and decreasing conductance.

A similar example involved an AOC memristor based on silk
fibroin protein (MSFP).1'%l The structure of the MSFP-based
memristor is illustrated in Figure 3f. The positive photoconduc-
tance memory (PPM) and negative photoconductance memory
(NPM) effects were investigated by applying consecutive light
pulses of 405 nm with varying intensities of 80 and 40 mW
(Figure 3g), respectively. The reversible alteration of microstruc-
tures in the MSFP under different light intensities was crucial
for achieving AOC behavior in the device. These light intensity-
dependent PPM and NPM effects were utilized for in-sensor im-
age preprocessing, such as image contrast enhancement, noise
reduction, and image erasing, eliminating the need for complex
processing circuits and analog-to-digital converters (ADCs) be-
tween separate sensors and processing units (Figure 3h).

In recent years, AOC memristors have garnered increas-
ing attention from researchers, leading to the development
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Figure 2. AOC memristors based on IGZO and ZnO. a) Schematic illustration of the Op-IGZO/Og-IGZO memristor. b) Reversible conductance regula-
tion under blue and NIR light illumination. c) Emulation of the synaptic STDP. Reproduced with permission.[8°] Copyright 2021, The Authors, published
by Wiley-VCH under the terms of the Creative Commons Attribution (CC BY) License (a—c). d) In situ cryptography in a neuromorphic vision sensor.
The vision sensor consists of two modules: a neuromorphic optoelectronic detector and an in-memory computing unit. Both are constructed using
the Op-IGZO/Og-IGZO AOC memristors. Reproduced with permission.!'>”] Copyright 2024, The Authors, published by AIP Publishing under a Creative
Commons Attribution (CC BY) license. e) Schematicillustration of ionization and neutralization processes of oxygen vacancies in the ZnO memristor un-
der illumination with short (As) and long (4,) wavelength light, respectively. f) Realization of the “AND” logic function. Reproduced with permission.[1%8]
Copyright 2022, The Authors, published by Elsevier under a Creative Commons Attribution (CC BY) license (e,f).

of various AOC memristors based on different materials
such as ZnO/Zn,Sn0,,'*!l Ga,0,/Zn0,* ZnO/MoO,,*¢?]
NiO/TiO, 163 Cs,AgBiBr, [l MA,,FA, Pbl,,') and NiO-
apple pectin.[1¢]

2.2. Optoelectronic Transistors
The single-transistor synaptic devicel'*’] was initially created in

1996 to simulate the learning function of a synapse. Since then,
numerous synaptic transistors have been developed for neuro-

Adv. Electron. Mater. 2025, 11, 2400482 2400482 (6 of 23)

morphic applications.[26-3373168-174] [ jke optoelectronic memris-
tors, optoelectronic transistors are categorized into two groups:
light-electricity synergistic control and all-optical control, based
on the weight update method.

2.2.1. Light-Electricity Synergistic Control
The light-electricity synergistic control method often utilizes

the PPC effect in optoelectronic transistors to mimic synaptic
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Figure 3. AOC memristors based on Ag-TiO,, perovskite, and MSFP. a) Schematic illustration of the memristor using an Ag nanoparticle-TiO,
nanocomposite film. b,c) Synaptic LTP (b) and LTD (c) under visible and UV light. Reproduced with permission.[®®] Copyright 2022, The Authors,
published by Wiley-VCH under a Creative Commons Attribution (CC BY) license (a—c). d) Schematic illustration of the Au/perovskite/ITO/PEN mem-
ristor. e) Reversible modulation of conductance under red light (630 nm) illumination. LTP and LTD are implemented at light power intensities of 11.8
and 0.9 mW cm~2, respectively. Reproduced with permission.!’>®! Copyright 2023, Wiley-VCH (d,e). f) Schematic illustration of the MSFP-based mem.-
ristor. g) Reversible modulation of conductance under blue light (405 nm) illumination. LTP and LTD are realized at light power intensities of 80 and
40 mW cm™2, respectively. h) Image contrast enhancement, denoising and erasing. Reproduced with permission.['®] Copyright 2023, The Authors,

published by Springer Nature under a Creative Commons Attribution 4.0 In

LTP behavior.”2168175] By adjusting the gate voltage, the PPC of
the device can be effectively eliminated, allowing the simula-
tion of synaptic LTD.[9216%170173] Varjous photosensitive materi-
als, such as oxide semiconductors,[1%175-188] 2 b materials,[18%-194]
perovskites, 3195720 and organic materials,227] have been
employed as channel materials in optoelectronic transistors. The
synaptic weights of these devices are updated through a combi-
nation of light and electricity signals.

Park and co-workers developed a TiO,/IGZO heterojunction
synaptic transistor!!’®! for optoelectronic neuromorphic comput-
ing (Figure 4ab). By adding a TiO, layer on IGZO, the de-
vice’s response wavelength range was extended to red light, en-
hancing photoresponsivity and enabling pronounced PPC be-
havior across the visible light spectrum. The device exhibited
good retention characteristics in photoconductance with a nega-

Adv. Electron. Mater. 2025, 11, 2400482 2400482 (7 of 23)

ternational License (f—h).

tive gate bias, while a positive gate bias effectively eliminated the
PPC effect and reduced the device conductance. As depicted in
Figure 4c, LTP was induced by green light pulses at a frequency
of 2 Hz, while LTD was induced by positive gate pulses with an
amplitude of 6 V.

Currently, achievements in optoelectronic synapse primarily
focus on UV or visible-sensitive materials with relatively large
bandgaps.”") Reports on synaptic transistors with NIR sensi-
tivity are limited, mainly due to the inferior NIR sensitivity
of materials caused by the bandgap limitation.'>] To address
this issue, an optoelectronic transistor based on a MoSe, /Bi, Se,
heterojunction/?®®! was demonstrated to mimic synaptic plas-
ticity using NIR light stimuli. The device structure is illus-
trated in Figure 4d. In this device, the p-type pentacene and
MoSe, /Bi, Se, /polymethyl methacrylate (PMMA) composite film
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Figure 4. Light-electricity synergistically controlled transistors. a,b) Schematic illustrations of implementation schemes of optical potentiation (a) and
electrical depression (b) in the TiO,/IGZO transistor. c) Reversible conductance regulation. Reproduced with permission.l176] Copyright 2023, Wiley-VCH
(a—c). d) Device structure of the MoSe, /Bi,Se; transistor. €) STP and LTP under NIR light (790 nm) irradiation with different power intensities (upper
panel, 0.15 mW cm~2; lower panel, 1.65 mW cm~2). f) Reversible modulation of conductance upon optical and electrical stimulation. Reproduced with
permission.!2%8] Copyright 2020, Wiley-VCH (d—f). g) Drain current (Ipg) versus drain voltage (Vps) characteristics of the G-PQD transistor with and

without blue light (440 nm) illumination. h) Energy level diagrams of the G-

PQD structure in photoexcitation (left panel) and photogating (right panel)

processes. i) LTP under light illumination at positive drain voltage and LTD upon negative drain voltage. Reproduced with permission.[?3] Copyright
2020, The Authors, published by AAAS Science under a Creative Commons Attribution NonCommercial License 4.0 (CC BY-NC) (g—i).

served as the channel material and photosensitive charge trap-
ping layer, respectively. Under NIR light illumination at a wave-
length of 790 nm, the MoSe, /Bi,Se;/PMMA layer demonstrated
electron-trapping ability, resulting in an increase in the conduc-
tivity of the channel material. As illustrated in Figure 4e, the
power intensity-dependent STP and LTP behaviors were inves-
tigated using a single NIR light pulse with intensities of 0.15
and 1.65 mW cm™2, respectively. Negative electric pulses ap-
plied to the back gate released these trapped electrons, thereby
decreasing the device’s conductance. LTP and LTD were real-
ized by applying photonic and electric pulses successively, as

Adv. Electron. Mater. 2025, 11, 2400482 2400482 (8 of 23)

shown in Figure 4f. Similar NIR-triggered synaptic behaviors
were also observed in transistors based on PbS-QDs/PMMA, 2%
IGZO/Ag,0,21% B-doped Si nanocrystals/WSe,,[!!l upconvert-
ing nanoparticles-MoS,,[2!2) InGaCdO,?!3] MoS, /PbS,[2'* and
IR-780 iodide/PMMA /pentacene. 2]

In addition to adjusting the gate voltage, the drain-source
voltage could also be modified to regulate the conductance of
synaptic transistors. Thomas et al. demonstrated an optoelec-
tronic transistor based on perovskite quantum dots (PQDs)
and graphene (Gr)!*! to achieve reversible regulation of device
conductance through light and varying drain-source voltages.
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Figure 4g illustrates the current-voltage characteristics of the de-
vice in darkness and under blue light illumination, revealing a
significant current increase under light. Figure 4h depicts the
energy band diagram of the device, showing an interfacial bar-
rier between Gr and the PQDs that created a built-in electric field
directed from the PQDs to Gr. Under illumination, the photo-
generated electrons and holes in PQDs were effectively disso-
ciated at the Gr/PQDs interface by the built-in field. The holes
were transported to the Gr from PQDs, resulting in an increase
in device current. Meanwhile, the electrons were trapped in the
PQDs, inducing a photogating effect as electrons accumulated.
By applying a negative drain-source voltage, the photogenerated
carriers trapped in the PQDs were released, decreasing the device
conductance. Consequently, synaptic LTP/LID behaviors were
demonstrated by applying optical and electrical pulses at the
drain (Figure 4i).

2.2.2. All-Optical Control

All-optical control in optoelectronic transistors enables the re-
versible adjustment of synaptic weights without the need for
electrical inputs. For instance, an AOC transistor was developed
based on vertically-stacked black phosphorus (BP) layers,[?1%] as
illustrated in Figure 5a, taking advantage of the positive and neg-
ative photoresponses induced by defects in black phosphorus BP.

Adv. Electron. Mater. 2025, 11, 2400482 2400482 (9 of 23)

[217]

The normalized transient photoresponse of BP devices under
280 and 365 nm wavelength illumination pulses is depicted in
Figure 5b. These responses were obtained at a constant drain-
source voltage with no gate voltage (V; = 0 V). Irradiation with
280 nm UV light increased the device conductance, associated
with the positive photocurrent during optical SET, caused by the
trapping of photoexcited carriers. Conversely, irradiation with
365 nm UV light decreased the conductance due to the trapping
of photoexcited charge carriers at localized defect sites induced
by surface oxidation of the BP flake. Synaptic LTP and LTD func-
tions were realized in this BP device through successive light il-
luminations of 280 and 365 nm (Figure 5c).

Similarly, a pyrenyl graphdiyne (Pyr-GDY)/Gr/PbS-QD
heterostructurel?'’] was proposed for synaptic transistors with
AOC characteristics (Figure 5d). Conductance increases and
decreases were achieved by irradiating the device with 980 and
450 nm light, respectively, without the need for a gate voltage.
The AOC mechanism is illustrated in Figure 5e. When illumi-
nated with 450 nm light, the Pyr-GDY film absorbed most of
the light, generating electron-hole pairs. The photogenerated
electrons moved to Gr due to the built-in electric field between
Pyr-GDY and Gr, while the holes remained trapped in Pyr-GDY
(Figure 5f), inducing a positive photogating effect that decreased
the device conductance. Conversely, under 980 nm light illumi-
nation, PbS QDs served as the primary light-absorbing layer,
with photogenerated holes transferring to the Gr channel and
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trapped electrons remaining in the PbS QDs, increasing the
device conductance.

In addition to relying on the wavelength and intensity
of irradiated light,?'*-2%7] AOC synapse behaviors have been
achieved with the assistance of gate voltage in optoelectronic
transistors using various materials, including metal oxides,!??#!
2D materials,[?22%] electrostatically doped Si,?*! and organic
compounds.[>!l For instance, Zhou and co-workers developed
a BP/AL,O,;/WSe, /h-BN heterojunction optoelectronic transistor
for a neuromorphic visual sensor,?*’! demonstrating non-volatile
positive and negative photocurrents by changing the gate voltage
polarity. When a positive gate voltage was applied, photoelectrons
in the WSe, tunneled through the h-BN and flowed into the metal
gate, with the remaining holes enhancing the channel current
and leading to a high conductance state. When a negative gate
voltage was applied, the stored holes absorbed photon energy to
leap the WSe, /h-BN interface barrier, reducing the stored holes
and decreasing the channel current, corresponding to a low con-
ductance state.

2.3. Other Optoelectronic Synapse Devices

In addition to memristors and transistors, some two-
terminall}28242-2541  and  three-terminall’2%%] heterogeneous
structures have been reported for optoelectronic synapses. Lv
et al. developed an AOC synaptic device based on an amorphous
ZnAlSnO/SnO p-n heterojunction?*?! to mimic excitatory and
inhibitory synaptic behaviors (Figure 6a). Red light (635 nm)
was utilized to simulate LTP, while green light (532 nm) was
employed for LTD simulation, as depicted in Figure 6b,c. The
high sensitivity of amorphous oxide semiconductors to visible
light, attributed to abundant defects like Vs, was leveraged in
this device. By irradiating ZnAlSnO with 635 nm light, Vs were
ionized, generating photogenerated electrons and leading to an
increase in device conductance, corresponding to LTP behavior.
Conversely, irradiating with green light caused the electrons in
the conduction band of ZnAlISnO to absorb sufficient energy
to cross the interface potential barrier to SnO, resulting in a
decrease in device conductance and, consequently, LTD.

Based on the lateral Bi,0,Se/Gr hybrid structure, a three-
terminal photodetector>>! was proposed to implement the
LTP/LTD function utilizing optical signals, as illustrated in
Figure 6d. Upon illumination at 635 nm, the photoconductive
and bolometric effects induced a positive photoresponse in the
Bi, 0, Se device (Figure 6e). In contrast, illumination at 365 nm
led to a negative photoresponse in the Gr device (Figure 6f) due
to UV-induced desorption of oxygen or water molecules from the
Gr surface, which reduced the concentration of hole carriers in
Gr. Thus, synaptic LTP and LTD functions were achieved by uti-
lizing the positive and negative photoresponses induced by 635
and 365 nm light, respectively.

The combination of photosensitive devices with electronic
synapses offers another method for implementing optoelectronic
synapses.l’225261] Yang et al. developed a synaptic device known
as one-phototransistor-one-memristor (1PT1R),[>¢ as illus-
trated in Figure 6g. The 1PT1R synaptic device was constructed
using light-programmable ZnO thin-film transistors (TFTs) and
nonvolatile Mo/SiO, /W memristors. The Mo/SiO, /W memris-
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tor stored and processed optical signals from the phototransis-
tor, acting as a nonvolatile component in the 1PT1R structure.
Figure 6h shows a plot of the typical current-voltage curves of
the Mo/SiO, /W device in 100 consecutive DC sweeps. The light-
tunable switching characteristics of the 1PT1R devices were eval-
uated by applying positive voltage pulses for potentiation under
light illumination from 1.25 to 2.5 mW um~2, followed by nega-
tive voltage pulses for depression with illumination from 2.5 to
1.25 mW pm~2. These 1PT1R devices demonstrated highly linear
weight adjustments through light programming, as depicted in
Figure 6i.

Table 1 presents a detailed comparison of optoelectronic
synapses based on different operation modes, focusing on ac-
tive layer material, synaptic function, light power intensity, on/off
ratio, and the linearity of conductance changes. Several cru-
cial aspects require focused efforts in future research. First, the
table indicates that oxide semiconductors are the primary ma-
terials for constructing optoelectronic synapses. However, oxide
semiconductors typically have a wide bandgap, limiting their
response to visible and NIR light. Combining oxide semicon-
ductors with narrow bandgap materials is an effective approach
to expand the wavelength range of device light response. Sec-
ond, for most devices, light-induced LTP can be achieved based
on the PPC effect, whereas LID can only be obtained through
applying electrical signals. Light-electricity synergistic control
may increase operational complexity and impact device stabil-
ity. AOC devices can effectively avoid the detrimental influence
of large electrical signals and Joule heating on their microstruc-
ture, thereby enhancing their stability. Third, light power den-
sity required for optoelectronic synapses is generally in the or-
der of mW cm™2, resulting in significant energy consumption.
Enhancing the photoresponsivity of materials via defect con-
trol, element doping, and other methods, along with rational de-
vice structure design (such as constructing type II heterojunc-
tions), can help lower energy consumption. Fourth, further ef-
forts are required to improve the range and linearity of conduc-
tance changes in optoelectronic synapses. The weak photoelec-
tric response and poor retention of light-induced conductance
states are the main limiting factors for increasing the device’s
conductance change window. Research on photosensitive mate-
rials and device structures remains an important future direction.
In addition, the linearity of conductance changes can be signifi-
cantly improved by optimizing the application scheme of optical
signals.

3. Optoelectronic Neurons

Artificial neurons are nonlinear processing units capable of
spatially and temporally integrating input signals from nu-
merous synapses. Compared to biological synapses, more
complex dynamic behaviors are demonstrated by biological
neurons. Traditionally, artificial neurons have been constructed
using CMOS circuits with multiple active components.>!
However, a recent shift has occurred toward utilizing emerg-
ing electronic devices such as threshold switching (TS)
memristors,[17-21:262-264] phage.change devices,***°] spintronic
devices,’*2%] and transistors(328%266-268] 1o function as artificial
neurons. These devices have successfully replicated basic neu-
ronal functions through electrical stimulation, including leaky
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Figure 6. Optoelectronic synapse devices based on two-terminal and three-terminal heterogeneous structures. a) Device structure of the ZnAISnO/SnO
AOC synapse. b,c) Emulation of LTP under red light (635 nm) illumination (b) and LTD under green light (532 nm) illumination (c). Reproduced with
permission.[242] Copyright 2024, Wiley-VCH (a—c). d) Schematic illustration of the optoelectronic device with a Bi,O,Se/Gr hybrid structure. e,f) Pos-
itive (e) and negative (f) photoresponse upon illumination at 635 and 365 nm. Reproduced with permission.[?>>] Copyright 2020, Wiley-VCH (d—f).
g) Schematic illustration of the synaptic device based on a one ZnO-phototransistor and one SiO,-memristor (1PT1R) structure. h) I-V characteristics
of the Mo/SiO, /W memristor. i) LTP and LTD behaviors of the TPT1R device. Conductance increases with positive electric pulses and enhanced light illu-
mination. Conversely, conductance decreases with negative electric pulses and weakened light illumination. Reproduced with permission.!2°6] Copyright

2023, Wiley-VCH (g—i).

integrate-and-firing ~ (LIF),1819383)  threshold-driven  firi-
ng,[181932] and all-or-nothing behaviors.!'”1%2%] The devel-
opment of optoelectronic neurons has introduced advantages
such as lower power consumption and higher efficiency, ex-
panding the applications of electronic neurons to optoelectronic
neuromorphic computing and visual function simulation.
Despite these potential benefits, research on optoelectronic
neurons lags behind optoelectronic synaptic devices due to their
intricate dynamic behaviors.>®! Most optoelectronic neurons can
be categorized into two types based on the device used: threshold
switch neurons and semiconductor laser neurons.

Adv. Electron. Mater. 2025, 11, 2400482 2400482 (11 of 23)

3.1. Threshold Switch Neurons

Optoelectronic neurons, combining photosensitive and elec-
tronic threshold switch devices, have been developed.[2278269-271]
For instance, Wang et al. fabricated an artificial sensory neu-
ron with a Ta/IGZO, /Pt sensor for tunable light response and a
Pt/NbO, /Ta-based Mott memristor,[”®! as depicted in Figure 7a.
The IGZO, device exhibited excellent UV sensing capabilities,
with resistance decreasing as the wavelength decreased. The TS
characteristics of the NbO, device were utilized to mimic oscilla-
tory behavior in the neuron. Consequently, the integrated sensory
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Table 1. Comparison of emerging optoelectronic synapses.
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Device type Active layer Operating mode Operating wavelength Power density On/off ratio Nonlinearity Ref.
[nm] [mW cm~?]
Memristor ZnO,_,/AlO, LESC 310 0.072 ~3 - [90]
In,0,/Zn0 LESC 365 0.4 ~2 - [101]
ZnO/HfO, LESC 365 5.11 ~10 0.469 [115]
NiO/ZnO LESC 350 0.038 ~3 - [119]
MoO, LESC 365 0.88 ~2 - [176]
MoS, LESC 310 0.11 ~7 - [97]
Op-1GZ0O/0g-IGZO AOC 420/800 0.02/0.024 ~2 - [89]
Ag-TiO, AOC 365/532 3.7/218 ~10 - [96]
ZnO AOC 530/650 0.036 ~4 - [158]
Zn0/Zn,Sn0O, AOC 405/633 40/55 ~1.09 4.86/3.58 [161]
Perovskite AOC 630 0.9/11.8 ~2 - [159]
Silk fibroin protein AOC 405 80/40 ~2 - [160]
Transistor TiO,/IGZO LESC 520 4.88 >150 0.395 [176]
IGZO LESC 405 0.182 >10 - [180]
VO, LESC 375 84 ~1.8 0.2 [187]
NbS,/MoS, LESC 532 0.0031 ~6 0.65 [173]
Perovskite LESC 440 0.001 ~1.3 — [93]
BP AOC 280/365 35/7.3 ~1.7 ~2.7/3 [216]
Pyr-GDY/Gr/PbS-QD AOC 450/980 10/150 ~3 1.7/1.9 [217]
Gr/TiO,-QD AOC 365/635 0.1/26 ~1.03 - [218]
In,05 /AL, 05 /Y6 AOC 365/808 0.8/1.7 >5 ~1.6/0.7 [222]
Others MoS, LESC 550 23.6 ~1.1 - [257]
ZnAISnO/SnO AOC 405/635 0.033/0.015 ~2.7 - [242]
Si doped AOC 255/370 0.17/1.22 ~4 0.05/0.04 [244]
p-Ga,0;/Zn0O

neuron was capable of directly responding to UV light and pro-
ducing consistent electrical spikes. As illustrated in Figure 7b,
the sensory neuron showed four stable oscillation frequencies in
response to different light inputs: a dark state, 365 nm, 254 nm,
and simultaneous illumination of 365 and 254 nm light. These
distinct oscillation frequencies in response to different UV input
signals suggested the potential for detecting and converting UV
images encoded with varying wavelengths.

Similarly, a vertically integrated optoelectronic neuron!??
was demonstrated, which was capable of converting visible
light into spike trains and distinguishing lights of differ-
ent wavelengths. The device was structured vertically with
ITO/Ta,05/Ag/IGZO/ITO (Figure 7c). In this device, the
ITO/Ta,O¢/Ag-based TS memristor functioned as an artifi-
cial spike-encoder, while the Ag/IGZO/ITO-based photoresistor
acted as a photoreceptor. The photoreceptors converted light into
electrical signals that acted on the TS memristor to control the fir-
ing frequency of neurons. Initially, the neuron remained inactive
in a dark environment. Under irradiation, the persistent light was
transformed into spike trains with a specific frequency level, as
depicted in Figure 7d. The frequency of the output spikes in the
neuron had been shown to positively correlate with both the in-
tensity and wavelength (Figure 7e). Within a certain range of den-
sities, there was no overlap in the frequency responses to wave-
lengths of 360, 405, and 532 nm, allowing the firing frequency to
convey the color and intensity details of the light stimulus.

Adv. Electron. Mater. 2025, 11, 2400482 2400482 (12 of 23)

In addition, it is worth noting that optoelectronic neurons
based on a single device have been demonstrated, including
Si phototransistor,!®! ZnO/Sb-doped-SnO, /fluorine-doped-tin-
oxide (FTO) device,””] MoS, phototransistor,/#”?] and black phos-
phorous (BP)-CsPbBr; TS memristor.[?3] For example, Chai et al.
developed an optoelectronic graded neuron based on a MoS,
phototransistor for bioinspired in-sensor motion perception, 22!
as illustrated in Figure 7f. Under red light (660 nm) illumina-
tion, the drain current (I) of the MoS, phototransistor signifi-
cantly increased (Figure 7g). Subsequently, the I; gradually de-
creased to zero post-illumination due to the release of charges
from the shallow trapping centers. As the time interval between
consecutive light pulses increased, the responses to the light
pulses became almost independent. However, after four consec-
utive stimulation pulses with shorter time intervals, the photo-
transistor effectively integrated the light stimuli through non-
linear accumulation, mimicking the properties of graded neu-
rons. The distinct responses to the various four-frame actions,
as shown by the exported I; under four light pulses (16 com-
binations) with a shorter time interval in Figure 7h, indicated
the device’s ability to temporally encode four-pulse light stim-
ulation, similar to graded neurons. Based on the photoelec-
tric characteristics described above, the MoS, phototransistor
could directly identify various types of motion at sensory termi-
nals, mimicking the non-spiking graded neurons of insect vision
systems.
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Figure 7. Threshold switch neurons. a) Schematic images of the artificial visual sensory neuron consisting of an IGZO, UV sensor and a NbO, oscillation
neuron. b) Firing frequencies of the visual sensory neuron with and without UV illumination. Reproduced with permission.[”8] Copyright 2020, American
Chemical Society (a,b). c) Sectional view of the vertically integrated ITO/Ta, 05 /Ag/IGZO,/ITO neuron. d) Firing behaviors in dark and under 360 nm
illumination. e) Firing frequencies under 360, 405, and 532 nm illumination with different light intensities. Reproduced with permission.[?2] Copyright
2023, The Authors, published by Springer Nature under a Creative Commons Attribution 4.0 International License (c—e). f) Schematic illustration of the
optoelectronic graded neuron based on a MoS, transistor. g) Photocurrent response of the MoS, transistor. h) Photocurrent response under four-bit
light pulses. The inset illustrates the encoding process for ‘1001, with ‘1" and ‘0’ denoting with and without light illumination, respectively. Reproduced
with permission.[272] Copyright 2023, The Authors, under exclusive license to Springer Nature Limited (f-h).

3.2. Semiconductor Laser Neurons Hurtado et al. developed a LIF spiking photonic neuron based
on VCSELs for performing pattern recognition tasks at ultrafast

Among semiconductor lasers, vertical-cavity surface-emitting  sub-ns rates with continuous operation.?”>! Figure 8a illustrates

lasers (VCSELs) offer significant advantages, including low
cost, small footprint, high-speed operation, and a wide range
of neuron-like dynamics, making them well-suited for laser
neurons.!?’+2%1 VCSELs demonstrate behaviors similar to those
of biological neurons, such as thresholding dynamics, phasic and
tonic spiking regimes, and spike bursting.[?74]

Adv. Electron. Mater. 2025, 11, 2400482 2400482 (13 of 23)

the experimental setup of a spiking VCSEL-neuron under exter-
nal optical injection. A tunable laser (TL) was used to generate
constant optical signals with a wavelength of 1300 nm. These op-
tical signals were sequentially passed through an isolator (ISO),
a variable optical attenuator (VOA), and polarization controllers
(PC) to control the power and polarization, before being encoded
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Figure 8. VCSEL neuron. a) Experimental setup of the VCSEL neuron system. Optical fiber connections are indicated in red, while electrical connections
are indicated in blue. b) Flow diagram of the VCSEL neuron. When the threshold requirement is fulfilled, the system fires a spike. c) Pattern recognition.
Reproduced with permission.[?73] Copyright 2020, The Authors. Published by Springer Nature under a Creative Commons Attribution 4.0 International

License.

using a Mach—Zehnder (MZ) amplitude modulator and an arbi-
trary waveform generator (AWG). The optical line was divided
into two paths via a 50:50 fiber directional coupler. One path was
linked to a power meter (PM) to monitor the injected intensity,
while the other was linked to an optical circulator (CIRC) that

Adv. Electron. Mater. 2025, 11, 2400482 2400482 (14 of 23)

injected the optical signals into the VCSEL-neuron. The VCSEL-
neuron’s output was collected with a photodetector, a real-time
oscilloscope, and an optical spectrum analyzer. These input stim-
uli were summed and integrated by the VCSEL-neuron, which
then fired a spike upon exceeding the threshold energy for spike
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Table 2. Comparison of optoelectronic neurons.
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Device type Active layer Neuronal functions Operating wavelength Frequency Energy consumption Ref.
[nm] [Hz]

Memristor NbO, Oscillation 254/365 ~100 K — [78]
Ta, 05 Oscillation 360/405/532 ~1.2K ~40 pJ [22]

BP—CsPbBr; LIF 365/450/520 >2.5 ~20.3 nJ [273]

NbO, LIF 365 ~1.85M ~1.06 n) [277]

Sio, LIF 808 ~30 - [215]

Transistor Si LIF 405/520/638 ~60 ~6.86 n| [85]
Al,0, LIF 532 ~60 ~20 p) [269]

Mos, Graded neurons 660 ~100 - [272]

activation (Figure 8b). Figure 8c demonstrates the recognition of
target 4-bit data patterns, where the 4-bit patterns were weighted
before being injected into the VCSEL-neuron, which produced a
spike only in response to the target pattern, remaining silent for
non-target patterns.

In addition, VCSEL-neurons exhibited both excitatory and
inhibitory spiking responses.?””] By utilizing three intercon-
nected 1550 nm-VCSEL-neurons, the ON-type and OFF-type
circuits in the retina were experimentally emulated. The mas-
ter VCSEL (M-VCSEL), bipolar Cell VCSEL (BC-VCSEL), and
retinal ganglion cell VCSEL (RGC-VCSEL) were employed to
mimic the functions of photoreceptors, BCs (which generated
graded potentials based on inputs from photoreceptors), and
RGCs (which converted potentials into spike patterns) in the eye,
respectively.

Further, an integrated all-optical neuron based on an
InAs/InGaAs semiconductor laser!?®!l was demonstrated, capa-
ble of achieving both excitatory and inhibitory artificial neu-
rons by adjusting the reverse voltage of the built-in saturable
absorber. When the laser was biased to a single excited state
emission, the excitatory neuron was activated. On the other
hand, inhibitory neurons operated at the same current as the
excitatory one, with the laser biased to a single ground state
emission.

Table 2 presents a comparison of optoelectronic neurons in
terms of device structure, neuronal function, fire frequency,
and energy consumption. Research on optoelectronic neurons
remains in its early stages, typically focusing on modulating
neuron fire frequency through light illumination. Further ex-
ploration should extend to complex functions, such as signal
transmission, lateral suppression, and frequency adaptation. The
blending TS devices and photosensitive components enable op-
toelectronic neurons to effectively perceive and process external
light signals. Semiconductor laser neurons offer considerable ad-
vantages in operating speed and firing frequency; however, chal-
lenges in integration due to their intricate optical and electrical
components persist. Despite the widespread study of optoelec-
tronic neurons, complete neural networks based on these neu-
rons have not yet been implemented.

4, Conclusion and Outlook

Artificial neurons and synapses are crucial components for
building a neuromorphic chip. Currently, research on neuro-

Adv. Electron. Mater. 2025, 11, 2400482 2400482 (15 of 23)

morphic devices primarily focuses on electronically controlled
synapses and neurons. Emerging optoelectronic neuromorphic
devices, which combine photonics, electronics, and biology, of-
fer numerous advantages, such as reduced power consumption
and expanded application fields. Utilizing optoelectronic neu-
romorphic devices, artificial vision systemsl’3157:160.236.270] gnd
neuromorphic computing!121127158.261] have been developed. De-
spite progress in these areas, the field remains in its early
stages, facing significant challenges related to materials fab-
rication, array construction, and complex function realization
(Figure 9).

4.1. Material Preparation

Photosensitive materials used in optoelectronic neuromorphic
devices primarily consist of oxide semiconductors, perovskite
materials, and low-dimensional materials. The bandgaps of these
materials, along with their optical response wavelengths are sum-
marized in Table 3. Oxide semiconductors are widely employed
due to their excellent thermal and chemical stability and com-
patibility with CMOS processes. However, most oxide semicon-
ductors exhibit wide bandgaps (>3.0 eV), limiting their respon-
siveness primarily to UV light. Although the photoionization

Optoelectronic Neuromorphic Devices

/‘ ! Advanced algorithm
i % Low power consumption |  development

# Wide spectral response * High stability
# COMS compatibility

* Peripheral circuit design
{ % All optical control
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i % Integrated sensing-
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m Device & Array Application :

Figure 9. Overview of challenges in emerging optoelectronic neuromor-
phic devices.
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Table 3. Comparison of photosensitive materials for optoelectronic neuro-
morphic devices.

Material type Material Bandgap  Operating wavelength ~ Ref.
[eV] [nm]

Oxide ZnO 3.2 350-800 [158]

Zn,Sn0O, 3.88 405/633 [161]

Ga,0, 4.9 255/370 [244]

Tio, 32 365/532 [96]

IGZO 3.7 350-1000 89]

InZnO 3.1-35 275-405 [183]

In,0; 3.76 360-630 [185]

NiO 36 320/480 [163]

MoO, 3.08 350/570 [162]

2D material WSe, 1.2-1.6 473-655 [189]

PbS 0.42 1940 [214]

MosS, 18 450-625 [169]

In,Se, 14-16 655 [170]

BP 03-23 280/365 [216]

Perovskite CsPbBr, 23 430-440 [93]

CH,;NH;PbBr; 22 450-630 [198]

Cs,AgBiBrg 2 445 [128]

CsPbCl, 2.86 365/665 [137]

of Vs in oxides can broaden the light response wavelength to
1000 nm,!®! non-intrinsic photo-absorption severely restricts the
device’s photoresponsivity to long-wavelength light. This lim-
itation hampers potential applications in artificial vision sys-
tems, underscoring the need to develop new oxide semicon-
ductors with narrow bandgaps. In addition, combining ox-
ides with narrow bandgap materials has been shown to ef-
fectively broaden the response wavelength range of optoelec-
tronic devices. For example, Kang et al. demonstrated an opto-
electronic synapse with broadband responses (405—830 nm) by
combining IGZO, with a bandgap of 3.5 eV, and Ag,0, with a
bandgap of 1.4 eV.[21% Further, remarkable photosensitive mate-
rials with a wider responsive wavelength range (280—1940 nm),
such as perovskite and low-dimensional materials, have been
utilized in neuromorphic devices. However, ensuring the sta-
bility and repeatability of these devices remains a challenge
due to the immature fabrication techniques of the materials
used, hindering the large-scale integration of neuromorphic
devices.

4.2. Device Fabrication

Optoelectronic synapses are categorized into two-terminal de-
vices, such as memristors, and three-terminal devices, such as
transistors. While the former features a simple structure and
high integration density, the latter allows for effective tuning
of photoelectric behaviors, including photoconductance reten-
tion characteristics and photocurrent polarities, through gate
voltage. Yet, this increases the complexity of device integra-
tion and energy consumption. In recent years, attention has
shifted to emerging AOC synapses, which utilize light to re-
versibly tune conductance, minimizing the impact of electrical

Adv. Electron. Mater. 2025, 11, 2400482 2400482 (16 of 23)
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signals on device stability and enriching functionality in visual
simulations. However, challenges remain in this new technol-
ogy. The PPC response is easily achieved due to the inherent
photoelectric effect of semiconductors, while achieving a neg-
ative PPC response is much more difficult. This necessitates
the design of specific device structures, such as oxide homo-
junctions, metal/oxide Schottky junctions, and oxide heterojunc-
tions. Further, the working mechanisms of AOC devices often
stem from the capture and release of electrons at defect states,
rendering AOC behaviors highly sensitive to the types, quan-
tities, and distribution of defects within the material. Conse-
quently, precise control over defect states in photosensitive ma-
terials is crucial. Research on AOC devices is still in its early
stages, presenting considerable opportunities for exploring their
working mechanisms, device integration, and functional applica-
tions.

Research on optoelectronic neurons is relatively limited com-
pared to optoelectronic synapses, with current efforts mainly fo-
cused on TS memristors and semiconductor lasers. TS memris-
tors can effectively simulate neuron emission behavior through
their volatile conductance switching characteristics, making
them promising candidates for constructing artificial neurons.
However, the operational mechanism of TS memristors typi-
cally involves the formation and rupture of conductive filaments
within the device, leading to highly unpredictable performance,
which impacts practical applications in neuromorphic systems.
Therefore, enhancing device stability is an important future di-
rection. Semiconductor lasers, with their high-speed operation
and a wide range of neuron-like dynamics, are well-suited for
laser neurons. However, implementing neuronal functions ne-
cessitates the integration of various optical and optoelectronic
components, presenting considerable challenges for large-scale
and high-density integration. Consequently, miniaturizing opti-
cal components is a critical development direction in this field.

4.3. Array Construction

In recent years, significant progress has been made in the devel-
opment of individual optoelectronic synapses and neurons, pri-
marily focusing on simple function simulations. However, the
development of neural network hardware consisting of multiple
optoelectronic neuromorphic devices is rarely reported, and cur-
rent efforts fall short of building neuromorphic chips. Several
key obstacles hinder the construction of large-scale neuromor-
phic device arrays that could mimic the complex functions of
the human brain. First, device stability is insufficient for large-
scale integration due to unclear working mechanisms and im-
mature preparation processes. Second, the power consumption
of optoelectronic neuromorphic devices typically falls in the mi-
crojoule range, which is significantly higher than that of biolog-
ical synapses and neurons. Third, the operation of both electri-
cal and optical signals to drive neuromorphic devices is complex.
Although AOC devices have been proposed, further research is
required to explore emerging techniques. Lastly, each synaptic
device usually requires an independent light source to precisely
control its conductance, especially during the training process of
neural networks. This presents a significant challenge for inte-
grating these light sources into each device in an array.
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4.4. Complex Function Realization

One crucial application area of optoelectronic neuromorphic de-
vices is in-sensor computing.[73116:172:236.238.240] [ngpired by the
human retina, in-sensor computing has been proposed to per-
form part of the information processing directly within the sen-
sor. This approach aims to reduce or eliminate data transfer and
conversion at the sensor/processor interface, thereby improv-
ing the processing efficiency of visual information. Nonlinear
optoelectronic responses!!!®l or gate-tunable positive/negative
photoconductancel”>23+238:240] have been utilized for image pre-
processing tasks, such as feature extraction and denoising. In ad-
dition, some optoelectronic neuromorphic devices with tunable
photoresponsivityl’*17223] have demonstrated high-level com-
puting functionalities based on multiply-and-accumulation oper-
ations, such as image encoding and recognition. However, most
complex functions, such as image recognition, still rely on soft-
ware algorithms and traditional circuits. Various non-ideal fac-
tors, such as device instability and nonuniformity, may be the
primary reasons limiting the complex application of devices. It is
worth noting that optoelectronic neuromorphic devices can gen-
erally perform calculations in situ, meaning computations can
be carried out in the memory, and they are also light-sensitive,
endowing them with ISCM functions. Nevertheless, achieving
ISCM function for real visual information from the external envi-
ronment remains a challenge for these devices. Therefore, the de-
velopment of an ISCM neuromorphic visual system is currently
in progress and still has a long way to go.

In summary, research on optoelectronic devices has pro-
gressed rapidly over the past decade, integrating the character-
istics of photonics, electronics and neurology. With increased
collaboration among materials, devices, architectures and algo-
rithms, it is anticipated that intricate neuromorphic functions
will be realized on a chip scale in the near future.
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