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Abstract: The concept of neuromorphic devices, aiming to process large amounts of information in
parallel, at low power, high speed, and high efficiency, is to mimic the functions of human brain by
emulating biological neural behavior. Optoelectronic neuromorphic devices are particularly suitable
for neuromorphic applications with their ability to generate various pulses based on wavelength
and to control synaptic stimulation. Each wavelength (ultraviolet, visible, and infrared) has specific
advantages and optimal applications. Here, the heterostructure-based optoelectronic neuromorphic
devices are explored across the full wavelength range (ultraviolet to infrared) by categorizing them
on the basis of irradiated wavelength and structure (two-terminal and three-terminal) with respect
to emerging optoelectrical materials. The relationship between neuromorphic applications, light
wavelength, and mechanism is revisited. Finally, the potential and challenging aspects of next-
generation optoelectronic neuromorphic devices are presented, which can assist in the design of
suitable materials and structures for neuromorphic-based applications.
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1. Introduction

Neuromorphic devices aim to mimic the high-level functions of the human brain, re-
quiring the emulation of the operational principles of biological neural behavior [1–3], which
can be achieved through the modulation of connections between neurons and the strength
of synapses [4]. Key features that neuromorphic devices should possess for this purpose
include plasticity [5–7], linearity [8–10], symmetry [8,10,11], and accordingly extremely low
power consumption [12–15] and highly efficient operation. As one candidate for these neu-
romorphic devices, optoelectronic devices have the potential to provide artificial systems
capable of reproducing the structure and functions of the human brain. The combination of
electronic devices and their procedures forms an efficient processing information format,
similar to the neurons in an organic brain [16–18]. This optoelectronic device, alongside
artificial intelligence, provides both optical and electronic advantages within a single de-
vice to enhance adaptability, reconstruct images, and process information efficiently [19].
Furthermore, light provides the advantage of generating a wide range of light pulses
based on wavelength, making it highly suitable for synaptic stimulation control inputs.
To be specific, light is capable of generating photo-excited carriers (i.e., hole and electron
pairs) based on intensity and wavelength, offering precise modulation for opto-stimulated
plasticity [20–22].

Light has respective applications depending on different wavelengths (i.e., ultraviolet,
visible, and infrared) [23–25], each with its advantages and disadvantages [26–31]. For
example, ultraviolet (UV) light, due to its large bandgap in absorption materials, is relatively
noise-free compared to other wavelengths [32,33]. Visible light is advantageous for image
sensing and biological modeling, as it is the wavelength most extensively utilized in human
and animal vision [23,34,35]. Infrared (IR) light enables traveling through relatively long
distances [36,37] and safe operation of near-human devices [38–40]. Accordingly, the
implementation of optoelectronic neuromorphic devices depending on the wavelength
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of light can have specific purposes for each, suggesting the development of customized
directions for applications.

Meanwhile, heterostructure (i.e., heterojunction) refers to the interface between two dif-
ferent material layers, in which these materials have different energy band structures, and
accordingly, energy bandgaps [41–43]. With respect to the optoelectronic property aspect,
due to the disparate energy band junction, an additional photoelectric effect or photogating
effect can be obtained by means of the energy band alignment structure [44–49]. Thus,
the benefits of heterostructures include an improved photo-response resulting from the
junction structure with energy band differences, a versatility that allows application in
various scenarios based on different combinations, and the ability to explore expandable or
controllable wavelength ranges depending on the combination of the chosen materials.

In this context, we explored heterostructure-based optoelectronic neuromorphic de-
vices and their applications by investigating the full wavelength range of light from UV to
IR. Section 2 first summarizes the fundamental biological synaptic functions. In Section 3,
we introduce the current state-of-the-art research on optoelectronic neuromorphic devices
based on heterostructures. The devices are classified into irradiated wavelength, and more
specifically, according to their structure (i.e., two-terminal and three-terminal) [50–52].
As the light wavelength of choice and the mechanism of the device determine synaptic
properties and application of the device additionally to the gate voltage (VG) bias, this
new perspective reveals the relationship between various neuromorphic applications and
the wavelength and mechanism of irradiated light. Therefore, this paper is expected to
help the process of exploring and designing appropriate materials and structures when
neuromorphic-based applications are first considered for research purposes.

2. Fundamental Functionalities of Neuromorphic Devices Mimicking
Biological Synapse

The human neural network consists of neurons, which are nerve cells, and synapses,
which are junctions between neurons where signals are transmitted from the presynaptic
neuron to the postsynaptic neuron across the synapse. The transmission, processing, and
storage of information rely on the mechanism of synaptic plasticity [7,53,54], whereby
connections between nerves are strengthened or weakened when external stimuli in the
form of electrical or chemical pulses are applied. These processes are carried out in a low-
power, high-speed, and highly efficient manner. For the neuromorphic devices, synaptic
plasticity is usually implemented by current or conductivity [55–57].

2.1. Excitatory Postsynaptic Current (EPSC)/Inhibitory Postsynaptic Current (IPSC)

When an input neuron device emits a presynaptic signal corresponding to a presy-
naptic neuron, an output neuron device generates a postsynaptic signal according to the
synaptic weight (conductance). The resulting electrical signal generated by the postsynap-
tic neuron is called an excitatory postsynaptic current (EPSC) or inhibitory postsynaptic
current (IPSC). The value of EPSC/IPSC is proportional to the weight changes, with a
higher EPSC/IPSC value implying a stronger weight change in the synaptic plasticity [58].
EPSCs/IPSCs are the most basic synaptic mechanisms for transmitting, processing, and
storing information in the biological nervous system [59–62].

2.2. Short-Term Plasticity (STP)/Long-Term Plasticity (LTP)

The difference between short-term plasticity (STP) and long-term plasticity (LTP) is
retention time. STP is a transient change in synaptic weight that can only last up to a few
seconds before returning to its original state, whereas LTP can last for years or transfer
into permanent memory [55,63]. STP could be converted to LTP as a learning process with
repeated training and rehearsals [58,64–68].
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2.3. Paired-Pulse Facilitation (PPF)/Paired-Pulse Depression (PPD)

Paired-pulse facilitation (PPF) and pair-pulse depression (PPD) are specific forms of
short-term plasticity behavior, which are important for recognizing and decoding temporal
information. The PPF/PPD is defined as the increased/decreased ratio between the two consec-
utive EPSC, indicating reinforced or weakened post-synaptic signal by the following spike. It
depends on the various parameters such as pulse width, intensity, and interval [3,69–71].

2.4. Spike-Time-Dependent Plasticity (STDP)/Spike-Rate-Dependent Plasticity (SRDP)

Spike-time-dependent plasticity (STDP) and spike-rate-dependent plasticity (SRDP)
are the typical long-term plasticities, and are two examples of the Hebbian learning rule.
STDP shows the correlation of synaptic plasticity between presynaptic and postsynaptic
signals by their order and time intervals (∆t = tpre − tpost). LTP has occurred when the
presynaptic spike occurs earlier than the postsynaptic spike (∆t > 0). Conversely, LTD
happens when the presynaptic spike occurs later than the postsynaptic spike (∆t < 0). As
the time interval increases, the synaptic weight changes as the influence of the two signals
on each other changes, and the synaptic plasticity can be anticipated by the STDP curve
from the known time interval [55]. Meanwhile, SRDP shows the dependency of synaptic
plasticity according to the frequency of the spikes [11,72–74].

2.5. Potentiation/Depression

Synaptic plasticity can be described as either potentiation or depression, depending
on the shape of the pulse. Potentiation refers to an overall increase in synaptic weight with
pulse number (signal strengthening). On the other hand, depression refers to the successive
decrease in synaptic weight as a function of pulse number (signal weakening) [75–79].

3. Heterostructure-Based Optoelectronic Neuromorphic Devices Using Various
Wavelength of Light
3.1. Optoelectronic Neuromorphic Devices Using UV Light

UV light is widely used as an optical stimulation onto various optoelectronic devices
for its non-disturbed optical properties derived from the wide band gap of the light absorb-
ing materials. Due to the high energy level UV light possesses, UV illumination can provide
an optoelectronic neuromorphic device with stable operation, noise-free performance, and
other advantages from overwhelming other unwantedly induced optical disturbances from
longer wavelength ranges. Thus, we collected UV-utilizing optoelectronic neuromorphic
studies where they specifically selected materials and designed device structures for UV
reaction for the mentioned merits.

In 2023, Guo et al. published a study on an optoelectronic device where the heterostruc-
tures of PI and graphene were used for mimicking the neuromorphic function of rod and
cone cells in a human brain (Figure 1a) [80]. External stimuli were given in the forms of
365 nm UV light and negative gas ions induced by triboelectric nanogenerator (TENG).
Where TENG-induced gas ions act as a negatively charged floating gate by being adsorbed
onto a graphene surface, PI generates photocurrent under UV light illumination, while
also functioning as a flexible substrate for a CVD-grown monolayer graphene channel.
The CVD method of graphene fabrication creates defects in graphene, making a p-type
doping effect to enable hole carrier conduction. As depicted in Figure 1b, electrons from UV
light-induced electron-hole pairs can slowly traverse from the PI surface into the graphene
channel and recombine with holes in defect sites of graphene, ultimately leading to a
reduction in the total hole current. The structural design and material selection resulted in
negative photoconductance phenomenon, where PI was selected for its non-conductive and
UV-absorbing properties, while graphene plays the exact opposite role of high-conductance
and low absorbance derived from its zero-band gap. The negative photoconductance was
used to optically demonstrate LTD of the device (Figure 1c) and synaptic image sensing of
a handwritten digit which achieved 84% accuracy at its highest.
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Figure 1. (a) A schematic illustration of graphene/PI neuromorphic device (b) and its optoelectronic
behavior under UV light ((I) the original state, (II) photo-induced carrier generation, (III) carrier
transport between layers and (IV) the final state after recombination). (c) Demonstrated LTP and
LTD behavior of the device. (d) A schematic illustration of P3HT/PVK/4H-SiC synaptic transistor.
(e) A schematic illustration of synaptic weight generation by UV light. (f) Optically obtained EPSC
plots by consecutive UV spikes with different spike duration, number, and frequency. (g) Learning
and forgetting process from pattern recognition. (h) Schematic illustration of the ZAC-OSs-based
device structure. (i) PPC effect after irradiating UV light with intensity of 5.0 Mw·cm−2. (j) The
modulated synaptic learning behavior by piezo-phototronic effect under UV light pulse. (k) Demon-
stration of array memorizing image after input with 10 UV light pulses. (a–c) Reproduced with
permission from [80]. Copyright Elsevier, 2023. (d–g) Reproduced with permission from [81]. Copy-
right American Chemical Society, 2023. (h–k) Reproduced with permission from [58]. Copyright
Wiley, 2023.
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A study by Liu et al. in 2023 presented a photogated synaptic transistor for neuro-
morphic UV vision, using heterostructures of 4H-SiC and p-type organic semiconductors,
including PVK and P3HT (Figure 1d) [81]. The main absorption of UV happens in the
4H-SiC layer, while PVK and P3HT serve as p-type channels due to their high hole mo-
bility. Figure 1e illustrates the band energy diagram, where 4H-SiC creates photocarriers
under UV irradiation of 375 nm wavelength. Electrons remain in 4H-SiC blocked by high
conduction band level of PVK, and holes transfer into P3HT, owing to the hole-conducting
and electron-trapping characteristics in the energy band structure of PVK. Separating
photo-generated electron-hole pairs into different layers of the device slows down the
recombination process, thereby increasing conductance and inducing LTP behavior by
irradiation of UV light pulse (Figure 1f). An image of the letter “X” was put through
a demonstration process to mimic biological learning and forgetting (Figure 1g), which
showed clear image recognition after 400 training instances, followed by gradual decay.

Han et al. mimicked the human visual-perception system by simply fabricating a
two-terminal ZnO/Al2O3/CdS heterojunction-based optoelectronic synapses (ZAC-OSs)
array in 2023 (Figure 1h) [58]. An instant increase and a gradual decay in photocurrent after
irradiating and removing the 365 nm of UV light occurred due to the PPC behavior of ZnO
nanowires (NWs) and CdS film. Therefore, a concept of “learning-experience” was achieved
by UV light (2.48 mW·cm−2, duration: 0.5 s) stimulation with various frequencies and pulse
numbers, allowing short-term memory (STM) to transition to long-term memory (LTM).
Interestingly, additional external strain induced slower facilitation and decay tendency
of the PPF index due to the piezo-phototronic effect (Figure 1i), modulating synaptic
weight in multilevel and reinforcing memorization of the device. When ‘N’ shaped UV
light stimulation (pulse width: 0.5 s, frequency: 1 Hz, and intensity: 2.48 mW·cm−2) and
24.5 MPa external compression pressure were applied from the bottom and top of the
substrate, respectively, it stored an ‘N’ shaped image for 90 s (Figure 1j,k). The recognition
rate of 99.68% could be achieved with the help of an artificial neural network (ANN).

A device in the study of Ni et al., 2021, demonstrated a photoelectric neuromorphic
transistor (PENT) with ZnO NWs, 2,7-Dioctyl [1]benzothieno[3,2-b][1]benzothiophene
(C8-BTBT), and poly(methyl methacrylate) (PMMA) [82]. ZnO NWs were covered by 2D
phase-separated PMMA/C-BTBT film. As shown in Figure 2a, this structure imitates the
biological optical sensing neuron with quasi-one-dimensional materials sparsely covered
by two-dimensional materials. Since ZnO and C8-BTBT have significant absorption in
UV wavelengths, both layers generate photo-excited electron-hole pairs under irradiation
interleaving a thin PMMA insulating layer between them. Due to their energy band
aligning position, photo-generated electrons tunnel through PMMA from C8-BTBT into
ZnO, while holes reversely tunnel from ZnO into C8-BTBT (Figure 2b). This asymmetric
distribution of photocarrier charge effectively impedes carrier recombination and current
level decay after optical stimuli, alongside ZnO oxygen vacancy and PMMA film acting as
trapping sites. An applicational demonstration was made with a 64 × 64 PENT array and a
shadow mask, where UV light of 380 nm wavelength was irradiated through the shadow
mask for 3.5 s. The irradiated devices detected and memorized the patterned image as a
result of increased synaptic weight, with slight losses after 2 h.

In 2021, Ahmed et al. designed a hetero-structured device (Figure 2c) with black
phosphorus (BP), which exhibits unique photo-response properties in range of UV light
wavelengths [83]. The BP channel proved to have a naturally formed thin layer of phos-
phorus oxide (PxOx) both on top and under the BP flake layer. While performing as
a self-passivation layer, this oxidized surface is also believed to create negative photo-
conductance with optical carrier excitation, dissociating ambient adsorbates with optical
energy, hence increasing the total amount of trap sites for charge transfer. Thus, the device
fabrication process was thermally controlled to have native PxOx, to intentionally create
negative photoconductance phenomenon. In the results in Figure 2d, the BP transistor
device showed decreasing photocurrent when irradiated with 365 nm UV pulse, whereas
irradiation of 280 nm light pulse generated increasing photocurrent, which is rendered
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from providing sufficient energy for the ambient hydrogen to be adsorbed onto defect
sites and passivate the surface, eventually raising carrier concentration in the BP channel.
Utilizing these optoelectrical properties of BP, the team demonstrated fully light-controlled
LTP and LTD with 280 nm and 365 UV irradiation, respectively (Figure 2e), which was also
applied to optical memory operation and image recognition.
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Figure 2. (a) A schematic image of optical neurons and neuromorphic phototransistor based on
C8-BTBT and ZnO NWs. (b) Band diagram image under dark and light conditions. (c) A schematic
image of BP neuromortphic phototransistor. (d) Optical write and erase states by 280 nm and 365 nm
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irradiation, respectively. (e) Graphs of optically induced LTP and LTD. (f) Schematic illustration of
the flash memory device based on CsPbBr3 QDs. (g) Photonic potentiation and electric habituation
behavior of the CsPbBr3 QD device. (h) PPD afger PPF experimentally demonstrated by the memory
device. (i) Schematic illustration of the optical flash memory device based on CDs/silk heterostructure.
(j) Transient characteristics of CDs/silk-based and CDs-based flash memory device after optical
programming. (k) Optical and electrical operating sequence and the corresponding readout current
of the memory device. (l) Original mapping images and (m) recognition state of letter “A” with
the increasing training phases. (a,b) Reproduced with permission from [82]. Copyright Elsevier,
2021. (c–e) Reproduced with permission from [83]. Copyright Wiley, 2020. (f–h) Reproduced with
permission from [63]. Copyright Wiley, 2018. (i–m) Reproduced with permission from [84]. Copyright
Wiley, 2019.

In 2018, Wang et al. set up an optoelectrical synapse with a novel heterostructure
of flash memory using solution-processed CsPbBr3 quantum dots (QDs) and pentacene
(Figure 2f) [63]. The strong UV light absorption of CsPbBr3 generated excitons and they
were separated at the type II heterojunction between pentacene and CsPbBr3 QDs. Ac-
cumulated electrons in CsPbBr3 QDs and holes in pentacene layer showed the memory
behavior of the device. Both programmed and erased states were maintained for more than
1 × 104 s and for 103 cycles without obvious degradation. This memory formation with
365 nm (0.153 mW·cm−2, 1 s duration with 10 s interval) of light stimulus and loss with
electrical pulses enabled implementation including the transition from STP to LTP, PPF,
and SRDP (Figure 2g). Increasing the pulse interval to 10 s, partially detrapped electrons
recombined with the holes, showing PPD behavior (Figure 2h).

In a subsequent study in 2019, Lv et al. fabricated an optical transistor synapse with
carbon dots/silk protein (CDs/silk) mixture for charge trapping layer (Figure 2i) [84]. A
blend form of CDs in silk improved charge storage stability more than CDs-only memory
(Figure 2j). The surface of the CDs on the film act as trap sites where photo-generated
electrons are trapped. On the other hand, these trapped electrons can easily recombine with
adjacent holes in the pentacene layer, inducing a volatile memory characteristic. In this way,
the device could repeat the write and erase operation with a 365 nm of light pulse and a
−60 V of gate pulse (Figure 2k). Furthermore, a clear shape of the letter “A” with Modified
National Institute of Standards and Technology (MNIST) database could be obtained for
the pattern recognition simulation, demonstrating 73% accuracy for pattern recognition
(Figure 2l,m).

3.2. Optoelectronic Neuromorphic Devices Using Visible Light

Visible light occupies most of the range in the optical wavelength that involves human
vision. The ability of many other animals to see also depends mainly on visible light
absorption into a retina, from where optical neuron cells detect and process visual inputs.
Due to the sophisticated design of biological retina, optoelectronic devices have been
endeavoring to catch up to the excellence that the human eye naturally holds, hence
imitating its material selection and structural form. The following studies are optoelectronic
neuromorphic reports, with various methods and organic semiconductors chosen to realize
synaptic operation for visible light detection.

Zhang et al. fabricated a photonic synapse device in 2023, in which CsPbI2Br, a typi-
cally perovskite-structured material, was used as a visible light absorbing layer
(Figure 3a) [85]. Under visible light stimulation like Figure 3b, CsPbI2Br-generated electron-
hole pairs separately traverse into bordering material, functioning as synaptic weights.
Due to the high p-type conducting properties, P3HT effectively transports transport holes
from CsPbI2Br, while the electrons remain bound to nitrogen-doped graphene quantum
dots (N-GQDs). Owing to the well-aligned energy band structures of the whole device
materials, the separation of optically excited electrons and holes delays recombination and
makes conductivity increase. With an additional aid of a microvoid-structured PMMA layer
reducing effective contact area between CsPbI2Br and P3HT, the device exhibits synaptic
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performance including STM and LTM under a light pulse of 470 nm given in intervals,
which is in a blue shade visible to human eyes (Figure 3c). The neuromorphic performance
of the device was then tested in a 28 × 28 pixels array simulation with handwritten digits
recognition, where the maximum accuracy of recognizing large data sets reached 95.99%.
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Figure 3. (a) A schematic image of two-terminal synaptic device based on CsPbI2Br and (b) generation
of synaptic weight generation under illumination. (c) Optically induced STM and LTM under
470 nm pulses. (d) A schematic image of an organic semiconductor-introduced optoelectronic
neuromorphic memristor device. (e) Illustrations of energy band diagram without dipole and with
dipole. (f) A chemical structure of CH-P. (g) Optically induced LTP with red, green, and blue lights.
(h) Demonstration of RGB distinguishing with memristor array. (a–c) Reproduced with permission
from [85]. Copyright Elsevier, 2023. (d–h) Reproduced with permission from [86]. Copyright
American Chemical Society, 2023.

Figure 3d is a schematic illustration of multi color-cognitive neuromorphic memristor
reported by Lee et al. in 2023 [86]. The device was fabricated utilizing a thin film of
asymmetric-formed organic semiconductor between a switching medium (NiO) and a
one-sided transparent electrode (FTO, Ag) for illumination to reach inside. With effective
alignment of the intrinsic dipole moment of the organic semiconductor molecules, the
accumulation of induced dipole moments can be strong enough so that it modifies the work-
function of nearby electrodes, as shown in Figure 3e. To cause these highly accumulative
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dipoles, visible light illumination was used to optically excite the organic semiconductor
molecules into aligned states. Designing molecules specifically to have photo-tautomerizing
characteristics rendered a longer lifetime of the excited state, contributing to the synaptic
behavior of the memristor device. A device with blue (450 nm), green (525 nm), and red
(630 nm) distinguishing function was made in the form of memristor inserted with (E)-3-(4-
(diphenylamino) phenyl)-1-(1-hydroxynaphthalen-2-yl)prop-2-en-1-one (CH-P) (Figure 3f),
an organic semiconductor with enhanced visible light absorption. Due to the sharply
designed absorption range in visible wavelength, the CH-P integrated 8 × 8 memristor
array exhibited synaptic vision with gradual intensity increase (Figure 3g), also successfully
recognizing and discriminating RGB pattern under read voltage of 0.05 V (Figure 3h).

In a 2023 study, Wang et al. presented a phototransistor with neuromorphic perfor-
mance based on a silicon-nanomembrane (Si NM) (Figure 4a) [87]. P3HT was isolated
from the electrode with SiO2 to exclude direct carrier transport between source/drain
and Au electrodes, since its high hole mobility overwhelms Si NM and impedes synaptic
performance of the device. Additionally, PMMA was used for its passivating ability to
obtain stability of lead-sulfide quantum dots (PbS QDs). Due to the electron-blocking
feature of P3HT energy band, photo-generated electron-hole pairs in PbS QDs under visible
light separate and successfully impart synaptic weight to the device, where holes transfer to
P3HT, then Si NM, and electrons remain in trapped states in their originally excited location
(Figure 4b). The form of 4 × 5 phototransistor array was used to demonstrate its synaptic
learning and forgetting process on visible light, as shown in Figure 4c. A total of 100 opti-
cal spikes of both 532 nm and 1342 nm wavelengths were given in different positions to
make a pattern, where EPSC with initially detected 1342 nm fades away unrecognizably
after 10 s, while stimulation by 532 nm, a green shade visible to human eyes, retains its
patterns. Also, a shape of the letter “E” in 11 × 11 array was put through to test EPSC of the
synaptic phototransistor devices. Results showed enhancement in memory performance
by increasing illuminating duration from 1 s to 10 s, imitating biological relations between
stimulating duration and learning process (Figure 4d).

In 2021, Zhu et al. presented a flexible optoelectronic sensor array with carbon
nanotubes (CNTs) and CsPbBr3-QDs (Figure 4e) [88]. They acted as an electrical transport
and a photon absorption layer, respectively. These materials were chosen to improve photo-
response and signal-to-noise ratio detection, respectively, which in turn showed a high
responsivity and specific detectivity of 5.1 × 107 A·W−1 and 2 × 1016 Jones, respectively,
when irradiated with 405 nm of light (intensity of 48 µW·cm−2, pulse width of 20 ms). Also,
they are suitable for achieving stability, flexibility, and uniform large-scale fabrication. As a
result, the device maintained its electrical characteristics even after being stored for more
than 8 months in ambient air and bent strains (ε) of 0.4%. The underlying mechanism is a
photogating effect that separated holes transfer into the CNT channel while the electrons
were trapped in the CsPbBr3-QDs, leading to typical PPF behavior (Figure 4f). Finally,
a neuromorphic vision system was implemented with 1024 pixels of sensor array. The
calculated recognition accuracy reached 95% after training with 200 pulses under a 405 nm
of light (intensity of 1 µW·cm2, pulse width of 250 ms, pulse interval of 250 ms) (Figure 4g).

For another CsPbBr3 QDs-based optoelectronic neuromorphic device, Zhang et al.
adopted a heterostructure with poly[2,5-(2-octyldodecyl)-3,6-diketopyrrolopyrrole-alt-5,5-
(2,5-di(thien-2-yl)thieno [3,2-b]thiophene)] (DPP-DTT) in 2022, which has good air stability
and high charge mobility (Figure 4h) [89]. The substrate of ionic conductive cellulose
nanopaper (ICCN) enabled the device to operate at low voltage, and at 1 mm bending.
The synaptic behavior of PPF was executed with the 450 nm of light pulse (intensity of
0.30 mW·cm−2 and ∆t of 500 ms) due to the photogating effect. Furthermore, a stronger
transition from STP to LTP was observed when a voltage bias (VG = −8 V) was applied
in conjunction with the light pulse. The synaptic device showed multibit storage capacity
with different photonic pulse durations (Figure 4i). This LTP phenomenon was caused by
the removal of the light pulse resulting in a decrease in the carrier recombination rate. The
respective features of STP and LTP were utilized to demonstrate ‘Morse-code’ and visual



Electronics 2024, 13, 1076 10 of 23

object recognition simulation (Figure 4j,k). Additionally, logic functions of “AND”, “OR”,
“NOR”, and “NAND” were demonstrated by modulating the inputs with two VG pulses
and photonic pulses (Figure 4l).
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Figure 4. (a) A schematic image of organic/inorganic hetero-structured synaptic phototransistor.
(b) An energy band diagram under visible light stimulus. (c) Visible light-recognizing demonstration
of the phototransistor array. (d) Learning and forgetting process demonstrated by a pattern of letter
“E”. (e) A schematic illustration of the phototransistor device based on CNT and CsPbBr3-QD.
(f) Gradual decrease of PPF index by pulse interval increase (Inset: PPF achieved by consecutive
two optical pulses) (g) The input image of “8” pattern and its training weight results from the initial
state and after training if 10, 20, 50, 100, and 200 pulses of 405 nm light. (h) A schematic illustration of
an organic optoelectronic synaptic device based on CsPbBr3 QDs and ICCN. (i) Photonic potentiation
and electric depression behavior demonstrated by 450 nm photonic pulses and −0.5 V electric gate
pulses under the gate voltage of −0.8 V. (j) Training results of confusion matrices under the 1200th
epoch. (k) Morse code of letter “TONGJI” demonstrated by EPSCs induced by a series of photonic
450 nm optical pulses under VD = −1 V, (l) a schematic image of logic circuit demonstration with
and without light modulation. (a–d) Reproduced with permission from [87]. Copyright Nature,
2023. (e–g) Reproduced with permission from [88]. Copyright Nature, 2021. (h–l) Reproduced with
permission from [89]. Copyright Elsevier, 2022.
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3.3. Optoelectronic Neuromorphic Devices Using IR Light

Due to its characteristic of long wavelength, IR vision provides a few animals with
the unique abilities of detecting predators or prey from a great distance, signaling each
other, and seeing clearly in the visible light-insufficient condition in which other animals
would feel completely dark. Also, IR wavelength being outside the detection range of
human retina can generate invisible input signals, so that the electronic devices can optically
communicate effectively without interfering with human vision. Additionally, IR leaves no
risk of possible biological hazard that can occur when using light with shorter energy such
as UV wavelength, making it suitable for wearable devices which involve very close range
of physical distance with human body. Hence, we review two studies on optoelectronic
neuromorphic devices with interesting methods of exploiting IR as an input stimulation.

In 2019, resistive random-access memory (RRAM) based on a quasi-plane MoSe2/Bi2Se3
crossbar heterostructure was implemented by Wang et al. (Figure 5a) [90]. The all-solution
processed MoSe2/Bi2Se3 nanosheets ensured a bipolar memory performance with low
operating voltages under 790 nm of near-infrared (NIR) light illumination ranging from
0 to 1.65 mW·cm−2. The device showed stable performance within 106 s (Figure 5b)
and 1000 consecutive cycles. PPF effect (Figure 5c) and ∆PSC with pulse number were
demonstrated. Also, electrical-induced PPD followed optical-induced PPF (wavelength of
790 nm, intensity of 1 mW·cm−2) (Figure 5d). Figure 5e shows the working mechanism.
When 790 nm of NIR is applied, photo-generated electrons are trapped in the hybrid
MoSe2/Bi2Se3 nanosheets while free holes combine with conductive Ag filaments, causing
oxidation to Ag+. Therefore, the current decreases, transiting to high resistive state (HRS).
This PPD effect became stronger as the function of the light intensity increases. Therefore,
the cartoon character image was demonstrated depending on the amount of light exposure,
with shadow masks patterned differently by the pixels (Figure 5f,g).

In 2020, Zhai et al. proposed a phototransistor synapse device using an interesting
optoelectronic property of upconverting nanoparticles (UCNPs) (Figure 5h) [91]. This
design of phototransistor included UCNPs such as lanthanide-doped NaYF4 (NaYF4:Yb3+)
and Er3+. Not only does the band alignment of pentacene and MoS2 induce separation of
photo-excited electron-hole pairs from MoS2 and create synaptic weight, but the device
was also introduced with UPNCs acting as internal illumination sources, directly providing
enough optical energy to create excitons within the MoS2 layer (Figure 5i). Specifically, the
energy band gap of Yb3+ is narrow enough to generate electron-hole pairs under irradiation
of 980 nm wavelength in near infrared (NIR) range. Where external optical energy is given
by NIR, optically created exciton transfers into Er3+ in device level, then drops straightly
down from LUMO to HOMO level, secondly generating intense luminescence in visible
wavelengths in result. These phased characteristics of radiative energy transfer upcon-
version (RETU) prolong the lifetime of transporting excitons up to the microsecond scale,
thereby enhancing neuromorphic behavior along with the preexisting synaptic weight
on the pentacene-MoS2 interface. As a result, an optically induced LTP phenomenon
was created (Figure 5j). For the demonstration of optically induced LTP, an 11 × 11 pix-
els array of phototransistors was trained 15,000 times with mapping images of letters
“N” and “A” and resulted in 70% recognition accuracy, solely under NIR luminescence
(Figure 5k).
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Figure 5. (a) Schematic illustration of the NIR light-modulated RRAM device. (b) EPSC by a single
electronic pulse and IPSC by the −1 V electronic pulse from presynaptic terminal. (c) PPF behavior
between two consecutive presynaptic pulses. (d) Experimental modulation of the NIR light on
the memory device, which turns the PPF effect into PPD effect. (light wavenumber: 790 nm; light
intensity: 1 mW·cm−2). (e) Schematic illustration of a resistive switching model including initial state,
Ag filaments formation, and filament rupture under light irradiation. (f) Schematic illustration image
recognition of the RRAM array by NIR light. (g) Image demonstration by information storage opera-
tion of RRAM array. (h) A schematic illustration of pentacene/UPNPs/MoS2 synaptic phototransistor.
(i) An upconversion charge transfer from UCNPs NIR absorption to MoS2 visible light detection.
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(j) Optically induced LTP and electrically induced LTD. (k) Image recognizing demonstration of the
upconversion phototransistor. (a–g) Reproduced with permission from [90]. Copyright Wiley, 2019.
(h–k) Reproduced with permission from [91]. Copyright Elsevier, 2019.

3.4. Optoelectronic Neuromorphic Devices Using Multiple Wavelengths

In 2021, Hou et al. proposed a wafer-scale two-terminal flexible optoelectronic neu-
romorphic device with pyrenyl graphdiyne/graphene/PbS QDs, integrating an image
sensor, memory, and visual neuromorphic devices in a single system (Figure 6a) [92]. They
emulated excitatory and inhibitory synaptic behaviors both in an optical pathway by irra-
diating light of 450 nm and 980 nm, respectively, at Vg = 0 V. Compared to the dark state
(Figure 6b(I)), Pyr-GDY film absorbs incident light of 450 nm and traps photo-generated
holes, while electrons flow to the p-type channel of graphene (Figure 6b(II)). Therefore, the
conductance decreases by capacitive coupling. On the other hand, PbS QDs mainly absorb
light of 980 nm, capturing photo-generated electrons (Figure 6b(III)). Therefore, EPSC and
IPSC could be selectively triggered by applying either 980 nm (500 mW·cm−2, 500 ms) or
450 nm (30 mW·cm−2, 500 ms), respectively (Figure 6c). The device showed reliable and
robust LTP behaviors even after multiple bending tests (Figure 6d). A recognition rate
higher than 80% was obtained with unfolded state of handwritten digits, suggesting the
feasibility for wearable neuromorphic devices (Figure 6e).

Shan et al. developed a plasmonic optoelectronic memristor (Figure 6f) for neuro-
morphic vision in their 2022 research [93]. Sandwiching a TiO2 layer between a Au top
electrode and a FTO bottom electrode, Ag nanoparticles were mixed into the TiO2 layer,
taking the role of conducting filament in other typical memristor structures. The quantity
of the conducting material can decide the effective diameter of the filament, also affecting
the total resistance through the device. A schematic illustration of photo-induced redox is
shown in Figure 6g. While the optical energy of visible light is not sufficient to generate
excitons in TiO2, gradual photooxidation of Ag nanoparticles into Ag+ can occur with
irradiation at this range of wavelength. Ag+ creates a filament with superior conductivity
in electrically driven memristor structure. Hence, visible light of 532 nm induced LTP
with photooxidation (Figure 6h). Reversely, UV light of 360 nm wavelength has larger
optical energy to directly generate excitons within TiO2. Photo-excited electron-hole pairs
at Ag/surface release electrons into the Ag conduction band, promoting the photoreduction
process of Ag+. The conversion of Ag+ into the form of original Ag nanoparticles hinders
the growth of the conducting filament under voltage pulse, eventually decreasing vertical
current flow between the electrodes, hence creating a LTD effect (Figure 6i). This fully
optical modulation of synaptic behavior was then used to demonstrate visual sensing and
pre-processing of the output image with more than one wavelength (Figure 6j), where it
showed effects of contrast enhancing and noise reducing functions of visible and UV light
on this device, respectively.

In 2019, Li et al. presented a hetero-structured device of which the neuromorphic
behavior can be modulated using a fully photonic method with lights of different wave-
lengths (Figure 6k) [94]. ZnO, with its naturally existing oxygen vacancy, absorbs and
generates charge carriers under UV light illumination and ionizes oxygen vacancy into
a charged state. These increases in ionized oxygen quantity can later induce creation
of conductive filament with the help of positive charge to the top electrode, forcing the
positively charged oxygen atoms to drift towards the bottom electrode and create a gradual
current increase (Figure 6l). In the other hand, horizontally existing Pbs in the middle of the
ZnO layer can absorb IR wavelength, which is neglected by ZnO, generating another set of
excitons by Pbs itself. These sets of photoexcited electron-hole pairs can supply electrons
to positively charged oxygen atoms from ZnO UV absorption, recombine, and cause a
decrease in current through the vertical path between the electrodes (Figure 6m). Hence,
illumination of 365 nm UV or 980 nm IR light to the device gained similar effects with
applying positive or negative voltage, with the Pbs layer performing photon modulated
floating gate. Due to a mutually effecting characteristic of ZnO and Pbs optoelectrical
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performance, the device shows a gradual rise and decay of resistance change, inducing LTP
and LTD. A demonstration work was performed by 28 × 28 memristor array, comparing
image sensing features with the electrical modulation, where photonic modulation had
similar results in recognition of alphabetic letters (Figure 6n,o).
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under (I) dark, (II) 450 nm illuminating, and (III) 980 nm illuminating condition. (c) EPSC and IPSC of
the device induced by 980 and 450 nm optical pulses, respectively. (d) LTP and LTD behavior of the
device after inducing potentiation and depression pulses under flat, bending, and folding conditions.
(e) Recognition accuracy of the training epochs under the flat state. (f) Schematic illustrations of
optically induced switching operation in Ag/TiO2 photo-memristor device under visible and UV
light. (g) An illustration of photo-induced redox reaction of Ag plasmonic particle. (h) LTP by
visible light, and (i) LTD by UV light. (j) Demonstration of image contrast by visible light (irradiation
intensity I: 1.0; II: 0.65; III: 0.32; IV: random, ranging from 0 to 0.75) and noise reduction by UV light on
memristor array. (k) Optoelectronic neuromorphic operation of PbS/ZnO memristor with UV and IR
light. (l) LTP and (m) LTD phenomena by UV and IR irradiation, respectively. (n) An image sensing
demonstration of memristor array compared with an (o) electrical stimulation. (a–e) Reproduced
with permission from [92]. Copyright American Chemical Society, 2020. (f–j) Reproduced with
permission from [93]. Copyright Wiley, 2021. (k–o) Reproduced with permission from [94]. Copyright
Elsevier, 2019.

In 2021, Huang et al. implemented an ambipolar synaptic phototransistor. Two-dimensional
perovskite PEA2SnI4 and non-fullerene acceptor of Y6 were used as p-type and n-type
material, respectively, forming a heterojunction. The device was fabricated on an indium
tin oxide (ITO) glass substrate through solution process (Figure 7a,b) [95]. The absorption
spectrums of PEA2SnI4 perovskite and Y6 are in the visible light and near-infrared (700 nm
to 1000 nm) ranges, respectively, so the heterostructure extends its absorption spectrum
from the visible to the NIR. The fabricated device was shown to simulate EPSC, IPSC,
PPF, and STM/LTM synaptic functions by irradiating with NIR light of 808 nm and ap-
plying positive VG (Figure 7c). The photo-generated holes from Y6 transited to PEA2SnI4,
increasing drain current (IDS). Meanwhile, electron-hole pairs were generated from both
layers under visible light (450 nm, 520 nm, and 650 nm). The electrons were captured by
the Sn vacancies in the perovskite film. The photogating effect reduced the IDS, as hole
carriers recombined with the electrons in channel. For the application, the 3 × 5 synaptic
transistor array distinguished different colors of light, set to letter “G” (red), “o” (green), “o”
(blue), and “d” (NIR), and showed memory characteristics on the order of tens of seconds
(Figure 7d,e).

Zhang et al. presented a photoelectric synaptic transistor based on CuInSe2 QDs in
2023, with the intention of mimicking the ion transfer between biological neuron cells as
the schematic image of Figure 7f describes [96]. Under wide range irradiation throughout
UV to IR, the transistor device generates electron-hole pairs originating from both CuInSe2
QDs and P3HT layers. Where the band alignment is made in forms that traps electrons
in CuInSe2 and slides holes into P3HT, synaptic weight created by uneven distribution of
negative and positive charge raises hole conductivity in P3HT, exhibiting gradual decay
of the photocurrent, also with the aid of the PMMA layer slowing down carrier transfer
between CuInSe2 and P3HT (Figure 7g). Owing to the fact that the total light absorption in
the device was largest in the UV wavelength and smallest in the IR wavelength (Figure 7h),
the team rendered a fully light-controlled LTP and LTD, by switching stimuli from 365 nm
to 850 nm optical pulse. Although lone use of 850 nm generates weak LTP phenomenon,
adding 850 nm to the rapid decay after UV light stimuli extends photocurrent lifetime,
synergistically creating clearer LTD behavior (Figure 7i).

Compared to existing single-channel optoelectronic neuromorphic devices, Cho et al.
fabricated photonic neuro-transistors in 2019 [97]. With a CdS layer covering broadband
light absorption from UV to visible and a ZTO layer providing high-mobility, a hetero-
structure was made to maximalize the advantages (Figure 7j). The high charge trap states
in the CdS/ZTO interface achieved the high EPSC, STP/LTP and PPC behavior (Figure 7k).
The PPC behavior is due to slowly de-trapping photo-generated carriers that were trapped
at the defect sites in the CdS/ZTO interface when illuminating photonic spikes. Finally,
Pavlov’s associative learning was mimicked by using several optical pulses (Figure 7l).
UV and visible light pulses were given for the compensation (food) and stimulation (bell),
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respectively. After associative learning with UV light, bell ringing triggered salivation
response with a PSC value above the threshold even without compensation (Figure 7m).
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Figure 7. (a) A schematic illustration of phototransistors device structure based on PEA2SnI4 and Y6.
(b) The transfer characteristics of the phototransistors in dark condition. (c) ∆PSC generated by red,
green, blue, and NIR light with same optical intensity. (d) Simulation of unknown light recognition
process of the synaptic transistor. (e) Input image of letter “G,” “o,” “o,” and “d” by red, green,
blue, and NIR LED light into the 12 × 5 transistor arrays and the output results of four 3 × 5 pixels.
(f) A schematic illustration of neuron-mimicking phototransistor based on P3HT/PMMA/CuInSe2

QDs. (g) Photo-induced writing state and electrical erase state of the device. (h) A comparison of
potentiation and depression by illumination of 365 nm, 500 nm, 850 nm, respectively. (i) Optically
modulated LTP and LTD by UV and NIR light. (j) A schematic illustration of modulation mechanism
of Cds/ZTO based photo-synaptic transistor. (k) PPF behavior variation by interval time of green,
blue, and UVpaired optical pulses. (l) The mechanism of photo-synaptic plasticity modulated by
defective interface in CdS/ZTO heterostructure. (m) Fully-optical and multispectral modulation of
learning process simulated by neuronal computation processing performance. (a–e) Reproduced with
permission from [95]. Copyright Wiley, 2021. (f–i) Reproduced with permission from [96]. Copyright
Wiley, 2023. (j–m) Reproduced with permission from [97]. Copyright Elsevier, 2019.
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In 2022, Ni et al. demonstrated flexible organic-heterojunction neuromorphic transistor
(OHNT) sensing broadband light from near-UV (NUV) to NIR, and processed multiplexed-
neurotransmission signals for the first time [98]. PMMA, C8-BTBT, copper hexadecafluo-
rophthalocyanine (F16CuPc), and PEN were used as dual-channel and flexible substrates.
The device responded with different STM/LTM behaviors to 380 nm, 640 nm, and 790 nm
light, respectively (Figure 8a). To utilize each wavelength-dependent response, a pain-
perceptual receptor to sense NUV light was first realized with the OHNT (Figure 8b).
Also, each EPSC state modulated by the interval 790 nm light pulses was converted to its
corresponding International Morse code (Figure 8c). Finally, the letters of ‘N’, ‘K’, and ‘U’
were programmed with visible light. The optically programmed pattern lasted for 10 s,
showing memory characteristics (Figure 8d).
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Figure 8. (a) ∆L-EPSCs for OHNT generated by 380, 640, and 790 nm illumination and energy band
diagrams under the illuminations. (b) L-EPSCs generated by 380 nm UV light in variation of duty
cycle. OHNT demonstration of (c) Morse code of “NKU” with 790 nm NIR light and (d) 5 × 5 pixel
image of “NKU” 5 × 5 array with 640 nm light signals. (e) Retina-structured phototransistor based of
pentacene/PbS QDs/PMMA. (f) Learning time difference between first and second learning processes.
(g) Pattern recognizing demonstration by red, green, and blue light, respectively. (a–d) Reproduced
with permission from [98]. Copyright Wiley, 2021. (e–g) Reproduced with permission from [99].
Copyright Wiley, 2023.

In 2023, Zhang et al. utilized another neuron-mimicking combination of QDs and
p-type organic semiconductor, utilizing polymer-mixed PbS QDs and upper pentacene film
layer for a human retina-like structure (Figure 8e) [99]. QDs were effectively captivated



Electronics 2024, 13, 1076 18 of 23

in an insulating PMMA layer, which can slow down recombination of photo-generated
excitons. Due to pentacene and Pbs QDs collecting holes and electrons, respectively, the
charge separation weighs the band alignment down to a synaptic state. In addition to the
advantage of exploiting wide-ranged absorption of the PbS QDs, the device showed the
unique behavior of exhibiting significantly shorter rise time under secondly given optical
stimulation (38 s to 2.4 s), mimicking the way the human brain tends to learn or memorize
information faster with repetition of the same input even after seemingly forgetting the
initial learning process (Figure 8f). The synaptic performance of the phototransistor was
tested with pixel arrays with different intensity regions under 365 nm, 550 nm, and 850 nm
wavelengths, resulting in clear pattern recognition in all three stimulations (Figure 8g).

4. Summary and Outlook

This review puts together neuromorphic and optoelectronic devices, providing a cate-
gorical insight on subdivision of stimuli energy level and structural designs. Based on this
prospective, we revisited and sorted the recent research by means of utilized wavelength,
as it can be roughly divided into UV, visible, and IR range, exhibiting diverse synaptic prop-
erties and various uses in artificial neural networks. Also, we believe categorizing devices
with a distinct standard of countable terminal numbers gives this review a new perspective
on comprehending boundlessly diverse neuromorphic devices, which are summarized in
the following Table 1.

Table 1. Summary of heterostructure-based optoelectronic neuromorphic devices.

Structure Material Type Bandgap
(eV)

Wavelength
(nm) Application Ref.

2-terminal

Graphene/PI Inorganic/Organic 0.0 365 Image recognition [80]

4H-SiC/
P3HT Inorganic/Organic 2.0/3.3 375 Image recognition [81]

Transistor

ZnO/CdS Inorganic 2.4/3.3 365 Image recognition [58]

ZnO NWs/
C8-BTBT Inorganic/Organic 3.9/3.3 380 Image recognition [82]

BP/PxOx Inorganic 0.3~1.0 365/280 Image recognition [83]

CsPbBr3 QDs
/Pentacene Inorganic/Organic 1.8/2.8 365 N/A [63]

CDs/Silk protein Inorganic/Organic 1.1/3.9~4.1 365 Image recognition [84]

2-terminal
CsPbI2Br/N-G QDs/ P3H Inorganic/Organic 3.2/1.9/2.0 470 Image recognition [85]

NiO/CH-P Inorganic/Organic 1.8 450/525/630 Color recognition [86]

Transistor

PbS QDs/
P3HT/Si NM Inorganic/Organic 0.8/2.0/1.12 532 Image recognition [87]

CsPbBr3-QDs/
CNT Inorganic 2.4/1.3 405 Image recognition [88]

CsPbBr3 QDs/
DPP-DTT Inorganic/Organic 2.3/1.7 450 Image recognition

Logic [89]

2-terminal MoSe2/Bi2Se3 Inorganic 1.5/4.2 790 Image recognition [90]

Transistor MoS2/UC NPs/
Pentacene Inorganic/Organic 1.7/1.8 980 Image recognition [91]

2-terminal

PbS QDs/
pyrenyl graphdiyne Inorganic/Organic 0.8/0.0/2.07 450/980 Image recognition [92]

TiO2/Ag NPs Inorganic 3.2/2.9 360/532 Image contrast
Noise reduction [93]

PbS/ZnO Inorganic 3.4/1.2 365/980 Image recognition [94]
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Table 1. Cont.

Structure Material Type Bandgap
(eV)

Wavelength
(nm) Application Ref.

Transistor

PEA2SnI4/Y6 Inorganic/Organic 1.3/2.0 450/520/650
/808 Color recognition [95]

CuInSe2 QDs/
P3HT Inorganic/Organic 1.9/1.2 365/850 Image recognition [96]

CdS/ZTO Inorganic 2.3/3.9 365/465/525 Pavlov’s learning
simulation [97]

Transistor

C8-BTBT/
F16CuPc Organic 1.5/3.7 380/640/790 Image recognition [98]

PbS QDs/
Pentacene Inorganic/Organic 1.8/0.9 365/550/850 Image recognition [99]

While the aforementioned studies exploited various materials and methods to render
optoelectronic neuromorphic behaviors out of electronic devices, we determined aspects
that need to be further developed from the currently reported states. First, lack of utilization
of IR-ranged light was prominent in the general groups of synaptic devices, due to the
lack of available IR-absorbing semiconductor materials. Light in IR wavelengths has high
usability in medical and biological application, due to its harmless property derived from
low optical energy, which can be safely applied to wearable and near-human devices. For
the recent trend of biological applications of electronics, we believe that IR wavelength
can be explored further in neuromorphic fields. Second, realization of optically modu-
lated LTD phenomenon was scarcely reported, while LTP by solely optical methods was
relatively commonly observed in many studies with optoelectronic neuromorphic topics.
Gradual erasing of input information, or in other words, recovery from stimulation, is
another unneglectable branch of information processing in human brain function, which
requests researchers to further develop organic methods for the next steps in optoelectronic
neuromorphic science.

Despite the remaining issues and challenges to overcome in emulating the work of
biological neurons, the pure potential of neuromorphic behavior in electronic devices is
extremely high. Especially in optical purpose, valuable applicational demands such as
image sensing and artificial vision require further development in the field, as we also
expect the merging of optoelectronic and neuromorphic domains to hold strong synergetic
power, potentially leading to rapid expansion in mutual fields of application.
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