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HIGHLIGHTS

•	 The latest progress in neuromorphic artificial synapses based on organic phototransistors is reviewed from three aspects: functional 
semiconductor materials, operating behaviors, and frontier applications/advancements.

•	 The negative photoconductance behavior of novel phototransistors is discussed, along with their fascinating information-erasing 
capabilities demonstrated in organic photonic synapses.

•	 Frontier applications and advancements in neuromorphic vision driven by organic photonic synapses, such as human visual adaptation, 
polarization-sensitive detection, high-dimensional reservoir computing, and multimodal neuromorphic encryption, are demonstrated.

ABSTRACT  The von Neumann architecture faces significant 
limitations,including low transmission efficiency and high energy con-
sumption, whenhandling large-scale data and unstructured problems. 
Benefiting from theinherent merits of optical signals including high band-
width, near-zeroJoule heating, fast transmission speed, and immunity to 
electromagneticinterference, photonics provides a powerful pathway for 
high-speed neuromorphiccomputing. Together with the mechanical flex-
ibility and largeareamanufacturability of organic semiconductors, organic 
phototransistor(OPT)-based photonic synapses have therefore attracted 
extensive attentionin recent years. This review provides a comprehensive 
overview of recentadvances in OPT-based photonic synapses, covering 
operational principles,active materials, advances in bidirectional photore-
sponse process, as wellas cutting-edge applications. Finally, the current 
challenges and opportunitiesin this field are highlighted. Distinct from previous reviews, this review emphasizes an in-depth exploration of 
bidirectional photoresponsemechanisms, a systematic dissection of material–structure–function correlations enabling integrated sensing-memory 
technology, and emerging.
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Abbreviations
ALD	� Atomic layer deposition
ANN	� Artificial neural network
AVN	� Artificial visual neuron
AVS	� Artificial visual system
BHJ	� Bulk heterojunction
BBNVS	� Birdlike broadband neuromorphic visual 

sensor
CD	� Circular dichroism
CPL	� Circularly polarized light
CMOS	� Complementary metal–oxide–semiconductor
CNF	� Composite nanofiber film
CNT	� Carbon nanotube
CPU	� Central processing unit
CVD	� Chemical vapor deposition
D/A	� Donor/acceptor
DPS	� Dual-photo synapse
ECT	� Electrochemical transistor
EDS	� Energy-dispersive X-ray spectroscopy
EPSC	� Excitatory postsynaptic current
ESFGT	� Electrically stimulated floating-gate 

transistor
FET	� Field-effect transistor
FPAS	� Fiber photonic artificial synapse
HOIP	� Hybrid organic–inorganic perovskite
IGZO	� Indium gallium zinc oxide
IPSC	� Inhibitory postsynaptic current
IPQD	� Inorganic perovskite quantum dot
IR	� Infrared
LCP	� Left-circularly polarized
LDR	� Linear dichroic ratio
LIF	� Leaky integrate-and-fire
LSI	� Large-scale integration
LTM	� Long-term memory
LTP	� Long-term plasticity
M-M	� Metal-metal bonding
NIR	� Near-infrared
NL	� Nonlinearity
NPC	� Negative photoconductance
NR	� Nanorod
NW	� Nanowire
OFET	� Organic field-effect transistor
OIGT	� Organic ion-gated transistor
OPT	� Organic phototransistor
OSC	� Organic semiconductor
OSAT	� Organic scotopic adaptation transistor
P3HT	� Poly(3-hexylthiophene)
PQD	� Perovskite quantum dot
PET	� Polyethylene terephthalate
PHD	� Presynaptic homeostatic depression
PI	� Polyimide

PL	� Photoluminescence
PMMA	� Poly(methyl methacrylate)
PPC	� Positive photoconductance
PPD	� Paired-pulse depression
PPF	� Paired-pulse facilitation
PSC	� Postsynaptic current
PS	� Polystyrene
PUF	� Physical unclonable function
PVCn	� Poly(vinylcarbazole)
QD	� Quantum dot
RC	� Reservoir computing
RCP	� Right-circularly polarized
sc-SWCNT	� Semiconducting single-walled carbon 

nanotube
SMD	� Stimulus-moment-dependent
SNN	� Spiking neural network
STDP	� Spike-timing-dependent plasticity
STM	� Short-term memory
STP	� Short-term plasticity
SW	� Synaptic weight
TFT	� Thin-film transistor
ULSI	� Ultra-large-scale integration
UV	� Ultraviolet
vdW	� Van der Waals
VLSI	� Very-large-scale integration
VO	� Oxygen vacancy
WD	� Wavelength-dependent

1  Introduction

Since the emergence of the von Neumann architecture in 
the 1940s, its uncomplicated structure (composed of a 
central processing unit (CPU), memory, and input/output 
devices) and convenient operation flow (where the CPU 
fetches instructions from the memory and executes them 
sequentially) have significantly simplified the construction 
and management of early computers [1]. This has had a pro-
found impact on the development of computing technology 
and software over the subsequent decades [2]. However, in 
the current era of booming big data, the separation of the 
CPU and memory in the von Neumann architecture means 
that data are transferred to the CPU or written back to the 
memory via the same channel. This situation has given rise 
to bottlenecks in the processing of vast amounts of data 
and unstructured problems. It not only restricts the data-
processing speed, but also results in substantial energy con-
sumption [3, 4]. To overcome this bottleneck, developing 
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novel computing architectures and high-efficiency hardware 
is essential.

Owing to its distinctive neural synapse network architec-
ture, the human brain has outstanding parallel-processing 
capabilities, high efficiency, rapid response, and low power 
consumption [5–7]. Notably, the human brain can effort-
lessly handle massive and intricate unstructured problems, 
as well as probabilistic information, such as cognitive learn-
ing and image recognition (Fig. 1a, b). Consequently, taking 
inspiration from the human brain and fabricating artificial 
neural synapse devices that can imitate its data-processing 
paradigm and enable parallel processing and storage repre-
sents an ideal approach for addressing the current predica-
ment [8].

Currently, artificial neural synapse devices that rely on 
electrical signal processing are mainly divided into two 
categories: two-terminal memristors [9] and three-terminal 
transistors. The latter include electrically stimulated float-
ing-gate transistors (ESFGTs) [10], field-effect transistors 
(FETs) and electrochemical transistors (ECTs) [11], which 
have been shown to possess integrated capabilities for infor-
mation processing and storage. Nevertheless, these devices 
are still constrained in terms of the speed of neuromorphic 
computing owing to their limited bandwidth density. In con-
trast, optical signals, characterized by high bandwidth, rapid 
transmission, and low energy consumption, are better suited 
to meet the demands of high-speed neuromorphic computing 
[12]. Furthermore, optically driven neuromorphic devices 
can mimic synaptic functions in the retinal neurons of the 
human eye [13], thereby replicating the biological mecha-
nisms of light perception and information processing within 
visual systems. These photonic devices can detect external 
optical stimuli, generate images, and perform recognition 
and filtering operations to transmit optical information to 
downstream circuits, enabling image recognition, brain-
inspired computation, and training processes. Notably, 
photonic synapses introduce the potential for contact-free 
writing strategies, which is conducive to the progress of 
wireless communication technologies. The phototransistors 
(Fig. 1c), integrated optical inputs as control signals [14] 
with three-terminated transistor configuration, can facilitate 
signal propagation and self-learning process, demonstrating 
promising applications in the artificial neural synaptic field 
[15, 16]. This article will concentrate on presenting recent 
advances in photonic synapse devices based on phototran-
sistors, aiming to offer novel perspectives and inspiration 

for research and applications in relevant domains, thereby 
promoting the further development of this emerging and 
promising field.

Along with the development of photonic synapse 
devices, a wide range of novel photo-stimulated func-
tional synaptic materials have been explored, including 
organic semiconductors [17–19], low-dimensional mate-
rials [20–22], perovskites [23], metal sulfides [24, 25] 
and metal oxides [26, 27]. Among them, organic semi-
conductor materials possess unique advantages, includ-
ing low cost, abundant availability, solution processability, 
compatibility with low-temperature fabrication, tunable 
optoelectronic properties, excellent mechanical flexibil-
ity, and suitability for roll-to-roll large-area production 
[28, 29]. These properties position organic semiconduc-
tors as one of the promising candidates for developing 
large-area, integrated flexible photonic synaptic devices. 
Moreover, by hybridizing organic materials with other 
functional components—such as perovskites, quantum 
dots, nanowires, and carbon nanotubes—researchers can 
leverage their complementary electrical transport and pho-
tonic absorption properties to further enhance device per-
formance through synergistic effects. This multi-material 
integration strategy not only mitigates the limitations of 
single-component systems, but also opens new paths for 
advancing the performance and functionality of photonic 
synaptic devices. Over the past decade, organic photonic 
synaptic transistors have garnered extensive attention and 
have achieved remarkable progress.

While several reviews have previously summarized this 
field, they have focused primarily on specific aspects. In 
2021, Zhang et al. [15] provided a comprehensive overview 
of photonic synapses based on organic field-effect transis-
tors, covering materials, devices, and applications. However, 
as the field was still in its infancy at the time, their discus-
sion of potential applications has remained limited. Subse-
quently, Chen et al. [30] systematically reviewed the role of 
organic optoelectronic synaptic materials and devices in arti-
ficial visual sensing systems from different aspects, includ-
ing functional layers (conductive channels, light-absorbing 
layers, luminescent layers), device structures (light-emitting 
diodes, phototransistors), and application domains (imag-
ing memory, nociceptors, visual perception). This review 
focuses on organic phototransistor (OPT)-based synaptic 
devices, highlighting recent advances in active layer mate-
rials, bidirectional photoresponse behavior, and applications. 



	 Nano-Micro Lett.          (2026) 18:203   203   Page 4 of 46

https://doi.org/10.1007/s40820-025-02036-0© The authors

We first elaborate on the key performance metrics of neuro-
morphic OPTs and their synaptic functional characteristics. 
Next, we summarize recent developments in organic func-
tional materials and their hybrid combinations with other 
materials for photonic synaptic devices. Notably, we pro-
vide an in-depth analysis of the bidirectional photoresponse 
behavior—encompassing both positive photoconductance 
(PPC) and negative photoconductance (NPC) (Fig. 1d), 
which has received considerable attention recently. Further-
more, we highlight the latest breakthroughs in widely stud-
ied photonic synapses (Fig. 2) and explore potential avenues 
for functional expansion and integration in neuromorphic 
OPTs. Finally, we outline the current challenges and key 
research directions in the field, aiming to provide founda-
tional insights and theoretical support for future advance-
ments in multimodal computing, artificial vision systems, 
artificial intelligence, and the Internet of Everything.

Fig. 1   Principle of photonic synapses. a Humans receive, transmit, and possess visible information. b Biological synapse receiving excitatory/
inhibitory neurotransmitters with postsynaptic excitation/inhibition. c Phototransistor responding to light. d Information learning and erasing 
process of a photonic synapse under positive or negative stimuli

Fig. 2   Organic photonic synapses and their materials, mechanisms, 
and applications
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2 � Key Performance Parameters of Photonic 
Synapses

To investigate and construct devices for intelligent sys-
tems with brain-like signal processing capabilities, neu-
romorphic devices require the ability to mimic the behav-
ior and functions of synapses. In the nervous system of 
the human brain, synapses connect neurons and serve as 
important carriers for signal transmission and process-
ing between neurons. A single synapse unit consists of a 
presynaptic membrane, a synaptic cleft, and a postsynap-
tic membrane [31, 32]. Synaptic activity can be briefly 
reflected in Fig. 1b and is understood as follows: When 
a presynaptic neuron receives a stimulus, it transmits 
an electrical signal to the presynaptic membrane. Upon 
receiving the signal, the presynaptic membrane releases 
neurotransmitters (such as ions, acetylcholine, dopamine, 
and amino acids) into the synaptic cleft through vesi-
cles. When neurotransmitters move to the postsynaptic 
membrane, they are captured by specific receptors on the 
postsynaptic membrane, which then release or inhibit 
the release of electrical signals of corresponding intensi-
ties [33, 34]. Therefore, information in the nervous sys-
tem can be carried by neurotransmitters and transmitted 
through the synapse units between neurons. Synapse units 
are the foundation for constructing complex neural net-
works of the human brain and realizing high-level neural 
network activities [35, 36]. For OPT devices, the source 
and drain electrodes usually correspond to the presynaptic 
membrane and the postsynaptic membrane, respectively 
(Fig. 1c). The optical signal can be regarded as the stimu-
lus received by the previous synapse, and the channel 
current of channel conductivity between the source and 

drain electrodes corresponds to the neurotransmitters that 
transmit information. Table 1 shows a comparison of the 
synaptic properties of the biological synapse and pho-
totransistor synapse devices. The key parameters that are 
typically evaluated include the excitatory and inhibitory 
postsynaptic current, synaptic plasticity and energy con-
sumption. The following shows the detailed information 
of the three types of parameters.

2.1 � Excitatory and Inhibitory Postsynaptic Currents

As mentioned above, neurotransmitters released into the 
synaptic cleft bind to receptors on the postsynaptic mem-
brane. Specifically, when an action potential reaches the 
presynaptic membrane, voltage-gated calcium channels 
open, leading to an influx of Ca2+. This influx triggers the 
release of neurotransmitters from synaptic vesicles into 
the synaptic cleft. These neurotransmitters then bind to 
receptor proteins on the postsynaptic membrane, result-
ing in the opening of transmitter-gated ion channels. For 
instance, binding of an excitatory neurotransmitter causes 
depolarization of the postsynaptic cell, opening ion chan-
nels that permit the flow of positively charged ions (e.g., 
Na+ or K+), thereby generating an excitatory postsynaptic 
current (EPSC) [37, 38]. Conversely, when an inhibitory 
neurotransmitter binds to the receptor, the postsynaptic cell 
hyperpolarizes, and the membrane permeability to specific 
ions (such as Cl−) changes, producing a negative postsyn-
aptic current known as an inhibitory postsynaptic current 
(IPSC) [39, 40]. The EPSC elevates the membrane potential 
above the resting potential, while the IPSC suppresses it 
below that level. In neuromorphic organic phototransistors 

Table 1   Summary of the synaptic properties of biological synapses and organic phototransistor-like synapses

Synapse type Basic structure Signal transmission Synaptic activity Synaptic Behaviors

Biological synapse Presynaptic/postsynaptic 
membrane

Neurotransmitter Postsynaptic excitation /
inhibition

Paired-pulse facilitation 
(PPF)

Paired-pulse depression 
(PPD)

Short-term plasticity (STP)
Long-Term Plasticity (LTP)
Short-Term Plasticity to
Long-Term Plasticity Tran-

sition (STP-to-LTP)
Adjustment of Synaptic 

Weight (SW)

Artificial photonic synapse Source-drain electrode/gate 
electrode

Conductive charge carrier Excitatory/Inhibitory Post-
synaptic Current (EPSC/
IPSC)
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(OPTs), an external optical stimulus can induce the genera-
tion or recombination of charge carriers in the conducive 
channel, leading to an increase or decrease in the channel 
current. After the light is removed, the altered channel cur-
rent gradually decays over time. This decay is typically slow 
in photonic synapses, giving rise to memory-like behavior. 
These responses correspond to the EPSC or IPSC observed 
in photonic synaptic devices based on OPTs.

2.2 � Synaptic Plasticity

In biological systems, the degree of connection between neu-
rons is defined as the synaptic weight (SW), which reflects 
the tightness of the connection between neurons and directly 
determines the magnitude of the postsynaptic current (PSC) 
[41]. The regulation of SW is the foundation of learning, 
cognition, and intelligence in the brain [42]. It depends on 
historical stimuli and can be precisely adjusted according 
to the activities of presynaptic and postsynaptic neurons, 
which is known as synaptic plasticity. Based on differences 
in duration, synaptic plasticity is generally classified into 
short-term plasticity (STP) [43, 44] and long-term plastic-
ity (LTP) [45, 46]. In biological synapses, the PSC changes 
with varying stimulus duration. Usually, a stimulus pulse 
width of approximately several tens of milliseconds can 
effectively activate a synapse [47]. For photonic synapse 
devices based on OPTs, the PSC is not only related to the 
trapping and release behaviors of carriers, but also influ-
enced by the gate voltage (VG) and drain voltage (VD). These 
voltage parameters can regulate the conductance state of the 
device, thereby affecting the magnitude of the PSC, which is 
crucial for mimicking the functions of biological synapses.

After a PSC is generated in a neural synapse under a sin-
gle stimulus, applying another stimulus with a short time 
interval evokes a second PSC in the postsynaptic membrane. 
In this case, the PSC induced by the second stimulus will be 
larger or smaller than that induced by the first stimulus—
a phenomenon termed paired-pulse facilitation (PPF) or 
paired-pulse depression (PPD) [48, 49]. In biological nerv-
ous systems, the PPF represents a critical manifestation of 
short-term plasticity (STP) and plays a crucial role in rec-
ognizing and decoding time-resolved information, such as 
visual signals [50, 51]. The magnitude of the PPF or PPD 
index is defined as follows:

where A1​ is the peak value of the previous PSC, and A2​ is 
the peak value of the subsequent PSC. The dependence of 
the PPF or PPD index on the time interval follows the fol-
lowing double-exponential function:

where C1, C2 and γ1, γ2  represent the initial facilitation 
degree and the characteristic relaxation times of the fast 
and slow processes, respectively. For biological synapses, 
the value of γ1 is typically approximately one order of mag-
nitude larger than that of γ2 [52]. On the basis of the PSC 
generated by a single light pulse in a photonic synapse, when 
a second light pulse is applied, the PSC induced by the sec-
ond pulse will also be larger or smaller than that induced 
by the first light pulse. This phenomenon is called PPF or 
PPD in neuromorphic photonic synapses. In addition to the 
time interval, the PPF or PPD of photonic synapses is also 
affected by factors such as the VG, light intensity, and pulse 
wavelength.

The STP and LTP of biological and photonic synapses 
correspond to the short-term memory (STM) and long-term 
memory (LTM) proposed by Atkinson and Shiffrin in 1968, 
respectively [53, 54]. The synaptic connection strength in 
the STP state can only persist for milliseconds to minutes, 
whereas that in the LTP state can be maintained for an hour 
or even longer. Therefore, LTP is considered one of the 
fundamental mechanisms underlying the learning–memory 
transformation process. The memory level of the human 
brain is related to the intensity, duration, frequency, and 
number of learning experiences [55–57]. High-intensity, 
long-duration, high-frequency, and repeated learning can 
gradually strengthen the synaptic weight from weak (STP) to 
strong (LTP), leading to a transition from STP to LTP (STP-
to-LTP). Similarly, photonic synapses can also increase the 
synaptic weight and achieve STP-to-LTP for memory func-
tions by adjusting parameters such as the power density of 
the applied light stimulus, exposure duration, pulse fre-
quency, and number of pulses.

2.3 � Energy Consumption

With the rapid development of artificial vision, there is 
an increasing demand for machine vision systems with 

(1)PPF or PPD index =
A2

A1

(2)PPF or PPD index = C1exp

(

−
Δt

�1

)

+ C2exp

(

−
Δt

�2

)
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real-time image recognition and intelligent analysis capa-
bilities [58]. For photonic synapses, the memory function is 
more important than mobile portability [59, 60]. Therefore, 
in addition to considering the STP, LTP, and PPF mentioned 
above, the energy consumption of a single photonic synapse 
must be considered when designing photonic synapses.

The energy consumption of a single synaptic event simu-
lated by traditional CMOS circuits is approximately 900 pJ 
[61], whereas the human brain only consumes 1–100 fJ per 
synaptic event during large-scale efficient parallel informa-
tion processing [62]. One of the critical significances of 
developing neuromorphic computing lies in its low energy 
consumption for computation. Low energy consumption rep-
resents one of the most challenging performance metrics in 
the research of neural synaptic devices. The most common 
formula for calculating the energy consumption per single 
synaptic event in synaptic devices is:

where t0 and t1 are the start and end times of light appli-
cation, V is the voltage applied to the device, and I is the 
output current of the device. This method accounts for the 
energy consumption of the photonic synapse device during 
its electrical response to light stimulation, indicating that 
for a given device voltage, the smaller the photocurrent or 
the shorter the light stimulation time is, the lower the energy 
consumption of the device [4, 30, 62].

Overall, optimization of synaptic performance in OPT 
devices can be guided by several general principles:

1.Enhancing excitatory/inhibitory postsynaptic currents 
relies on improving photocarrier generation and transport 
through band-gap engineering, interfacial charge transfer 
design and dielectric modification.
2.Synaptic plasticity can be tuned by tailoring trap den-
sity, trap energy levels and carrier retention pathways, 
enabling controllable transition from short-term to long-
term memory.
3.Reducing energy consumption requires minimizing 
the operational voltage and photocurrent by engineering 
charge-storage efficiency and leveraging optical-gating 
effects.

These strategies not only provide a unified guideline to 
balance responsivity, memory retention and energy effi-
ciency for neuromorphic vision applications, but also 

(3)E = ∫
t1

t0

V ⋅ I(t) ⋅ dt

establishes the basis for materials and device structure 
designs discussed in the following sections.

3 � Active Materials in Organic 
Phototransistors

For photosensitive materials in synaptic phototransis-
tor, the generation of photocurrent and its dynamic pro-
cess are critical for the synaptic applications [63, 64]. The 
magnitude of the photocurrent depends on the number of 
photogenerated charge carriers, which is closely related to 
the bandgap of the semiconductor material and the energy 
of the incident light [65, 66]. According to the classical 
Einstein photoelectric effect equation, the energy of the 
incident light is inversely proportional to its wavelength. 
Therefore, when designing OPT-based photonic synapses, 
both the wavelength of the light pulse and the band gap of 
the organic semiconductor material are necessary to con-
sider. An appropriate band gap is the basis for generating 
photogenerated carriers and determines effective charge 
transfer. In addition, as transistor devices, efficient charge 
transport is required to enable field effect operation and 
high photoresponsivity.

As mentioned previously, one of the advantages of organic 
materials is the tunability of their band gaps. Specific func-
tions can be imparted to organic semiconductor materials 
through molecular design and chemical modification. For 
example, in terms of conductivity, the structure of organic 
semiconductor molecules features a large π-conjugated sys-
tem, which contains many delocalized electrons. These elec-
trons can move freely within the conjugated structure and 
can also jump to adjacent molecules through intermolecular 
interactions such as van der Waals forces. In organic semi-
conductor molecules, the benzene ring is the most typical 
π-conjugated system. When photonic synapses are designed, 
porphyrins, phthalocyanines, acrylic-based derivatives, and 
oligothiophene dendrimers are good alternative building 
blocks for designing photonic synapse molecules [29]. In 
addition, considering the preparation process, for organic 
semiconductor molecules with relatively low molecular 
weights, thermal evaporation is often used to prepare semi-
conductor thin films, whereas for those with relatively high 
molecular weights, the solution method is a better choice, 



	 Nano-Micro Lett.          (2026) 18:203   203   Page 8 of 46

https://doi.org/10.1007/s40820-025-02036-0© The authors

where researchers often add alkyl chains during molecular 
design [67].

In recent years, the functional organic semiconductor 
materials applied in OPTs can be broadly classified into 
three categories: single-component semiconductor mate-
rials, bulk heterojunctions (BHJs) that mix n-type and 
p-type semiconductors, and planar heterojunctions (or van 
der Waals heterojunctions). Figure 3 summarizes various 
active-layer organic semiconductor materials used in OPT-
based photonic synapses reported in recent years, including 
channel active layer and photosensitive materials. For single-
component semiconductors, strong intermolecular forces 
create low-energy potential dissociation sites for charge 
separation, which reduce the barrier for excitons to split into 
charge pairs [68]. The efficiency of charge generation mainly 
depends on the migration of excitons to these sites. These 
materials have simpler preparation processes and lower 
costs. However, single-component semiconductors perform 

poorly in terms of effective exciton dissociation and usu-
ally can only exhibit unidirectional PPC responses because 
of their homogeneous composition. Moreover, single-com-
ponent semiconductor materials rarely exhibit both high 
electrical conductivity and excellent photosensitive proper-
ties. BHJs contain donor–acceptor (D-A) molecules, where 
photoinduced charge separation occurs at the D-A interface. 
Electrons are retained in the lowest unoccupied molecular 
orbital (LUMO) of the acceptor, and holes remain in the 
highest occupied molecular orbital (HOMO) of the donor. 
The efficiency of charge separation depends on the degree 
of mixing between the acceptor and donor: a high degree 
of mixing shortens the diffusion length, increasing the pho-
togeneration rate, whereas a certain degree of demixing 
ensures effective charge collection [69]. Notably, the non-
volatile memory behavior of photonic synapses is fundamen-
tally governed by carrier trapping at heterojunction interface 
traps. Planar heterojunction structures provide a platform for 

Fig. 3   Organic semiconductor materials applied in OPT-based photonic synapses in recent years
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electron transport, and by designing the bandgap distribution 
of different materials, the retention time of carriers in the 
heterojunction can be extended to mimic synaptic storage 
functions [70, 71]. In addition to pure organic‒organic het-
erojunctions, researchers have explored other materials, such 
as inorganic materials, perovskites, quantum dots, nanow-
ires, and carbon nanotubes, to construct organic‒inorganic 
hybrid structures with superior electrical conductivity and 
more comprehensive photosensitive properties. By con-
structing heterojunctions between organic semiconductors 
and these materials, various synaptic functions can be mim-
icked, enabling applications in artificial vision. This section 
introduces recent advancements in OPT-based photonic syn-
apses for the abovementioned material systems.

3.1 � Organic Semiconductor Materials

The synaptic properties of most photonic transistors based 
on OPTs are determined by the appropriate degree of charge 
trapping between organic semiconductor materials or 
between organic semiconductors and dielectric layers [72, 
73]. Therefore, in terms of device structure, most research-
ers have chosen to adopt the bottom-gate top-contact config-
uration. This is not only because this structure is relatively 
easy to construct, but also because the Si/SiO2 substrate 
provides a natural gate and dielectric layer, which facili-
tates the realization of synaptic properties [4, 74]. The care-
ful design of heterojunctions can enable reversible charge 
transport and the storage of electrons over a period of time. 
Therefore, by combining high-photosensitive materials with 
high-charge-transport materials, the synaptic performance 
of fabricated OPT devices often provides more functional-
ity and a wider spectral response range than single-material 
devices do.

The flicker frequency of incident light is a critical determi-
nant in biology [78]. However, exploring methods to simulate 
external light stimuli of different frequencies and develop 
artificial retinal neurons with responsive behaviors remains 
an unresolved issue. In 2024, Wang et al. [75] reported 
an artificial visual neuron (AVN) based on a PTCDI-C8/
C8-BTBT heterojunction, which exhibited excellent synap-
tic functions under 405 nm pulsed light stimulation (Fig. 4a). 
The vapor-deposited PTCDI-C8/C8-BTBT heterojunction 
serves as a photosensor, where the PTCDI-C8 film induces 

a charge-trapping effect to receive light signals and convert 
them into electrical signals output through the light source. 
The processes of photogenerated charge trapping and release 
at the interface mimic synaptic-like behaviors. The EPSC 
and EPSCs triggered by two consecutive optical spikes rep-
resent typical synaptic memory, where the EPSC induced 
by the second spike is larger than that induced by the first, 
resembling the PPF. On this basis, by constructing an exter-
nal mobile platform to adjust the movement speed of the light 
source, the device accurately replicates different frequencies 
of light stimulation from the external environment, generat-
ing EPSCs that resemble biological visual-perception curves 
and reproduce the persistent behaviors observed in biological 
visual systems. Finally, through circuit integration, the poten-
tial application of the PTCDI-C8/C8-BTBT AVN in motion 
detection is explored to achieve obstacle avoidance functions 
in mobile robotic vehicles.

High-sensitivity near-infrared (NIR) optical recognition 
and analysis play critical roles in defense and civilian appli-
cations, such as night surveillance, information encryption, 
data security, and medical imaging [79–82]. Mu et al. [76] 
adopted the organic material IR-780 iodide as the charge-
trapping layer for artificial synapses via OPTs (Fig. 4b). 
This photonic synapse integrates both NIR recognition and 
memory functions. NIR incident light signals with differ-
ent intensities and durations can be converted into volatile 
STP and nonvolatile LTP synaptic signals, resulting in excel-
lent synaptic plasticity. Moreover, by integrating an IR-780 
iodide-based artificial synapse with a leaky integrate-and-
fire (LIF) neuron via Ag/SiO2/Ag electrodes, an artificial 
sensory neuron system that encodes NIR light informa-
tion into electrical pulses was constructed. Additional NIR 
radiation stimulation of artificial synapses can significantly 
increase the spike rate. On this basis, a spiking neural net-
work (SNN) for handwritten digit classification was further 
constructed.

In addition to the heterojunction OPT-based photonic 
synapses in the above wavelength ranges, Kang et al. [77] 
proposed a small-molecule OPT photonic synapse based on 
a TPBi-doped DNNT/CYTOP heterostructure for broadband 
wavelength recognition (Fig. 4c). Under normal conditions, 
the DNTT transistor shows no obvious changes across the 
entire wavelength spectrum except in the 400 nm range, 
which is consistent with the absorption region of DNTT. 
However, the TPBi-doped DNTT phototransistor exhibits 
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an enhanced off-current in its transfer curves and shows 
photoresponse behavior across the entire wavelength range 
of 400–1000 nm. Conventional DNTT transistors display 
consistent reading current levels under light illumination in 
the 500–1000 nm wavelength range. In contrast, the TPBi-
doped DNTT phototransistors show an increase in the read-
ing current under light of all wavelengths. Based on these 
findings, an artificial neural network (ANN) was constructed 
and used for facial recognition simulation by leveraging 
synaptic behaviors. Artificial synaptic behaviors were suc-
cessfully mimicked by distinguishing the off-current levels, 
achieving a recognition accuracy exceeding 70% across all 
wavelength ranges.

3.2 � Organic–Inorganic Hybrid Structure

By jointly applying organic semiconductors with other mate-
rials in OPT-based photonic synapses, various optical syn-
aptic devices based on inorganic perovskites, quantum dots, 
and nanostructures have shown great significance in optical 
information processing. Owing to their excellent optoelec-
tronic properties, such as high stability, high luminescence 
performance, and excellent light absorption performance, 
perovskite quantum dots have attracted extensive attention 
[83]. Owing to their unique wide-range optical response, 
excellent electrical properties, strong stability, and, more 
importantly, easy formation of large-scale arrays, nanow-
ires are expected to have promising applications in artificial 

Fig. 4   A summary of OPT-based photonic synapses that respond to light with different wavelengths. a Artificial visual neuron based on organic 
heterojunction. Reproduced with permission [75] Copyright (2024), American Chemical Society. b Organic artificial photonic synapse for NIR 
recognition and memory. Reproduced with permission [76] Copyright (2021), Wiley–VCH GmbH. c Organic artificial photonic synapse for 
broadband wavelength recognition. Reproduced with permission [77] Copyright (2024), American Chemical Society
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synaptic devices [84–87]. Kim et al.  [88] studied the synthe-
sis of semiconductor nanowires with functional hybrid nano-
structures with tunable optical properties by controlling the 
formation of spatially controlled self-assembled nanowires 
on the basis of poly(P3HT)-b-poly(2-vinylpyridine) rod‒
coil amphiphiles and CdS quantum dots (QDs). In addition, 
Ren et al. [89] demonstrated hybrid anisotropic nanowires 
of P3HT and CdS quantum dots through chemical grafting 
and ligand exchange. With improvements in purity, quality, 
and scalable manufacturing techniques, carbon nanotubes 
have become an ideal semiconductor material for transis-
tor manufacturing and large-scale neuromorphic systems 
[90–93]. In the following, experimental cases in which quan-
tum dots, nanostructures, etc., have been applied to OPT-
based photonic synapses in recent years are introduced. This 
section will focus on hybrid systems composed of organic 
semiconductors and various functional materials, which 
may incorporate bulk heterojunction or planar heterojunc-
tion architectures.

3.2.1 � Organic Semiconductor/Perovskite

As candidate materials for photonic synapses, perovskite-
based composite materials offer advantages of low cost, 
processability, and excellent optoelectronic properties, 
including high photoluminescence quantum yield, narrow-
band emission, high dielectric constant, and tunable optical 
bandgap [94–98]. Shi et al. [99] proposed a multifunctional 
synaptic transistor based on a ternary organic semicon-
ductor (OSC)-polymer-inorganic perovskite quantum dot 
(IPQD) photosensitive layer (Fig. 5a). A novel ternary film 
was constructed using C8-BTBT with high crystallinity for 
charge transport and high UV responsiveness, IPQDs with 
enhanced UV absorption and charge transfer functions, 
and PS polymers with enhanced charge lifetime functions. 
Owing to the dual light-absorption function of OSCs and 
IPQDs, this synaptic device exhibits a minimum power 
consumption of ≈ 0.11 fJ per spike at a low operating volt-
age of − 0.01 V, along with remarkable optical synaptic-like 
behaviors featuring adjustable STP and LTP. The addition 
of polymers improved the device stability and printability 
of the ternary solution. The synaptic device was further 
characterized to demonstrate learning-forgetting behaviors, 
Morse code information processing, and pattern recognition 
capabilities tested on the MNIST dataset.

Kuang et al. [100] proposed an interface defect tuning 
strategy to fabricate a novel dual-function phototransistor 
(Fig. 5b). The self-assembly tuning of perovskite quantum 
dots (PQDs) can ensure good interface contact with the semi-
conductor layer, thereby improving the injection efficiency of 
photogenerated carriers. The modulated defect states at the 
polymer‒perovskite interface promote the trapping and release 
of photogenerated charges, endowing the transistor with ideal 
optical synaptic characteristics. The fabricated phototransis-
tor perfectly mimics human visual nerve behaviors, including 
PPF, STP, and LTP. Moreover, these devices simulate the tran-
sition from STP-to-LTP through a strength training process. 
The phototransistor has high photosensitive performance and 
a fast response speed (< 35 ms, which is far lower than the 
response speed of the human eye to incident light (225 ms)). 
More importantly, the phototransistor exhibits obvious visual 
adaptation behavior under dynamic wide-range illumination 
and achieves unique desensitization similar to the self-protec-
tion behavior of the human visual system. Specifically, the 
adaptation time scales of the device under weak and strong 
light conditions can precisely match those in biological sys-
tems (< 2 min).

Integrating high-sensitivity photodetection with photonic 
synaptic characteristics in a single device can significantly 
enhance the overall integration and efficiency of artificial 
visual systems (AVSs) [102, 103]. However, owing to the 
fundamentally different working mechanisms of photodetec-
tors and photonic synapses, this integration poses significant 
challenges. Zhao et al. [101] developed a bias-switchable 
photodetection and photonic synaptic device using a 2D per-
ovskite oxide/organic heterojunction (Fig. 5c). This unique 
structure allows modulation of carrier dynamics under dif-
ferent bias conditions, enabling the device to function as a 
photodetector without bias and as a photonic synapse with 
bias. At zero bias, the device achieves high responsivity 
(≈ 0.36 A W−1 at 320 nm) and a fast response speed (0.57 s). 
Under a − 0.5 V bias, it exhibits persistent photoconductivity 
(PPC), leading to neuromorphic synaptic behaviors with a 
PPF index exceeding 300%. Additionally, an 8 × 8 sensor 
array demonstrates image sensing and storage capabilities, 
showing in situ enhanced imaging when switching the bias 
from 0 to − 0.5 V and achieving image storage for over 200 s. 
AVS was further explored for image processing and recogni-
tion by constructing a 28 × 28 device array integrated with 
an ANN. The adjustable synaptic weights under different 
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reverse biases allow optimized analog recognition, achieving 
92% accuracy after 160 training epochs.

3.2.2 � Organic Semiconductor/Quantum Dots

The charge dissociation and optical properties of excitons 
can provide a deeper understanding of the relationship 
between nanostructures and their charge transport proper-
ties. The study of the effects of morphological and struc-
tural interactions, including molecular packing, interfacial 
charge separation, and transport between quantum dots 
and semiconductor polymers, as well as the use of solution 
pretreatment for the composite perovskite-P3HT aggregate 
system in photonic synaptic transistors, may be beneficial 

for low-voltage-driven and low-energy-consuming devices 
because of better charge dissociation within the QD distribu-
tion on the nanofibers [96, 97, 106]. Influenced by the uni-
form axial distribution of quantum dots and the formation of 
poly(3-hexylthiophene) (P3HT) nanorods and coaggregates, 
the photonic synaptic device based on perovskite (CsPbBr3) 
QD/P3HT composite nanofiber films (CNFs) reported by 
Ercan et al. [104] exhibits excellent performance (Fig. 6a). 
Charge dissociation and photonic synaptic performance were 
improved through solution processing and treatment, such as 
the addition of edge solvents, sonication, and UV treatment. 
The photonic synaptic transistor with CNFs can perform 
basic functions, including STP and LTP, to simulate sensing, 
computing, and memory functions. Notably, the synaptic 

Fig. 5   Photonic synapses based on the combination of organic semiconductors and perovskite materials. a Organic/perovskite photonic synapse 
for ultra-low power consumption. Reproduced with permission [99] Copyright (2021), Elsevier Ltd. b Polymer/perovskite photonic synapse for 
visual adaptation. Reproduced with permission [100] Copyright (2022), Wiley–VCH GmbH. c Bias-switchable organic/perovskite photonic syn-
apse and photodetection. Reproduced with permission [101] Copyright (2024), Wiley–VCH GmbH
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device using CNFs has an ultralow energy consumption of 
0.18 fJ and can operate at zero gate voltage. This study pro-
vides a new perspective for the fabrication of artificial syn-
apses with one-dimensional self-assembled nanostructures.

Owing to biological feed-forward adaptation, human 
vision excels at perceiving low-light conditions at night 
[107, 108]. There has been a long-standing enthusiasm 
for replicating this ability in bionic vision via solid-state 
devices. However, mimicking dark-adaptation vision 
requires a combination of efficient photoexcitation and 
dynamic carrier modulation, which poses significant chal-
lenges [109, 110]. Inspired by human dark-adaptation 
vision, Luo et al. [105] reported an organic scotopic adap-
tation transistor (OSAT) that can simultaneously achieve 
efficient generation of free photocarriers and adaptive 
carrier accumulation within a single device by coupling 
a light-absorbing layer (PVCn: PbS quantum dots) and an 

electron-trapping layer at the bottom of the semiconductor 
channel (Fig. 6b). This innovation endows the transistor 
with enhanced sensitivity after adaptation, enabling it to 
detect scotopic-level illumination (0.001 l ×) with excellent 
photosensitivity of up to 103 at a low voltage below 2 V. On 
the basis of these adaptation characteristics, various sco-
topic vision functions observed in human vision, includ-
ing adaptation-time-related visual threshold enhancement 
and light-intensity-related adaptation facilitation, were 
successfully realized in the OSAT. Moreover, they con-
structed an artificial visual system consisting of a 10 × 10 
OSAT active array with environmental adaptation capa-
bilities. Over time, this system has exhibited high-contrast 
imaging capabilities in low-light environments, similar to 
the characteristics of human scotopic vision. In general, 
they successfully replicated various scotopic vision func-
tions, including time-related visual threshold enhancement, 

Fig. 6   Photonic synapses based on the combination of organic semiconductors and quantum dot materials. a Quantum dot/conjugated polymer 
hybrids for photonic synaptic transistors. Reproduced with permission [104] Copyright (2021), Wiley–VCH GmbH. b PbS quantum dot/organic 
hybrids for scotopic-level detection. Reproduced with permission [105] Copyright (2024), American Chemical Society
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light-intensity-related adaptation indices, and enhanced 
imaging contrast for low-light imaging at night.

3.2.3 � Organic Semiconductor/Other Functional 
Materials

In addition to quantum dots, inorganic metal oxide or car-
bon-based materials are frequently employed to construct 
organic/inorganic hybrid structures and demonstrate diverse 
functionalities.

Sha et al. [111] designed an NIR photonic synapse based 
on an organic/inorganic heterojunction phototransistor, which 
consists of a simple donor (p-type polymer semiconductor 
PDPPBTT)/acceptor (inorganic SnO2) (D/A) heterostructure 
(Fig. 7a). By combining acceptor materials such as polar-
polymers-poly(methyl methacrylate) (PMMA), polylactic 
acid (PLA), ZnO nanocrystals, and fullerene derivatives 
with donor materials, the efficiency of exciton dissociation 
can be enhanced because of electron-trapping moieties in 
the polymer or energy offsets between the donor and accep-
tor. Therefore, the PDPPBTT/SnO2 heterojunction structure 
enables the customization of charge generation, separation, 
and transport in OPTs to achieve superior NIR light-response 
characteristics, providing a critical prerequisite for high-per-
formance NIR photonic synapses. Under NIR illumination, 
the charge-trapping effect at the PDPPBTT/SnO2 interface 
triggers fundamental synaptic behavior. This study demon-
strates the basic functions of light-stimulated artificial syn-
apses, such as EPSCs and PPFs, and reveals a simple device 
structure and fabrication process to realize efficient NIR pho-
tonic synapses for high-performance visual systems.

Conjugated polymers can spontaneously wrap around 
semiconducting single-walled carbon nanotubes (sc-
SWCNTs) and effectively sort sc-SWCNTs, with polymer 
encapsulation preventing charge dissipation in sc-SWCNT 
devices. In 2024, Sui et al. [112] adopted a scalable prepa-
ration method to fabricate a light-programmable multifunc-
tional optoelectronic synaptic transistor array using the 
photosensitive polymer poly[(9,9-dioctylfluorenyl-2,7-diyl)
co(dithiophene)] (F8T2)-sorted sc-SWCNT as the active 
layer (Fig. 7b). This optoelectronic device achieves excel-
lent broadband photonic synaptic characteristics (from 365 
to 940 nm), multilevel storage (200 conductance states), and 
facile synaptic state switching. Based on these broadband 
optoelectronic synaptic properties, a new SNN algorithm 

was developed to perform recognition tasks on the Caltech 
101 dataset, completing multi-featured image recogni-
tion faster (only ≈70 epochs) and more accurately (up to 
97.92%).

Intelligent perceptual reservoir computing (RC) systems 
based on physical reservoirs have recently garnered atten-
tion because of their low computational resource require-
ments [115–119]. However, such systems remain limited in 
infrared (IR) machine vision, including material and physi-
cal reservoir expressiveness [120–124]. Inspired by biolog-
ical visual-perception systems, Leng et al. [113] proposed 
an NIR retinal device capable of simultaneously sensing 
and encoding narrow NIR spectral information (≈ 980 nm) 
(Fig. 7c). The device features a core‒shell up conversion 
nanoparticle/P3HT nanocomposite channel, which absorbs 
and converts NIR light into high-energy photons to excite 
more photocarriers in P3HT. Photon‒electron coupling 
dynamics under the synergistic effects of photovoltaic and 
photogating mechanisms endow the RC system with non-
linearity and high dimensionality under narrow-band NIR 
irradiation. The device also exhibited multilevel data stor-
age capability (≥ 8 levels), excellent stability (≥ 2000s), 
and durability (≥ 100 cycles). It accurately recognizes 
static and dynamic handwritten digit images in the NIR 
range, achieving recognition accuracies of 91.13% and 
90.07%, respectively. Consequently, the device can solve 
complex computations such as second-order nonlinear 
dynamic equations with minimal error (normalized mean 
squared error of 1.06 × 10⁻3 during prediction).

Bioinspired eyes should possess characteristics such as 
autonomous operation, repairability, and adaptability to 
arbitrary geometries. These eyes can achieve wide-field 
detection and efficient visual signal processing without 
external energy while also enabling retinal transplantation 
to restore vision by replacing dysfunctional photorecep-
tors with healthy photoreceptors [125]. Although various 
artificial eyes have been constructed using hemispherical 
silicon, perovskite, and heterostructure photoreceptors, cre-
ating a zero-power retinal system with portable conformal 
features remains challenging [126, 127]. By integrating 
neuromorphic principles with retinal and ionic elastomer 
engineering, Luo et al. [114] demonstrated a self-driven 
hemispherical retinal eye, where the elastic retina is fabri-
cated from an ionogel heterojunction serving as the photore-
ceptor (Fig. 7d). A photosensitive heterojunction was devel-
oped by selectively doping ionogel pillars with polypyrrole 
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nanoparticles (PPy-NPs). The pillar array can be directly 
implanted onto the surface of a transparent ionogel hemi-
sphere facing incident light, forming a retina-like colum-
nar forest with both photoelectric conversion capability and 
neuroelectric plasticity. The self-powered characteristic is 

primarily provided by photothermoelectrically induced ion 
drift within the ionogel, differing from previous self-pow-
ered optical synapses induced by the photovoltaic effect, 
thus showing great potential in energy-efficient autonomous 
sensing technologies. Additionally, all soft components 

Fig. 7   Photonic synapses based on the combination of organic semiconductors and other functional materials. a Organic/metal oxide for 
near-infrared artificial photonic synaptic. Reproduced with permission [111] Copyright (2022), AIP Publishing. b Photonic synaptic based on 
polymer-sorted semiconducting single-walled carbon nanotubes. Reproduced with permission [112] Copyright (2024), Wiley–VCH GmbH. c 
Near-infrared retinomorphic device based on UC nanoparticles/organic semiconductor. Reproduced with permission [113] Copyright (2024), 
Wiley–VCH GmbH. d A bionic self-driven retinomorphic eye with ionogel photosynaptic retina. Reproduced with permission [114] Copyright 
(2024), Spring Nature
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endow the retina with excellent conformal and stretch-
able capabilities, allowing it to adhere to any object with 
complex geometries. The system exhibits broadband light 
detection (365–970 nm), a wide field of view (180°), and 
photonic synaptic behavior (PPF, 153%), making it suitable 
for bioinspired visual learning. Retinal photoreceptors are 
portable and adaptable to any complex surface, enabling 
visual restoration for dynamic optical imaging and motion 
tracking. This approach provides a simple and effective 
method to construct zero-power photodetectors, particu-
larly portable organ-like conformal retinal photoreceptors.

The development of flexible fiber-based artificial synaptic 
sensing devices with multiple basic synaptic functions and 
stable mechanical/electrical properties represents a neces-
sary first step toward wearable neuromorphic perception 
[130–132]. Considering that fiber structures play crucial 
roles in major biological organs—such as optic nerve fib-
ers in the eye, nerve fibers in the brain’s high-density neu-
ral network, and peripheral nerve fibers in the limbs—the 
development of retina-inspired artificial synapses on fiber 
platforms is highly important, as it expands the potential 
applications of wearable fiber-structured neuromorphic 
sensory devices [133–136]. Lee et al. [128] proposed the 
design and fabrication of a fiber photonic artificial synapse 
(FPAS) (Fig. 8a). By constructing a vertical heterojunction 
structure of ZnO nanorods (NRs) and poly(3,4-ethylene-
dioxythiophene) polystyrene sulfonate (PEDOT:PSS) on 
polyurethane (PU) fibers, FPAS can mimic the structure 
of the human retina and optic nerve, as well as the opera-
tional principles and synaptic functions of the optic nerve. 
The FPAS can be easily integrated into fabrics or coiled 
around tubes and remains functional under mechanical 
bending stress and after cyclic bending without significant 
degradation of synaptic properties. This photonic synaptic 
device also exhibits distinct basic optical synaptic functions 
through modulating the trapping/release of photogenerated 
carriers and the light-gating effect of heterojunction inter-
face barriers under light stimulation. Notably, the FPAS 
operates without an external power supply, reducing power 
consumption and enhancing its similarity to biological 
receptors. An optical synaptic array was further fabricated 
by arranging FPAS devices on a polyimide substrate to 
demonstrate the array’s basic functions of optical sensing 
and memory storage. The FPAS array can detect and memo-
rize UV irradiation patterns, retaining them in memory over 
extended periods.

Currently, photonic synapses primarily use linear mod-
els to process optoelectronic signals. However, in practi-
cal applications, input optoelectronic signals often contain 
complex nonlinear structural information, such as dynamic 
illumination and color mixing [136–139]. Traditional 
neuromorphic devices struggle to handle such nonlinear 
structural information effectively through linear models, 
severely impairing the network’s ability to perceive tasks 
across different spatial and temporal scales [140]. In mam-
malian neural dynamics, synapses cooperate across multi-
directional response scales through mixed weight plastic-
ity, enabling organisms to adapt to nonlinear factors in 
response to external stimuli [141–143]. For example, axo-
axonic synapses—predominantly found in sensory neural 
inputs—regulate the magnitude of postsynaptic potentials 
by autonomously adjusting the concentration of neuro-
transmitters released from the presynaptic membrane. This 
phenomenon is termed presynaptic homeostatic depression 
(PHD) [144, 145]. Inspired by this, Gao et al. [129] pro-
posed a feedforward light-adaptive hybrid weight plastic-
ity organic neuromorphic transistor by introducing an axon 
(IDTBT/PVA)-axon (P0FDIID/N2200) structure (Fig. 8b). 
Owing to the coupling of the space charge potential and 
gate potential, light excitation and light inhibition occur 
simultaneously in the channel under constant light inten-
sity interference, allowing the device to transition from a 
linear to a nonlinear mode via feedforward light adaptation. 
The device achieves adaptive tone mapping within 5 s for 
processing static information. Moreover, robust recognition 
of dynamic information achieves a 261% improvement in 
recognition accuracy, with accuracy exceeding 90% for 21 
types of motion information. This work provides a new 
strategy for developing advanced neuromorphic devices 
with great potential in fields such as intelligent driving and 
brain-inspired computing.

Overall, researchers are continuously constructing 
OPT-based photonic synaptic devices with higher per-
formance and lower power consumption through various 
approaches, but there are still some challenging issues 
to solve with respect to material aspects: (1) the balance 
between device performance and energy consumption 
and (2) the compatibility between materials and biologi-
cal systems. As previously mentioned, the performance 
of OPTs mainly depends on the carrier mobility of the 
material, and high carrier mobility implies high energy 
consumption. Therefore, how to find a perfect balance 
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between the two is a problem that researchers should 
continue to study in depth. For photonic synapses, one 
of the most important applications is in simulating artifi-
cial vision, and the fabricated photonic synaptic devices 
face the issue of biological compatibility. Thus, although 
materials such as perovskites and PbS quantum dots 
exhibit excellent properties, the toxicity of the heavy 
metal Pb contained in lead-based organic‒inorganic 
hybrid perovskites and other similar materials still need 
to be considered.

4 � Operational Behavior of Organic Photonic 
Synapses

The response to light is one of the prerequisites for the 
operation of organic photonic synapses. An in-depth under-
standing of the photoresponse behavior and mechanism of 
OPT-based photonic synaptic devices is one of the most 
critical prerequisites for constructing photonic synapses with 
excellent performance and the ability to mimic human syn-
apses. Two fundamental processes are usually involved dur-
ing photonic synapse operation: the photoresponse (includ-
ing the photogeneration of charge carriers and transport) 

Fig. 8   Examples of biostructure-inspired photonic synapses. a Artificial retinas based on a fibrous inorganic–organic heterostructure. Repro-
duced with permission [128] Copyright (2023), Wiley–VCH GmbH. b Feedforward light-adaptive hybrid weight plasticity organic neuromor-
phic transistor. Reproduced with permission [129] Copyright (2024), Wiley–VCH GmbH



	 Nano-Micro Lett.          (2026) 18:203   203   Page 18 of 46

https://doi.org/10.1007/s40820-025-02036-0© The authors

[146–150] and the charge storage process [151–154]. The 
photoresponse behavior emphasizes the effective acquisition 
of external light information by photonic synapses, whereas 
the charge storage process is aimed at the storage of signals. 
The synergistic effect of these two aspects determines the 
synaptic behavior of the device and the establishment of its 
synaptic plasticity. In the following, we discuss some recent 
progress concerning these two processes.

4.1 � Photoresponse Process

Under normal conditions, when a phototransistor is stim-
ulated by appropriate external light, the channel current 
increases, which follows the positive photoconductive 
response behavior reported in most preceding literature. 
Recently, the negative photoconductive response, in which 
the channel current or conductivity decreases upon high 
illumination, has been frequently reported and has attracted 
extensive interest. Negative photoconductivity can directly 
mimic inhibitory synaptic functions, complementing posi-
tive photoconductivity and enabling fascinating functionality 
[157–161]. In the field of photonic synapses, negative pho-
toconductivity serves as a key functional basis for realizing 
brain-like information processing [162–165]. Specifically:

1.	 Through the synergistic action of the PPC and NPC, 
photonic synapses can achieve dynamic enhancement 
and depression of SW, which forms the basis for con-
structing neuromorphic systems with learning and mem-
ory capabilities. The introduction of the NPC encodes 
the IPSC, reducing power consumption in the overall 
synaptic system, inhibiting excessive neuronal activa-
tion, and avoiding signal overload.

2.	 NPC can also enhance the functionality and flexibility 
of photonic synaptic devices. Currently, reports on NPC, 
whether based on inorganic or organic materials, can be 
broadly classified into three types: gate-voltage depend-
ent, wavelength dependent, and light-intensity depend-
ent. Therefore, by applying light stimuli with different 
gate voltages, wavelengths, or intensities, the PPC and 
NPC can be independently controlled, enabling the fine-
grained programming of synaptic weights. This meets 
the diverse signal-processing requirements in neuromor-
phic computing and achieves multidimensional signal 
processing.

3.	 From a practical application perspective, when image 
data are acquired, harsh environmental conditions in 
real scenes—such as uneven illumination and unstable 

fields of view—introduce uncertainties that lead to non-
ideal factors in captured images. These issues increase 
hardware complexity and reduce image recognition effi-
ciency. Therefore, in addition to PPC, introducing NPC 
from another perspective and constructing dual-adaptive 
devices for on-sensor processing are highly important 
for artificial vision adaptation. This approach enables 
precise in situ enhancement and filtering of unstructured 
information, addressing the challenges of dynamic real-
world environments.

To achieve NPC in OPTs, researchers often utilize bipo-
lar heterostructure channel layers constructed from p-type 
and n-type semiconductor materials, enabling dual-channel 
transport of holes and electrons while allowing a control-
lable bidirectional photoresponse under illumination [168]. 
However, current reports on NPC are predominantly focused 
on inorganic semiconductors. For example, Gao et al. [155] 
proposed a graphene/InSe/h-BN heterostructure that exhib-
its light-intensity-dependent NPC and PPC by adjusting 
the intensity of a single-wavelength laser (Fig. 9a). Mi et 
al. [156] used an all-optical IGZO/ZrOx phototransistor to 
simulate synaptic functions via wavelength-dependent PPC 
and NPC generated by ionization of neutral oxygen vacancy 
(VO) and metal–metal bonding (M-M) defects in IGZO 
under visible light (405 and 520 nm) and NIR light (750, 
890, and 980 nm) illumination (Fig. 9b). Encouragingly, 
researchers have also conducted in-depth studies on NPC in 
organic materials. Xue et al. [166] developed a simple yet 
effective organic thin-film phototransistor with controllable 
NPC in the UV band through bipolar transport modulation 
(Fig. 10a). Xu et al. [167 introduced an organic heterostruc-
ture with a strong NIR photoresponse, achieving a PPC and 
NPC for 1050 nm NIR light by modulating the gate volt-
age (Fig. 10b). Below, two experimental cases and related 
mechanisms of NPC in OPT-based photonic synapses are 
introduced.

In 2023, Xie et al. [169] proposed and demonstrated an 
artificial photonic synaptic device based on organic mol-
ecule–nanowire heterojunctions (Fig. 11a). They encapsu-
lated indium gallium arsenide (InGaAs) nanowire arrays 
with p-type organic semiconductors of C8-BTBT or n-type 
OSCs of phenyl-C61-butyric acid methyl ester (PC61BM) 
thin films, forming two distinct i-type heterojunctions (i.e., 
p-n C8-BTBT/InGaAs or n–n PC61BM/InGaAs). Owing 
to the different dominant carriers of the two organic 
materials, tunable photoconductivity was achieved under 
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irradiation from the ultraviolet to visible light range. The 
results showed that hole carriers from C8-BTBT or elec-
tron carriers from PC61BM were injected into InGaAs NWs 
under light stimulation, leading to persistent NPC or PPC 
in InGaAs NWs. Owing to the high surface-to-volume ratio 
of InGaAs NWs, these two heterojunctions easily realize 
well-defined synaptic functions. Notably, synaptic behav-
iors, including the STP, LTP, EPSC, IPSC, and STP-to-
LTP transitions, were reliably demonstrated under visible 
and ultraviolet lasers (including the solar-blind range). 
Owing to differences in Fermi levels, a built-in electric 

field forms at the InGaAs-C8-BTBT interface, causing 
band bending without applied light pulses. Additionally, 
the dominant carriers in the p-type C8-BTBT film are 
holes, which transfer to the InGaAs NWs and suppress cur-
rent. Moreover, the large energy gap and potential barrier 
between the LUMO level of C8-BTBT (− 1.8 eV) and the 
CB of InGaAs make electron transfer from C8-BTBT to 
InGaAs NWs more difficult than hole transfer. Moreover, 
C8-BTBT exhibited stronger absorption in the UV range. 
When short-wavelength light pulses irradiate the hetero-
junction, more holes generated from C8-BTBT are injected 

Fig. 9   Recent advances and working mechanisms of inorganic negative photoconductance. a Light-intensity-dependent positive/negative pho-
toconductivity based on two-dimensional materials. Reproduced with permission [155] Copyright (2024), Wiley–VCH GmbH. b Wavelength-
dependent positive/negative photoconductivity based on metal oxide. Reproduced with permission [156] Copyright (2023), Wiley–VCH GmbH
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into the NWs because of the built-in electric field at the 
InGaAs-C8-BTBT interface. The injected holes recom-
bine with electrons in the NWs, inducing the NPC phe-
nomenon. Compared with single NW-based devices, the 
integration of printed NW arrays and solution-processed 
organic materials has great potential as an active mate-
rial for large-area neuromorphic visual networks. Under 
VG, a prototype 4 × 4 artificial photonic synaptic device 

array with optical memory functions was demonstrated. 
Moreover, two photonic synaptic devices with tunable 
photoconductivity were used to construct a hardware core 
simulating human visual processing and recognition. Dif-
ferent hardware cores can detect distinct features in images, 
similar to the receptive fields of the human retina. These 
features were then input into a neural network to classify 
six letters of different colors, achieving an impressive 100% 

Fig. 10   Recent advances and working mechanisms of organic negative photoconductance. a Bidirectional photoresponse based on organic 
materials through ambipolar transport modulation. Reproduced with permission [166] Copyright (2024), Wiley–VCH GmbH. b Gate-tunable 
positive and negative photoconductance in near-infrared organic heterostructures. Reproduced with permission [167] Copyright (2024), Wiley–
VCH GmbH
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classification accuracy—compared with only 51% without 
the hardware core.

Currently, research on the photoresponse of organic 
materials has focused mainly on PPC, with fewer studies on 
NPC and even fewer studies on the coexistence of both PPC 

and NPC in the same device. The relevant physical mech-
anisms still need to be explored [25, 170]. Additionally, 
optoelectronic devices with bidirectional photoresponse 
capabilities have unique advantages and great application 
potential in visual adaptation simulations [171–173]. The 

Fig. 11   Summary of the negative photoconductance in OPT-based photonic synapses. a Artificial visual systems based on organic molecule 
nanowire heterojunctions. Reproduced with permission [169] Copyright (2022), Wiley–VCH GmbH. b Organic heterojunction with bi-direc-
tional photoresponse for vision biomimetics. Reproduced with permission [174] Copyright (2024), Wiley–VCH GmbH
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development of suitable reconfigurable organic optoelec-
tronic devices with both PPCs and NPC is expected to be 
applied in bioinspired visual systems, promoting the rapid 
development of brain-like visual bionic systems. Thus, in 
2024, Shi et al. [174] constructed an organic heterojunction 
optoelectronic device with a sandwiched channel structure 
(Fig. 11b). The device exhibits excellent bipolarity, with a 
current on/off ratio (Ion/Ioff) greater than 10⁶ in the trans-
fer curve during hole transport. Under illumination, by 
adjusting VG, two distinct light-controlled modes—PPC 
and NPC—can be achieved in a single device. Typical 
synaptic behaviors such as EPSC, IPSC, STP, and LTP 
were also simulated. The bottom n-type PTCDI-C8 layer 
provides a conduction pathway for electron transport, the 
middle p-type C8-BTBT layer serves as a pathway for 
hole transport, and the top n-type PTCDI-C8 layer offers 
an additional pathway for electron transport. When the 
organic triple-layer heterojunction optoelectronic device is 
exposed to 520 nm light, the n-type semiconductor PTCDI-
C8 film generates many photogenerated carriers, whereas 
C8-BTBT shows almost no response to 520 nm light owing 
to its wide bandgap. During hole transport, abundant elec-
trons in PTCDI-C8 are transferred to the C8-BTBT hole 
transport layer, recombining with holes there and reduc-
ing the overall hole count, leading to NPC. At a voltage 
of 30 V, electrons become the dominant carriers. When 
simultaneously exposed to 520 nm light stimulation, a 
small number of photogenerated holes in the C8-BTBT 
semiconductor layer are conducted to the PTCDI-C8 layer. 
However, these holes struggle to recombine with the abun-
dant electrons generated in the PTCDI-C8 layer, causing 
the device to exhibit a PPC. Finally, they constructed an 
array of organic heterojunction phototransistors to achieve 
adaptive regulation of the human retina under different 
brightness environments.

4.2 � Charge Storage Process

One of the important characteristics of photonic synapses is 
the realization of storability, which is the key to achieving 
synaptic plasticity. In OPT-based photonic synapses, carriers 
in the channel are regarded as information. The generation or 
erasure of information can be accomplished via the PPC or 
NPC mentioned in the previous sections. After the photonic 

synaptic device is stimulated by light, the photogenerated 
excitons dissociate into photogenerated electrons and pho-
togenerated holes. Under the action of the bias voltage, they 
are captured by the source/drain electrodes, forming an 
external current. During the movement of photogenerated 
electrons and holes to the source/drain electrodes, these 
charges can be trapped and stored by trap states or interface 
states, which constitute the fundamental basis and core ori-
gin of the charge storage process. Trap states can be located 
in the bulk phase or at the interface of the semiconductor 
material, and they can temporarily bind electrons or holes 
to form charge storage. Interface states exist in the interface 
region of different materials and can also play a similar role 
in charge storage [175].

To enhance the charge trapping performance, a charge 
storage layer can be employed between the channel mate-
rial and the dielectric layer. Most of the experimental cases 
introduced earlier adopted this structure. Additionally, Ren 
et al.  [176] demonstrated gate-tunable synaptic plasticity 
through controlled polarity of charge trapping in fuller-
ene composites (Fig. 12a). C60 trapping sites are doped in 
PMMA by a facile solution process to form a hybrid struc-
ture. Electrets are commonly used charged insulators that 
generate a quasipermanent electric field. However, insulators 
intrinsically exhibit high electrical resistance; thus, charge 
injection and release inside insulators typically require high 
voltages or long bias times, limiting applications that require 
high writing/erasing speeds. Qiao et al.  [177] introduced 
the etching-assisted insulator polymer polystyrene (PS) to 
realize rapid charge storage and release (Fig. 12b), which 
selectively induces a high density of charge traps at the top 
of C12-BTBT for flash-type memories, photodetectors, and 
artificial synapses. In addition, when conventional electrets 
come into direct contact with semiconductors, the energy 
level mismatch at the interface results in a low memory 
speed and high energy consumption of electret devices 
because both charge injection and storage are nonconduc-
tive. To address this, Li et al. [151] converted the n-type 
semiconductors N, N & PRIME, i.e., dictyl-3,4,9,10-per-
ylene tetracarboxylic diimide (C8-PTCDI), to C8-PTCDI (D) 
via oxygen degradation for high-performance transistors, 
memories, and artificial synapses (Fig. 12c). The synthe-
sized C8-PTCDI (D) electrets, upon charging via an electric 
field and/or illumination, maintain the energy levels charac-
teristic of n-type semiconductors, and this preservation of 



Nano-Micro Lett.          (2026) 18:203 	 Page 23 of 46    203 

energy levels enables efficient charge trapping, as the spe-
cific electronic structure of n-type semiconductors under 
these charging conditions creates favorable sites for the 
capture and retention of charges.

The static charges trapped in the storage layer can manifest 
as a semipermanent electric field and/or a dipole moment. 
Dielectrics with strongly polar functional groups can induce 
strong shallow traps, which are often used as charge storage 
layers. To achieve a longer-term memory function, shorter 
side chains are often used, resulting in stronger deep traps 
[172]. However, trap states may lead to increased charge 
recombination, thereby reducing the efficiency and perfor-
mance of the phototransistor. Interface trap states require 
precise control of the interface morphology, so it is difficult 
to achieve high reliability and repeatability. They may also 

affect the response speed and stability of the device. This is 
a trade-off that needs to be considered when constructing 
photonic synapses.

Achieving long-term plasticity in OPT-based synapses 
requires persistent modulation of the channel conductance. 
Beyond classical charge-trapping, several emerging strate-
gies have recently demonstrated remarkable memory reten-
tion. Park et al. [178] incorporated porous or ionic pathways 
enables physical confinement of mobile ions to maintain 
long-lived excitatory states. Lee et al. [179] have reported 
that ferroelectric coupling offers an alternative approach, 
where polarization switching can directly regulate synaptic 
weights in a non-volatile manner. In addition, multi-layer 
charge-storage architectures and optimized heterojunction 
potentials improve the stability of trapped carriers against 

Fig. 12   Summary of charge storage behavior in OPT-based photonic synapses. a Tunable synaptic plasticity through controlled polarity of 
charge trapping. Reproduced with permission [176] Copyright (2018), WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim. b Rapid charge 
storage and release at etching-assist electret. Reproduced with permission [177] Copyright (2022), Wiley‐VCH GmbH. c Insulating electrets 
converted from organic semiconductor. Reproduced with permission [151] Copyright (2023), Wiley‐VCH GmbH
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recombination [180]. These advances provide promising 
pathways toward reliable LTP necessary for high-level neu-
romorphic learning.

Benefiting from the diverse material systems and tunable 
operating characteristics described above, organic photonic 
synapses have demonstrated significant potential across a 
range of cutting-edge applications. In the following section, 
we will delve into the recent advances and emerging applica-
tions of organic photonic synapses in various fields.

5 � Frontier Applications and Advances 
in Organic Photonic Synapses

Driven by recent advances in organic photonic syn-
apses—particularly interfacial exciton manipulation, 
bias-gated neuromodulation, and bio realistic kinetic 
emulation—novel neuromorphic applications have rapidly 
proliferated. Notable implementations that integrate in-
sensor convolutional processing, spike-timing-dependent 
plasticity (STDP) engines, and optically reconfigurable 
neural networks are paving the way toward von Neu-
mann architecture-free intelligent systems. Inspired by 
the human eye and biological synapses, one of the most 
natural and promising applications of photonic synapses 
is simulating artificial vision, including recognition of 
various visible light wavelengths and adaptive adjustment 
to light brightness similar to that of the human eye [72, 
73, 181–183]. However, in practical applications, human 
vision has inherent limitations, such as the inability to 
detect polarized light, recognize light signals outside the 
visible spectrum (e.g., ultraviolet or infrared), or accu-
rately identify objects in extremely low light. These limi-
tations have prevented photonic synapses from leveraging 
polarization, UV, or IR information to improve object rec-
ognition/tracking, thus restricting advancements in intel-
ligent applications such as facial recognition [184–186], 
visual prosthetics [187–189], autonomous navigation 
[190–192], and surveillance systems [193, 194]. Driven 
by extensive research, organic photonic synapses have 
now achieved fundamental pattern recognition capabili-
ties such as mobile object recognition [75], handwritten 
digit recognition [76], and image recognition [77, 128]. 
Building on this foundation, they have further evolved to 
enable diverse applications including Morse code sens-
ing [99], visual adaptation [100], night imaging [105], 

high-dimensional storage [113], polarization sensitivity 
[195, 196], fused imaging [197], and in-sensor comput-
ing [198]. Additionally, with advancements in fabrication 
processes, photonic synapses are gradually being inte-
grated at large scales [199, 200]. Therefore, this section 
introduces recent technological applications and advances 
in photonic synapses, including experimental cases of 
polarization-sensitive devices, biomimetic synapses, syn-
aptic security devices, dynamic/static image recognition, 
and large-area lithography-fabricated synapses.

5.1 � Polarization‑Sensitive Organic Photonic Synapses

Polarization-sensitive neuromorphic visual systems repre-
sent highly integrated multifunctional platforms that com-
bine polarization detection, learning, memory, and process-
ing [201, 202]. Specifically, polarization-sensitive elements 
serve as the core for polarization detection, with materi-
als such as liquid crystals, supramolecular polymers, and 
molecular materials developed to realize this function. How-
ever, these materials often lack charge transport capabilities, 
requiring the integration of optoelectronic functional layers 
into heterostructures to form stacked diodes or transistors—
leading to complex fabrication processes and suboptimal 
performance [203, 204]. To address these challenges, hybrid 
organic‒inorganic perovskites (HOIPs) have emerged as 
promising candidates because of their solution processabil-
ity, tunable bandgap, high absorption coefficients, and high 
carrier mobility [205–207]. Moreover, organic semiconduc-
tor single crystals, with unique advantages such as abundant 
availability, solution processability, flexibility, and tunable 
optoelectronic properties, are emerging in this field [208, 
209]. These materials have achieved notable breakthroughs 
in terms of high linear dichroic ratios (LDRs), high photo-
sensitivity, and diverse response wavelength bands, showing 
vigorous development momentum.

Hwang et al. [196] demonstrated a synaptic device based 
on two-dimensional (2D) chiral hybrid organic–inorganic 
perovskites of methylbenzylamine (MBA), which can 
absorb visible circularly polarized light (CPL) (Fig. 13a). 
The device features a vertical structure: Si/SiO2/(R, 
S-MBA)2PbI2.8Br1.2/PMMA/pentacene/Au source–drain 
electrodes. Circular dichroism (CD) measurements and 
photoluminescence (PL) analysis confirmed that these 
heterostructures are suitable for the selective detection of 



Nano-Micro Lett.          (2026) 18:203 	 Page 25 of 46    203 

visible CPL. The heterojunction between the chiral HOIPs 
and the pentacene layer induces CPL direction-dependent 
photocurrent generation and charge separation, enabling 
memory characteristics that demonstrate chirality-related 
synaptic properties. The device exhibited a photocurrent 
asymmetry factor as high as 0.3 and a photoresponsivity of 
130 mA W−1. Additionally, the system demonstrates pro-
grammable and erasable processes via chiral optical and 
electrical control, respectively. This device not only mimics 
the synaptic properties of existing photonic synaptic devices, 

but also exhibits distinct synaptic behaviors depending on 
the CPL. On the basis of the chiral perovskite heterostruc-
ture, they achieved simple logical operations using two pairs 
of light sources for the first time. Furthermore, as the pulse 
interval time increases, the device shows improved discrimi-
nation between right-circularly polarized (RCP) and left-cir-
cularly polarized (LCP) light. Moreover, different CPL types 
and pulse intervals can induce differences in the pattern rec-
ognition process. Simulations of polarization-related image 
recognition via an ANN show that filtering images based 

Fig. 13   Advanced applications of organic photonic synapses in polarization detection. a Visible-light chiral photonic synapses. Reproduced 
with permission [196] Copyright (2024), Wiley–VCH GmbH. b Molecular crystal photonic synapse for polarization-sensitive neuromorphic 
visual system. Reproduced with permission [195] Copyright (2024), Wiley–VCH GmbH
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on the CPL direction and pulse interval time can affect the 
network’s recognition accuracy. By introducing 2D chiral 
HOIPs into traditional optoelectronics, this work provides 
a facile approach for realizing visible-light CPL-modulated 
systems and developing polarization-sensitive neuromorphic 
(PNS) technologies for neuromorphic visual systems.

Polarization detectors based on organic semiconduc-
tor single crystals lack synaptic functions characterized 
by excellent conductivity tuning and controllable mem-
ory capabilities. This limitation arises from the preva-
lent use of multilayer single crystals, where interlayer 
screening effects hinder precise conductivity control by 
photogating [170, 210, 211]. As a result, these devices 
typically exhibit persistent photoconductivity or fast 
photoresponse characteristics rather than finely tuned 
conductivity modulation, which is indicative of synap-
tic behavior. Constructing an integrated neuromorphic 
device that seamlessly combines all these functions and 
demonstrates holistic superior performance thus remains 
a formidable challenge. Dong et al. [195] pioneered the 
development of a linearly polarization-sensitive neuro-
morphic visual system using few-layer two-dimensional 
molecular crystals (2DMCs), achieving integrated func-
tionality and outstanding overall performance (Fig. 13b). 
The 2-decyl-7-phenyl-[1]benzothieno[3,2b][1] benzo-
thiophene (Ph-BTBT-10) compound was selected as the 
photoactive channel layer owing to its unique anisotropy, 
remarkable carrier mobility, and excellent air stability. Its 
2DMC configuration offers several notable advantages 
for constructing polarization-sensitive synaptic OPTs: 
long-range periodic ordering induces intrinsic anisot-
ropy, leading to significant anisotropic absorption and 
transport properties. This establishes a foundation for 
exploring the linear dichroism inherent in polarized light. 
The ultrathin nature of 2DMCs ensures a uniform carrier 
concentration within the channel and enables consistent 
modulation. In contrast, exposed carrier transport chan-
nels directly couple with polarized light, enhancing light 
perception. By comparison, multilayer crystals exhibit 
uneven carrier concentration distributions, as electric 
gates can only control a few molecular layers at the die-
lectric/semiconductor interface, leaving photogenerated 
carriers in the top molecular layers unmodulated. The 
introduction of a mechanism for trapping photogenerated 
carriers in 2DMCs enables controllable memory tuning 

across a wide current range, facilitating the emergence 
of unique optoelectronic synaptic properties—including 
a high dynamic modulation range and polarization-angle-
dependent sensitive responses. Leveraging these advan-
tages, the synaptic OPT demonstrates holistic superior 
performance: a leading LDR of up to 3.85, excellent car-
rier mobility (μ) of 9.8 cm2 V−1 s−1, a high photorespon-
sivity (R) of 1.47 × 104 A W−1, and precise emulation 
of various synaptic functions. Furthermore, the evolved 
polarization-sensitive neuromorphic visual system 
achieves exceptional visual polarization imaging, reveal-
ing complex polarization details of objects across mul-
tiple dimensions, and demonstrates a remarkable 99.8% 
recognition accuracy in noncontact fingerprint detec-
tion—highlighting its enormous potential in advanced 
intelligent sensing systems.

5.2 � Bionic Design of Organic Photonic Synapses

State-of-the-art artificial visual systems are less sophisti-
cated than their biological counterparts in terms of struc-
tural simplicity, self-regulation, and versatility. For example, 
light-adaptive devices and neuromorphic phototransistors 
either employ complex multilayered designs or integrate 
detectors and processors, increasing manufacturing costs 
and complexity [134, 212, 213]. Integrating multiple func-
tions into a single, integrated unit remains a key challenge.

The visual system of the mantis shrimp is equipped with 
16 photoreceptors, enabling it to perform multiple tasks, 
such as color recognition, adaptive vision, and CPL percep-
tion [214]. Although these functions have been individually 
achieved via full-color absorbing materials [215], circularly 
polarized molecular assemblies [216, 217], chiral com-
pounds [218], or light-adaptive devices, developing bionic 
hardware capable of parallel processing for color recogni-
tion, tunable adaptation, CPL sensing, and polymorphic 
readout holds significant theoretical and practical value. 
Inspired by mantis shrimp, Wen et al.  [219] demonstrated 
an artificial cluster photoreceptor (ACP) array based on 
heterostructures formed by chiral nanoclusters and organic 
semiconductors (Fig. 14a). The light-assisted, tunable Fermi 
levels of nanoclusters act as electron reservoirs, precisely 
controlling the trapping and release of charge carriers in 
the proposed artificial photoreceptors. Visual adaptation 
in ACPs is achieved by regulating photogenerated carriers 
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at the interface between organic molecules and Ag nano-
clusters, with wavelength- and intensity-dependent adapt-
ability further validated through shape and color recogni-
tion. Leveraging the chirality of Ag nanoclusters, ACPs 
can distinguish CPL light, closely mimicking the mantis 
shrimp’s CPL perception function. To further explore the 
light-valence mechanism of silver nanoclusters, the charge 
storage locations and transfer pathways were investigated via 
transient absorption and photoluminescence techniques. In 
summary, the ACP emulates the mantis shrimp’s complex 
visual system, integrating full-color adaptation and circular 
polarization vision through a simple architecture. From a 

practical perspective, this bionic system can be upgraded to 
meet the needs of vision-related AI hardware and encrypted 
information communication.

In biological vision, birds have long been a fascinating 
subject in nature, sparking significant interest in bionics. 
Enhancing device perception through animal bionics is an 
effective approach to achieve more robust neuromorphic 
sensing [220, 221]. When combined with fused imaging 
technology, a single device can perceive, integrate, and 
compute multiple signals from different sources, displaying 
them in a single image or video. Xie et al. [197] proposed 
a dual-junction-enhanced avian broadband neuromorphic 

Fig. 14   A summary of recent biomimic organic photonic synapses. a Biomimetic nanocluster photoreceptors for adaptative circular polariza-
tion vision. Reproduced with permission [219] Copyright (2024), Spring Nature. b Birdlike broadband neuromorphic visual sensor arrays [197] 
Copyright (2024), Spring Nature
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visual sensor (BBNVS) array with a response range from 
solar-blind to near-infrared (Fig. 14b). Birds, as natural 
aerial hunters, possess an unparalleled visual-perception 
system in nature. To mimic the functional components of 
avian vision—distinct from human vision—the authors 
introduced type II van der Waals (vdWs) heterojunctions 
and Schottky junctions. Specifically, self-assembled P3HT 
organic films with ordered edge stacking were transferred 
onto one-dimensional GaAs nanowire arrays to construct 
p-n junctions in the out-of-plane direction. A Ag source 
and drain electrodes were then applied to form Schottky 
junctions. These two functional structures effectively emu-
late the roles of four cone cells, rod cells, bipolar cells, 
and oil droplets in the avian visual system. Owing to the 
highly ordered structure of self-assembled P3HT molecules 
and the Schottky barrier, BBNVS exhibits exceptional 
broadband memory sensing and computing performance. 
It achieves over 5-bit memory sensing and computing pro-
cesses under blue and green wavelengths, as well as the 
ability to handle over 128 memory states in the solar-blind 
range. A persistent NPC with over 42 memory states is 
also realized under negative gate voltage modulation. In 
nature, predators enter an "energy-saving mode" to main-
tain environmental perception when food is scarce; accord-
ingly, visual enhancement in BBNVS is reflected not only 
in non-volatile broadband response but also in low-power 
sensing capability. The proposed BBNVS mimics avian 
visual behavior under zero gate and source–drain voltages, 
operating in self-powered mode with nearly zero power 
consumption for synaptic devices. To meet the needs of 
future wearable devices, neuromorphic visual sensor arrays 
can be fabricated on various substrates, including glass, 
PET, PDMS, polyimide (PI), and acrylic plates. The excel-
lent bend resistance of chain polymers and stress relief 
of nanoscale nanowires at bent interfaces ensure that the 
device maintains robust performance on flexible substrates, 
even when folded. Finally, a multitask RC system is used to 
achieve multimodal recognition of moving objects, includ-
ing shape, motion, color, and ultraviolet grayscale informa-
tion, with a color recognition accuracy of up to 94%. By 
integrating broadband sensory enhancement, BBNVS com-
bined with the RC system accomplishes ultraviolet–visible 
light-fused imaging through multidimensional information 
integration, recognizing images from ultraviolet and visible 
cameras simultaneously. This work presents a promising 
material synthesis and codesign strategy for broadband 

non-volatile sensing, wearable, and efficient optoelectronic 
neuromorphic systems with multitask memory sensing and 
computing capabilities.

5.3 � Synaptic Security Devices and Dynamic/Static 
Image Recognition

In the context of information explosion, neuromorphic and 
hardware-based security devices have received significant 
attention because of their ability to facilitate parallel com-
puting and resist hacking [222, 223]. Jeon et al. [224] dem-
onstrated dual-photo synapse (DPS) and physical unclonable 
function (PUF) devices featuring a ternary TiO2-x NR/pen-
tacene/C60 heterostructure (Fig. 15a). For the DPS device, 
the ternary heterostructure results in DPS characteristics for 
parallel operation: i) wavelength-dependent (WD) synapses 
and ii) stimulus-moment-dependent (SMD) synapses. Each 
synaptic feature exhibits significant plasticity, implying a 
smooth transition from STP to LTP. Additionally, facial 
recognition evaluation reveals an 83.3% recognition rate 
for both operating modes. Notably, the DPS device main-
tains stable performance on business cards even after a 
rigorous 49-day testing period and 1000 bending cycles. 
For the PUF device, a security key with a unique pattern 
can be created because of the random current distribution 
caused by the position-dependent doping effect of the SnO2 
QDs. Moreover, all encryption keys have been verified for 
near-ideal Hamming distance (inter-HD), uniformity, and 
entropy. These findings introduce the groundbreaking con-
cept of photon synapses and their successful integration onto 
various substrates, including hardware-based secure PUF 
devices.

The human visual system, which processes real-time 
light signals and protects against excessive illumination, 
serves as a model for artificial visual systems. Although 
optoelectronic synaptic devices have been widely used in 
such simulations, their complex circuitry and high energy 
consumption have hindered further development [226, 227]. 
Zhang et al. [225] constructed a bionic eye system using 
organic all-photonic synapses to achieve sensing, memory, 
processing, and protective light reflex capabilities (Fig. 15b). 
By performing facial tuning of the synaptic performance 
through simple molecular engineering, a record 430% PPF 
value was achieved. Impressively, a large-area (400 cm2) 
and highly uniform (96%) synaptic device demonstrated 
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the four basic functions of the eye system for the first time, 
greatly simplifying the circuit system and reducing energy 
consumption. This work provides a facial strategy for con-
structing all-photonic synapses, which has great potential in 
prosthetics and neuro-robotics.

5.4 � Large‑Area Lithography Fabrication of Organic 
Photonic Synaptic Arrays

With the rapid development of information technology, there 
is an increasing demand for higher integration density in 
organic imaging chips to handle the surge in signal volume 
[228, 229]. Inorganic materials, such as CMOS chips, have 
achieved very large-scale integration (VLSI) but exhibit 
poor mechanical compatibility with biological systems 
and flexible devices [230, 231]. Organic imaging chips can 
address this issue and are gaining popularity in innovative 
applications such as stretchable displays, wearable devices, 

and artificial visual systems [232]. However, owing to the 
lack of precisely designed nanostructures in semiconductor 
layers, the application of organic imaging chips has achieved 
only limited success in large-area fabrication or higher levels 
of integration.

Zhang et al. [200] demonstrated a photovoltaic-nano-
battery enhancement strategy using zero-dimensional 
optoelectronically active nanomaterials to increase the 
performance of large-scale integrated (LSI) organic 
imaging chips (Fig. 16a). They constructed photovoltaic 
nanobatteries (PQD nanobatteries) with PQD cores and 
OSC shells and then embedded these PQD nanobatter-
ies into lithographic OSCs (PQD nanobattery-POSCs) 
to fabricate OPTs. Through lithography, they produced a 
2.67-inch full-frame ultra large-scale integration (ULSI) 
chip with 27 million interconnected pixels. The pixel den-
sity of 3.1 × 106 units  cm−2, equivalent to 4,016 pixels 
per inch (PPI), reaches the level of the latest commercial 
full-frame camera chips (Nikon Z8). Owing to increased 

Fig. 15   Other advanced applications of organic photonic synapses. a Dual synapses and security devices. Reproduced with permission [224] 
Copyright (2024), Wiley—VCH GmbH. b All-photonic synapses for biomimetic ocular system. Reproduced with permission [225] Copyright 
(2024), Wiley—VCH GmbH
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light absorption, enhanced photoelectric conversion, and 
charging of numerous photogenerated electrons by PQD 
nanobatteries, additional in situ photogating modulation 
and increased photocurrent are achieved. Thus, under 
performance trade-offs, R > 6 × 106 A W−1 and D* > 1013 
Jones are achieved with small feature sizes, high yields, 
and low variations. The PQD nanobattery-POSC was fur-
ther used to fabricate a high-resolution bionic retina for 
neuromorphic imaging, demonstrating flexibility, resolu-
tion (2,318 PPI), responsivity (1.6 pA per photon), and 
low power consumption (2.7 fJ per spike) comparable to 
those of biological retinas—showing the potential of LSI 
organic imaging systems to outperform state-of-the-art 
technology.

The human retina perceives and pre-processes the spec-
tral information of incident light, enabling rapid image 

recognition and efficient color adaptation. In contrast, 
current CMOS image sensors struggle to achieve parallel 
spectral pre-processing and temporal information fusion, 
requiring complex circuits, frequent data transmission, and 
color filters [233]. To address this, Li et al. [198] proposed 
a simple approach to achieve color opponent processing 
through dual photogates in metal-oxide/organic heterojunc-
tions and demonstrated an active-matrix synaptic phototran-
sistor array (AMSPA) for filter-free dynamic imaging with 
in-sensor spectral processing capabilities (Fig. 16b). The 
hybrid phototransistors exhibit bidirectional synaptic pho-
toresponses based on specific input wavelengths, featuring 
UV-induced excitation and visible/NIR-induced inhibition. 
Additionally, synaptic phototransistors can mimic the color 
adaptation process and display a high current dynamic range 
exceeding 90 dB, significantly resolving the low dynamic 

Fig. 16   Examples of large-scale photonic synapse fabrication. a Photovoltaic nanocells for large-scale-integrated organic phototransistors bio-
mimetic retina. Reproduced with permission [200] Copyright (2024), Spring Nature. b Active-matrix synaptic phototransistor array for in-sensor 
spectral processing. Reproduced with permission [198] Copyright (2024), Wiley—VCH GmbH. c Ion-gated flexible organic transistor array for 
multimode neuromorphic computing. Reproduced with permission [199] Copyright (2024), Wiley—VCH GmbH
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range issue typical of bidirectional synaptic devices. Finally, 
a 32 × 64 AMSPA (128 pixels per inch) was realized via a 
single-switch transistor and single-synaptic phototransistor 
(1-T-1-PT) structure, enabling spatial color enhancement 
and temporal trajectory imaging. These results demonstrate 
the feasibility of the AMSPA for constructing artificial vis-
ual systems.

Current advancements in hardware neuromorphic comput-
ing systems are hindered by the difficulty of codesigning high-
density artificial synaptic arrays and affordable algorithms 
[234]. In terms of arrays, extensive research has been con-
ducted to develop high-density two-terminal synapses [126, 
235–237], which benefit from their simpler crossbar struc-
ture and more mature integration technology [238]. However, 
owing to the unstable weight update behavior caused by struc-
tural defects, two-terminal synapses are not suitable for con-
structing repeatable hardware neural networks [239]. Addi-
tionally, in regard to flexible electronics (a key component 
of the abovementioned vision), the mechanical flexibility of 
devices is indispensable [240]. Organic ion-gated transistors 
(OIGTs) have shown impressive performance in multifunc-
tional neuromorphic systems. However, owing to the vulner-
ability of organic materials to organic solvents, there is still a 
lack of efficient and reliable all-lithography methods for scal-
able manufacturing of high-density OIGT arrays with mul-
timodal neuromorphic functions, especially when all active 
layers are patterned at high density [241]. Liu et al. [199] pro-
posed a multimodal flexible OIGT array with different densi-
ties and combined it with an RC algorithm. By adopting an 
all-lithography method supported by a photocrosslinker, low 
variation and a high density of up to 9662 transistors cm−2 
were achieved (Fig. 16c). The resulting OIGT array exhibits 
excellent neuromorphic performance, comparable to or even 
better than that of state-of-the-art IGT-based neuromorphic 
devices, while having the highest density. Five randomly 
selected regions (80 transistors) in the OIGT array achieved a 
100% yield. For neuromorphic performance, the ion migration 
characteristics exhibited by the patterned ion gel layer endow 
the OIGT with good STP, such as EPSC/IPSC. These char-
acteristics make the OIGT suitable for implementing the RC 
layer. In addition, by adding a large gate resistance, the OIGT 
can transition from a volatile state to a non-volatile state, 
enabling it to implement a physical readout layer (such as a 
multilayer perceptron network) to classify the RC results. The 
characteristics of long-term potentiation/depression, including 
nonlinearity (NL) and the dynamic range (Gmax/Gmin), were 

then systematically studied. Even when the unencapsulated 
flexible OIGT array was bent 1000 times to a radius of 1 mm 
or placed in air for 3 months, the above behaviors did not sig-
nificantly degrade. Using the decaying memory of the flexible 
array for information compression and combining it with a 
software-based nonlinear neural network for back-end clas-
sification, the array achieved an accuracy of 97.21% in hand-
writing digit recognition, comparable to that of a traditional 
artificial neural network (97.19%) system, while significantly 
reducing the computational cost. In addition, using the multi-
modal operation ability of the flexible OIGT array, a flexible 
homogeneous RC system was theoretically constructed with 
an accuracy of 88.49%. The training accuracy achieved in this 
study is comparable to that of cutting-edge organic transistor 
neuromorphic devices. This work provides a promising OIGT 
array and RC algorithm design for future flexible artificial 
intelligence applications.

In addition to lithography-based patterning, various 
solution-processable and mechanically compliant fabrica-
tion approaches have been extensively explored for large-
area integration of active layer materials in organic photonic 
synapses. Representative scalable techniques include inkjet 
printing [114, 242], spray coating [243, 244], and roll-to-
roll printing [245, 246], which enable mask-free patterning, 
low-temperature processing, and compatibility with soft 
substrates. Soft lithography [247, 248] and nanoimprinting 
[249, 250] also provide high-resolution pattern transfer with 
reduced fabrication complexity. Indeed, as the field of pho-
tonic synapses, particularly organic photonic synapses, is 
still in its early stage of development, some fabrication tech-
nologies that are already well-established in other research 
areas such as perovskite solar cells have not yet been widely 
applied or reported in OPT-based synaptic systems. Nev-
ertheless, it is foreseeable that with continued progress in 
large-area processing of functional layers and electrode fab-
rication techniques, the scalability and integration level of 
organic photonic synapses will be significantly advanced in 
the near future. These methods not only facilitate dense inte-
gration of synaptic arrays but also support conformable and 
wearable vision architectures, further highlighting the feasi-
bility of artificial retinas based on organic phototransistors.

Beyond the above discussion, recent progress has dem-
onstrated that photonic synapses can be integrated with 
additional sensory modalities such as chemical receptors 
[251], pressure sensors [252] and biological ion channels 
[178], enabling unified processing of heterogeneous stimuli 
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[253]. Such multimodal platforms not only improve sensory 
selectivity, but also allow direct interface with neural tissues, 
paving the way for future bio-hybrid systems with advanced 
perception such as artificial olfaction [254], touch-assisted 
vision and neural-interfaced prosthetics [255]. These expan-
sions illustrate the evolutionary direction of OPT-based 
synapses from vision-only systems toward comprehensive 
artificial sensory intelligence.

6 � Summary and Outlook

Overall, this review first summarizes the active organic 
semiconductor materials used in photonic synapses based 
on OPTs in recent years. Many materials are directly used 
as photosensitive layers to convert optical signals into elec-
trical signals, whereas others serve as channel materials for 
separating and transporting photogenerated charges. Het-
erojunction structures that combine these two functions 
have become a popular choice for scientists to construct 
high-performance photonic synapses. In such structures, 
researchers have integrated perovskites, quantum dots, 
nanofibers, single-walled carbon nanotubes, and other 
nanostructures with high-performance OSCs to achieve 
low-energy-consuming and superior photonic synapses. 
By constructing heterojunction channel layers using p-type 
and n-type semiconductors to enable bidirectional transport 
of electrons and holes, persistent NPC has also been devel-
oped in OPT-based photonic synapses through gate volt-
age and light modulation. Benefiting from advancements in 
integration processes in recent years, diverse applications 
of photonic synapses have emerged, including basic pattern 
recognition functions such as mobile object recognition, 
handwritten digit recognition, and image recognition. On 
this basis, multifunctional photonic synapses integrating 
sensing, memory, and computing have been developed, 
enabling capabilities such as Morse code sensing, visual 
adaptation, night imaging, high-dimensional storage, polar-
ization sensitivity, fused imaging, and on-sensor comput-
ing. Table 2 summarizes the device structures, fabrication 
processes, functionalities, and applications of the repre-
sentative works discussed above.

Although OPT-based photonic synapses have achieved 
notable advancements in the aforementioned aspects, their 
practical applications still face significant challenges in 
terms of their molecular structure, operation behaviors/

mechanisms, fabrication processes, integration, and system-
level implementation. Specifically:

1.	 Molecular structure: Current research on organic pho-
tonic synapses has focused primarily on device engi-
neering, while the relationship between molecular struc-
ture and synaptic performance has not been investigated 
in depth [256, 257]. The correlations between optoelec-
tronic properties, such as charge transport rates, light 
absorption bands, and dielectric constants, and synaptic 
performance remain poorly understood.

2.	 Photoresponse behaviors/mechanisms: Current research 
on NPC photonic synapses remains relatively limited. 
Photonic synapses with gate voltage-modulated PPC/
NPC exhibit imbalanced current levels. Moreover, 
owing to the uncontrollable nature of the external light 
intensity, light intensity-modulated PPC/NPC devices 
also face practical limitations in real-world applications.

3.	 From a practical application perspective, the simulation 
of photonic synapses should be more comprehensive. 
Most reported devices currently have relatively sin-
gle functions, making it difficult to achieve functional 
integration. For example, photonic synapses capable of 
large-area lithography can respond only to specific forms 
of external light, whereas organic photonic synapses that 
can detect special light forms (such as polarized light) 
are challenging to fabricate via large-area lithography. 
Therefore, the integration level of multifunctional pro-
cessing systems needs to be further improved [258–260]. 
Additionally, for applications simulating visual systems, 
photonic synaptic devices responsive to only a single 
wavelength or narrow wavelength range are insufficient. 
The inability to recognize and regulate light across dif-
ferent wavelengths limits the development of neuromor-
phic visual systems.

4.	 The existing fabrication methods: The vacuum evapo-
ration method for film formation incurs high costs, is 
not suitable for roll-to-roll processes, and is difficult to 
scale up for mass production. On the other hand, the 
spin-coating process makes it difficult to achieve the 
patterned fabrication of organic semiconductor thin 
films directly and to define the channel dimensions of 
transistors. Moreover, neither of the above two fabri-
cation schemes can meet the requirements of flexible 
substrates, which are more suitable for practical applica-
tions [261–263].

In summary, research on OPT-based photonic synapses 
is currently in a relatively mature stage, with diverse mate-
rial systems and applications being extensively explored. 
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However, current successes remain at the laboratory scale. 
If this field is to move toward practical applications, several 
key challenges must be addressed: improving environmen-
tal stability, optimizing fabrication processes, and achieving 
multifunctional integration. Specifically:

1.	 Application environments: Real-world scenarios are 
harsher than laboratory settings and involve uncontrol-
lable high and low temperatures, among other factors. 
Additionally, owing to the inherent properties of organic 
materials—such as their sensitivity to water and oxy-
gen—they often exhibit significant performance degra-
dation in a short time compared with the high stability 
of inorganic materials, which hinders the realization of 
stable photostimulated synaptic processes [264–267]. In 
reality, the human eye is surrounded by a watery envi-
ronment, making the development of corresponding 
encapsulation processes essential.

2.	 Fabrication processes: The manufacturing of photonic 
synapses largely depends on the functional semiconduc-
tor materials and device structures employed. In labora-
tories, organic photonic synapses can be conveniently 
prepared via techniques such as thermal evaporation and 
spin-coating to improve fabrication efficiency and opti-
mize device performance. However, for practical appli-
cations such as commercial production—especially those 
requiring large-area fabrication or processing on flexible 
substrates—methods such as inkjet printing [268–270] 
and 3D synchronous multimaterial printing [271–273] 
have become necessary. The inkjet printing technology 
developed by Chen et al. [274] has established a viable 
approach for fabricating multifunctional synaptic arrays 
on large-area flexible substrates. Composite encapsulation 
can be achieved through atomic layer deposition (ALD) 
[275, 276] or chemical vapor deposition (CVD) [277, 278] 
to isolate oxygen and water with multilayer thin films. For 
instance, Yang et al. [279] have demonstrated the potential 
of ALD technology for encapsulating organic-inorganic 
hybrid materials, showing promising results in enhancing 
device stability. When other fabrication processes, such as 
lift-off processes or molecular self-assembly [264, 280–
282], are developed, it is also essential to address obsta-
cles that limit the scalable application of neuromorphic 
devices.

3.	 Integration and System Implementation: Future devel-
opment of photonic synapses should address current 
limitations in gate-voltage-dependent and light-inten-
sity-dependent NPC devices by designing complemen-
tary PPC/NPC synaptic systems with balanced wave-
length regulation and optimized material thickness. 
Beyond memory functions, ideal photonic synapses Ta
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should incorporate optical signal erasure capabilities. 
The integration of photosynapses with photodetectors 
enables high-quality optical signal acquisition and per-
ception [101]. Furthermore, by incorporating functional 
materials such as COF films [266, 267] for photo/gas-
actuated responses or triboelectric nanogenerators [283, 
284] for piezoelectric conversion, intelligent photonic 
synapses capable of sensing temperature, humidity, 
gas, and pressure can be developed [260], advancing 
applications in environmental monitoring and flexible 
robotics. At the system level, successful implementation 
requires architectural strategies beyond single-device 
engineering. Hardware partitioning—separating pho-
tonic sensing from plasticity modulation in intercon-
nected units—enhances electrical stability and reduces 
crosstalk in large arrays [285–287]. Critical consid-
erations also include peripheral circuitry optimization, 
interconnect design, and compensation for device-to-
device variations. Advances in manufacturing, such as 
printing-assisted alignment [288] and transfer-based 
flexible integration [289], are accelerating the scaling 
of retina-like sensor networks with in-sensor comput-
ing and pattern recognition capabilities. Together, these 
approaches bridge the gap between laboratory proto-
types and deployable neuromorphic vision systems.

Acknowledgements  The authors acknowledge financial support 
from the National Natural Science Foundation of China (Grant 
Nos. 22222205, 52173176), the Science and Technology Devel-
opment Fund of Macao (No. 0063/2024/RIA1) and the Suzhou 
Key Laboratory of Surface and Interface Intelligent Matter (Grant 
SZS2022011). This work is also supported by the Collaborative 
Innovation Center of Suzhou Nano Science & Technology.

Author Contributions  F. Ding proposed the idea, performed the 
literature review and wrote the manuscript. D. Xue, L. F. Chi and 
L. Z. Huang helped with revising and editing the manuscript.

Declarations 

Conflict of interest  The authors declare no interest conflict. They 
have no known competing financial interests or personal relationships 
that could have appeared to influence the work reported in this paper.

Open Access   This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits use, 
sharing, adaptation, distribution and reproduction in any medium 
or format, as long as you give appropriate credit to the original 
author(s) and the source, provide a link to the Creative Commons 
licence, and indicate if changes were made. The images or other 
third party material in this article are included in the article’s Crea-
tive Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative 

Commons licence and your intended use is not permitted by stat-
utory regulation or exceeds the permitted use, you will need to 
obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​
by/4.​0/.

References

	 1.	 J. von Neumann, The principles of large-scale computing 
machines. IEEE Ann. Hist. Comput. 10(4), 243–256 (1988). 
https://​doi.​org/​10.​1109/​MAHC.​1988.​10045

	 2.	 P.A. Merolla, J.V. Arthur, R. Alvarez-Icaza, A.S. Cassidy, 
J. Sawada et al., Artificial brains. A million spiking-neuron 
integrated circuit with a scalable communication network and 
interface. Science 345(6197), 668–673 (2014). https://​doi.​
org/​10.​1126/​scien​ce.​12546​42

	 3.	 K. Sun, J. Chen, X. Yan, The future of memristors: materials 
engineering and neural networks. Adv. Funct. Mater. 31(8), 
2006773 (2021). https://​doi.​org/​10.​1002/​adfm.​20200​6773

	 4.	 Y. Xiao, B. Jiang, Z. Zhang, S. Ke, Y. Jin et al., A review 
of memristor: material and structure design, device perfor-
mance, applications and prospects. Sci. Technol. Adv. Mater. 
24(1), 2162323 (2023). https://​doi.​org/​10.​1080/​14686​996.​
2022.​21623​23

	 5.	 D. Attwell, S.B. Laughlin, An energy budget for signaling 
in the grey matter of the brain. J. Cereb. Blood Flow Metab. 
21(10), 1133–1145 (2001). https://​doi.​org/​10.​1097/​00004​
647-​20011​0000-​00001

	 6.	 D.A. Drachman, Do we have brain to spare? Neurology 
64(12), 2004–2005 (2005). https://​doi.​org/​10.​1212/​01.​wnl.​
00001​66914.​38327.​bb

	 7.	 G. Indiveri, S.-C. Liu, Memory and information processing 
in neuromorphic systems. Proc. IEEE 103(8), 1379–1397 
(2015). https://​doi.​org/​10.​1109/​JPROC.​2015.​24440​94

	 8.	 M. Prezioso, F. Merrikh-Bayat, B.D. Hoskins, G.C. Adam, K.K. 
Likharev et al., Training and operation of an integrated neu-
romorphic network based on metal-oxide memristors. Nature 
521(7550), 61–64 (2015). https://​doi.​org/​10.​1038/​natur​e14441

	 9.	 Y. Li, Z. Wang, R. Midya, Q. Xia, J.J. Yang, Review of mem-
ristor devices in neuromorphic computing: materials sciences 
and device challenges. J. Phys. D Appl. Phys. 51(50), 503002 
(2018). https://​doi.​org/​10.​1088/​1361-​6463/​aade3f

	 10.	 S.K. Esser, P.A. Merolla, J.V. Arthur, A.S. Cassidy, R. 
Appuswamy et al., Convolutional networks for fast, energy-
efficient neuromorphic computing. Proc. Natl. Acad. Sci. U. 
S. A. 113(41), 11441–11446 (2016). https://​doi.​org/​10.​1073/​
pnas.​16048​50113

	 11.	 Z. Cheng, C. Ríos, W.H.P. Pernice, C.D. Wright, H. 
Bhaskaran, On-chip photonic synapse. Sci. Adv. 3(9), 
e1700160 (2017). https://​doi.​org/​10.​1126/​sciadv.​17001​60

	 12.	 P. Gkoupidenis, D.A. Koutsouras, G.G. Malliaras, Neuromor-
phic device architectures with global connectivity through 

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1109/MAHC.1988.10045
https://doi.org/10.1126/science.1254642
https://doi.org/10.1126/science.1254642
https://doi.org/10.1002/adfm.202006773
https://doi.org/10.1080/14686996.2022.2162323
https://doi.org/10.1080/14686996.2022.2162323
https://doi.org/10.1097/00004647-200110000-00001
https://doi.org/10.1097/00004647-200110000-00001
https://doi.org/10.1212/01.wnl.0000166914.38327.bb
https://doi.org/10.1212/01.wnl.0000166914.38327.bb
https://doi.org/10.1109/JPROC.2015.2444094
https://doi.org/10.1038/nature14441
https://doi.org/10.1088/1361-6463/aade3f
https://doi.org/10.1073/pnas.1604850113
https://doi.org/10.1073/pnas.1604850113
https://doi.org/10.1126/sciadv.1700160


	 Nano-Micro Lett.          (2026) 18:203   203   Page 36 of 46

https://doi.org/10.1007/s40820-025-02036-0© The authors

electrolyte gating. Nat. Commun. 8, 15448 (2017). https://​
doi.​org/​10.​1038/​ncomm​s15448

	 13.	 G. Wang, R. Wang, W. Kong, J. Zhang, Simulation of reti-
nal ganglion cell response using fast independent component 
analysis. Cogn. Neurodyn. 12(6), 615–624 (2018). https://​doi.​
org/​10.​1007/​s11571-​018-​9490-4

	 14.	 C.S. Yang, D.S. Shang, N. Liu, G. Shi, X. Shen et al., A 
synaptic transistor based on quasi-2D molybdenum oxide. 
Adv. Mater. 29(27), 1700906 (2017). https://​doi.​org/​10.​1002/​
adma.​20170​0906

	 15.	 Q. Zhang, T. Jin, X. Ye, D. Geng, W. Chen et al., Organic 
field effect transistor-based photonic synapses: materi-
als, devices, and applications. Adv. Funct. Mater. 31(49), 
2106151 (2021). https://​doi.​org/​10.​1002/​adfm.​20210​6151

	 16.	 S. Dai, Y. Zhao, Y. Wang, J. Zhang, L. Fang et al., Recent 
advances in transistor-based artificial synapses. Adv. Funct. 
Mater. 29(42), 1903700 (2019). https://​doi.​org/​10.​1002/​adfm.​
20190​3700

	 17.	 S. Lan, Y. Ke, H. Chen, Photonic synaptic transistor based on 
P-type organic semiconductor blending with N-type organic 
semiconductor. IEEE Electron Device Lett. 42(8), 1180–1183 
(2021). https://​doi.​org/​10.​1109/​LED.​2021.​30909​06

	 18.	 G. Lee, Y.E. Kim, H. Kim, H.-K. Lee, J.Y. Park et al., Organic 
synaptic transistors and printed circuit board defect inspec-
tion with photonic stimulation: a novel approach using 
oblique angle deposition. Small 21(25), 2501997 (2025). 
https://​doi.​org/​10.​1002/​smll.​20250​1997

	 19.	 C. Xiang, D. Xue, H. Liu, Q. Wang, X. Jiang et al., Organic 
photonic synapses with UV–vis–NIR broadband perception 
based on organic electrochemical transistors. ACS Appl. 
Mater. Interfaces 17(24), 35822–35832 (2025). https://​doi.​
org/​10.​1021/​acsami.​5c079​76

	 20.	 D. Dutta, S. Mukherjee, M. Uzhansky, E. Koren, Cross-field 
optoelectronic modulation via inter-coupled ferroelectricity 
in 2D In2Se3. NPJ 2D Mater. Appl. 5, 81 (2021). https://​doi.​
org/​10.​1038/​s41699-​021-​00261-w

	 21.	 L. Fang, S. Dai, Y. Zhao, D. Liu, J. Huang, Light-stimulated 
artificial synapses based on 2D organic field-effect transis-
tors. Adv. Electron. Mater. 6(1), 1901217 (2020). https://​doi.​
org/​10.​1002/​aelm.​20190​1217

	 22.	 W. Wang, S. Gao, Y. Li, W. Yue, H. Kan et al., Artificial opto-
electronic synapses based on TiNxO2–x/MoS2 heterojunction 
for neuromorphic computing and visual system. Adv. Funct. 
Mater. 31(34), 2101201 (2021). https://​doi.​org/​10.​1002/​adfm.​
20210​1201

	 23.	 B. Pradhan, S. Das, J. Li, F. Chowdhury, J. Cherusseri et al., 
Ultrasensitive and ultrathin phototransistors and photonic 
synapses using perovskite quantum dots grown from gra-
phene lattice. Sci. Adv. 6(7), eaay5225 (2020). https://​doi.​
org/​10.​1126/​sciadv.​aay52​25

	 24.	 B. Gholipour, P. Bastock, C. Craig, K. Khan, D. Hewak et al., 
Amorphous metal-sulphide microfibers enable photonic 
synapses for brain-like computing. Adv. Opt. Mater. 3(5), 
635–641 (2015). https://​doi.​org/​10.​1002/​adom.​20140​0472

	 25.	 J.-Y. Wu, Y.T. Chun, S. Li, T. Zhang, J. Wang et al., Broad-
band MoS2 field-effect phototransistors: ultrasensitive 

visible-light photoresponse and negative infrared photore-
sponse. Adv. Mater. 30(7), 1705880 (2018). https://​doi.​org/​
10.​1002/​adma.​20170​5880

	 26.	 Q. Wu, J. Wang, J. Cao, C. Lu, G. Yang et al., Photoelectric 
plasticity in oxide thin film transistors with tunable synap-
tic functions. Adv. Electron. Mater. 4(12), 1800556 (2018). 
https://​doi.​org/​10.​1002/​aelm.​20180​0556

	 27.	 R. Karimi Azari, L.P. Camargo, J.R.H. Garza, L. Collins, W. 
Yu Tsai et al., Emulation of synaptic plasticity in WO3-based 
ion-gated transistors. Adv. Electron. Mater. 11(8), 2400807 
(2025). https://​doi.​org/​10.​1002/​aelm.​20240​0807

	 28.	 Y. Lee, T.-W. Lee, Organic synapses for neuromorphic 
electronics: from brain-inspired computing to sensorimotor 
nervetronics. Acc. Chem. Res. 52(4), 964–974 (2019). https://​
doi.​org/​10.​1021/​acs.​accou​nts.​8b005​53

	 29.	 H. Dong, H. Zhu, Q. Meng, X. Gong, W. Hu, Organic pho-
toresponse materials and devices. Chem. Soc. Rev. 41(5), 
1754–1808 (2012). https://​doi.​org/​10.​1039/​c1cs1​5205j

	 30.	 H. Chen, Y. Cai, Y. Han, H. Huang, Towards artificial visual 
sensory system: organic optoelectronic synaptic materials and 
devices. Angew. Chem. Int. Ed. 63(1), e202313634 (2024). 
https://​doi.​org/​10.​1002/​anie.​20231​3634

	 31.	 J. Stollberg, Synapse elimination, the size principle, and Heb-
bian synapses. J. Neurobiol. 26(2), 273–282 (1995). https://​
doi.​org/​10.​1002/​neu.​48026​0211

	 32.	 L. Wang, R.S.T. Lee, Excitatory and inhibitory neuronal 
synapse unit: a novel recurrent cell for time series predic-
tion. Neurocomputing 594, 127858 (2024). https://​doi.​org/​
10.​1016/j.​neucom.​2024.​127858

	 33.	 Y. Bai, T. Suzuki, Activity-dependent synaptic plasticity in 
Drosophila melanogaster. Front. Physiol. 11, 161 (2020). 
https://​doi.​org/​10.​3389/​fphys.​2020.​00161

	 34.	 M. DiNuzzo, F. Giove, Activity-dependent energy budget for 
neocortical signaling: effect of short-term synaptic plasticity 
on the energy expended by spiking and synaptic activity. J. 
Neurosci. Res. 90(11), 2094–2102 (2012). https://​doi.​org/​10.​
1002/​jnr.​23098

	 35.	 F. Gobbo, A. Cattaneo, Neuronal activity at synapse resolu-
tion: reporters and effectors for synaptic neuroscience. Front. 
Mol. Neurosci. 13, 572312 (2020). https://​doi.​org/​10.​3389/​
fnmol.​2020.​572312

	 36.	 C. Wu, T. Ruan, Y. Yuan, C. Xu, L. Du et al., Alterations 
in synaptic connectivity and synaptic transmission in Alz-
heimer’s disease with high physical activity. J. Alzheimers 
Dis. 99(3), 1005–1022 (2024). https://​doi.​org/​10.​3233/​
JAD-​240123

	 37.	 Y. Ozaki, A. Soya, J. Nakamura, T. Matsumoto, Y. Ueta, 
Potentiation by angiotensin II of spontaneous excitatory post-
synaptic currents in rat supraoptic magnocellular neurones. 
J. Neuroendocrinol. 16(11), 871–879 (2004). https://​doi.​org/​
10.​1111/j.​1365-​2826.​2004.​01244.x

	 38.	 J.-J. Zhang, X.-D. Liu, L.-C. Yu, Influences of morphine on 
the spontaneous and evoked excitatory postsynaptic currents 
in lateral amygdala of rats. Physiol. Res. 65(1), 165–169 
(2016). https://​doi.​org/​10.​33549/​physi​olres.​933027

https://doi.org/10.1038/ncomms15448
https://doi.org/10.1038/ncomms15448
https://doi.org/10.1007/s11571-018-9490-4
https://doi.org/10.1007/s11571-018-9490-4
https://doi.org/10.1002/adma.201700906
https://doi.org/10.1002/adma.201700906
https://doi.org/10.1002/adfm.202106151
https://doi.org/10.1002/adfm.201903700
https://doi.org/10.1002/adfm.201903700
https://doi.org/10.1109/LED.2021.3090906
https://doi.org/10.1002/smll.202501997
https://doi.org/10.1021/acsami.5c07976
https://doi.org/10.1021/acsami.5c07976
https://doi.org/10.1038/s41699-021-00261-w
https://doi.org/10.1038/s41699-021-00261-w
https://doi.org/10.1002/aelm.201901217
https://doi.org/10.1002/aelm.201901217
https://doi.org/10.1002/adfm.202101201
https://doi.org/10.1002/adfm.202101201
https://doi.org/10.1126/sciadv.aay5225
https://doi.org/10.1126/sciadv.aay5225
https://doi.org/10.1002/adom.201400472
https://doi.org/10.1002/adma.201705880
https://doi.org/10.1002/adma.201705880
https://doi.org/10.1002/aelm.201800556
https://doi.org/10.1002/aelm.202400807
https://doi.org/10.1021/acs.accounts.8b00553
https://doi.org/10.1021/acs.accounts.8b00553
https://doi.org/10.1039/c1cs15205j
https://doi.org/10.1002/anie.202313634
https://doi.org/10.1002/neu.480260211
https://doi.org/10.1002/neu.480260211
https://doi.org/10.1016/j.neucom.2024.127858
https://doi.org/10.1016/j.neucom.2024.127858
https://doi.org/10.3389/fphys.2020.00161
https://doi.org/10.1002/jnr.23098
https://doi.org/10.1002/jnr.23098
https://doi.org/10.3389/fnmol.2020.572312
https://doi.org/10.3389/fnmol.2020.572312
https://doi.org/10.3233/JAD-240123
https://doi.org/10.3233/JAD-240123
https://doi.org/10.1111/j.1365-2826.2004.01244.x
https://doi.org/10.1111/j.1365-2826.2004.01244.x
https://doi.org/10.33549/physiolres.933027


Nano-Micro Lett.          (2026) 18:203 	 Page 37 of 46    203 

	 39.	 A. Dvorzhak, O. Myakhar, A. Kamkin, K. Kirmse, S. 
Kirischuk, Postsynaptically different inhibitory postsynaptic 
currents in Cajal-Retzius cells in the developing neocortex. 
NeuroReport 19(12), 1213–1216 (2008). https://​doi.​org/​10.​
1097/​WNR.​0b013​e3283​08daa0

	 40.	 B. Szabo, L. Dörner, C. Pfreundtner, W. Nörenberg, K. 
Starke, Inhibition of GABAergic inhibitory postsynaptic 
currents by cannabinoids in rat corpus striatum. Neurosci-
ence 85(2), 395–403 (1998). https://​doi.​org/​10.​1016/​S0306-​
4522(97)​00597-6

	 41.	 K.C. Bittner, A.D. Milstein, C. Grienberger, S. Romani, J.C. 
Magee, Behavioral time scale synaptic plasticity underlies 
CA1 place fields. Science 357(6355), 1033–1036 (2017). 
https://​doi.​org/​10.​1126/​scien​ce.​aan38​46

	 42.	 J.C. Magee, C. Grienberger, Synaptic plasticity forms and 
functions. Annu. Rev. Neurosci. 43, 95–117 (2020). https://​
doi.​org/​10.​1146/​annur​ev-​neuro-​090919-​022842

	 43.	 S.L. Jackman, W.G. Regehr, The mechanisms and functions 
of synaptic facilitation. Neuron 94(3), 447–464 (2017). 
https://​doi.​org/​10.​1016/j.​neuron.​2017.​02.​047

	 44.	 L.Q. Zhu, C.J. Wan, L.Q. Guo, Y. Shi, Q. Wan, Artificial 
synapse network on inorganic proton conductor for neuro-
morphic systems. Nat. Commun. 5, 3158 (2014). https://​doi.​
org/​10.​1038/​ncomm​s4158

	 45.	 D.M. Bannerman, R. Sprengel, D.J. Sanderson, S.B. 
McHugh, J.N.P. Rawlins et al., Hippocampal synaptic plas-
ticity, spatial memory and anxiety. Nat. Rev. Neurosci. 15(3), 
181–192 (2014). https://​doi.​org/​10.​1038/​nrn36​77

	 46.	 S. Grover, W. Wen, V. Viswanathan, C.T. Gill, R.M.G. Rein-
hart, Long-lasting, dissociable improvements in working 
memory and long-term memory in older adults with repeti-
tive neuromodulation. Nat. Neurosci. 25(9), 1237–1246 
(2022). https://​doi.​org/​10.​1038/​s41593-​022-​01132-3

	 47.	 M.-K. Kim, J.-S. Lee, Short-term plasticity and long-term 
potentiation in artificial biosynapses with diffusive dynamics. 
ACS Nano 12(2), 1680–1687 (2018). https://​doi.​org/​10.​1021/​
acsna​no.​7b083​31

	 48.	 S. Gao, G. Liu, H. Yang, C. Hu, Q. Chen et al., An oxide 
Schottky junction artificial optoelectronic synapse. ACS 
Nano 13(2), 2634–2642 (2019). https://​doi.​org/​10.​1021/​acsna​
no.​9b003​40

	 49.	 C. Lu, J. Meng, J. Song, T. Wang, H. Zhu et al., Self-rectify-
ing all-optical modulated optoelectronic multistates memris-
tor crossbar array for neuromorphic computing. Nano Lett. 
24(5), 1667–1672 (2024). https://​doi.​org/​10.​1021/​acs.​nanol​
ett.​3c043​58

	 50.	 N. Li, C. He, Q. Wang, J. Tang, Q. Zhang et al., Gate-tunable 
large-scale flexible monolayer MoS2 devices for photodetec-
tors and optoelectronic synapses. Nano Res. 15(6), 5418–
5424 (2022). https://​doi.​org/​10.​1007/​s12274-​022-​4122-z

	 51.	 J. Zhu, Y. Yang, R. Jia, Z. Liang, W. Zhu et al., Ion gated 
synaptic transistors based on 2D van der Waals crystals with 
tunable diffusive dynamics. Adv. Mater. 30(21), 1800195 
(2018). https://​doi.​org/​10.​1002/​adma.​20180​0195

	 52.	 R.S. Zucker, W.G. Regehr, Short-term synaptic plasticity. 
Annu. Rev. Physiol. 64, 355–405 (2002). https://​doi.​org/​10.​
1146/​annur​ev.​physi​ol.​64.​092501.​114547

	 53.	 C. Tian, J. Ma, C. Zhang, P. Zhan, A deep neural network 
model for short-term load forecast based on long short-term 
memory network and convolutional neural network. Energies 
11(12), 3493 (2018). https://​doi.​org/​10.​3390/​en111​23493

	 54.	 H. Zhou, Y. Zhang, L. Yang, Q. Liu, K. Yan et al., Short-
term photovoltaic power forecasting based on long short 
term memory neural network and attention mechanism. IEEE 
Access 7, 78063–78074 (2019). https://​doi.​org/​10.​21227/​
9hje-​dz22

	 55.	 H.-K. He, R. Yang, W. Zhou, H.-M. Huang, J. Xiong et al., 
Photonic potentiation and electric habituation in ultrathin 
memristive synapses based on monolayer MoS2. Small 
14(15), 1800079 (2018). https://​doi.​org/​10.​1002/​smll.​20180​
0079

	 56.	 K. Pilarczyk, A. Podborska, M. Lis, M. Kawa, D. Migdal 
et al., Synaptic behavior in an optoelectronic device based on 
semiconductor-nanotube hybrid. Adv. Electron. Mater. 2(6), 
1500471 (2016). https://​doi.​org/​10.​1002/​aelm.​20150​0471

	 57.	 C.-S. Yang, D.-S. Shang, Y.-S. Chai, L.-Q. Yan, B.-G. Shen 
et al., Electrochemical-reaction-induced synaptic plasticity in 
MoOx-based solid state electrochemical cells. Phys. Chem. 
Chem. Phys. 19(6), 4190–4198 (2017). https://​doi.​org/​10.​
1039/​c6cp0​6004h

	 58.	 S.W. Cho, S.M. Kwon, M. Lee, J.-W. Jo, J.S. Heo et al., 
Multi-spectral gate-triggered heterogeneous photonic neuro-
transistors for power-efficient brain-inspired neuromorphic 
computing. Nano Energy 66, 104097 (2019). https://​doi.​org/​
10.​1016/j.​nanoen.​2019.​104097

	 59.	 Y.B. Guo, L.Q. Zhu, W.T. Gao, Z.Y. Ren, H. Xiao et al., Low-
voltage protonic/photonic synergic coupled oxide phototran-
sistor. Org. Electron. 71, 31–35 (2019). https://​doi.​org/​10.​
1016/j.​orgel.​2019.​04.​038

	 60.	 M.L. Schneider, C.A. Donnelly, S.E. Russek, B. Baek, 
M.R. Pufall et al., Ultralow power artificial synapses using 
nanotextured magnetic Josephson junctions. Sci. Adv. 4(1), 
e1701329 (2018). https://​doi.​org/​10.​1126/​sciadv.​17013​29

	 61.	 G. Indiveri, E. Chicca, R. Douglas, A VLSI array of low-
power spiking neurons and bistable synapses with spike-tim-
ing dependent plasticity. IEEE Trans. Neural Netw. 17(1), 
211–221 (2006). https://​doi.​org/​10.​1109/​TNN.​2005.​860850

	 62.	 Y. van de Burgt, E. Lubberman, E.J. Fuller, S.T. Keene, G.C. 
Faria et al., A non-volatile organic electrochemical device as 
a low-voltage artificial synapse for neuromorphic computing. 
Nat. Mater. 16(4), 414–418 (2017). https://​doi.​org/​10.​1038/​
nmat4​856

	 63.	 F. Teng, K. Hu, W. Ouyang, X. Fang, Photoelectric detec-
tors based on inorganic p-type semiconductor materials. Adv. 
Mater. 30(35), e1706262 (2018). https://​doi.​org/​10.​1002/​
adma.​20170​6262

	 64.	 W. Ouyang, F. Teng, J.-H. He, X. Fang, Enhancing the photo-
electric performance of photodetectors based on metal oxide 
semiconductors by charge-carrier engineering. Adv. Funct. 

https://doi.org/10.1097/WNR.0b013e328308daa0
https://doi.org/10.1097/WNR.0b013e328308daa0
https://doi.org/10.1016/S0306-4522(97)00597-6
https://doi.org/10.1016/S0306-4522(97)00597-6
https://doi.org/10.1126/science.aan3846
https://doi.org/10.1146/annurev-neuro-090919-022842
https://doi.org/10.1146/annurev-neuro-090919-022842
https://doi.org/10.1016/j.neuron.2017.02.047
https://doi.org/10.1038/ncomms4158
https://doi.org/10.1038/ncomms4158
https://doi.org/10.1038/nrn3677
https://doi.org/10.1038/s41593-022-01132-3
https://doi.org/10.1021/acsnano.7b08331
https://doi.org/10.1021/acsnano.7b08331
https://doi.org/10.1021/acsnano.9b00340
https://doi.org/10.1021/acsnano.9b00340
https://doi.org/10.1021/acs.nanolett.3c04358
https://doi.org/10.1021/acs.nanolett.3c04358
https://doi.org/10.1007/s12274-022-4122-z
https://doi.org/10.1002/adma.201800195
https://doi.org/10.1146/annurev.physiol.64.092501.114547
https://doi.org/10.1146/annurev.physiol.64.092501.114547
https://doi.org/10.3390/en11123493
https://doi.org/10.21227/9hje-dz22
https://doi.org/10.21227/9hje-dz22
https://doi.org/10.1002/smll.201800079
https://doi.org/10.1002/smll.201800079
https://doi.org/10.1002/aelm.201500471
https://doi.org/10.1039/c6cp06004h
https://doi.org/10.1039/c6cp06004h
https://doi.org/10.1016/j.nanoen.2019.104097
https://doi.org/10.1016/j.nanoen.2019.104097
https://doi.org/10.1016/j.orgel.2019.04.038
https://doi.org/10.1016/j.orgel.2019.04.038
https://doi.org/10.1126/sciadv.1701329
https://doi.org/10.1109/TNN.2005.860850
https://doi.org/10.1038/nmat4856
https://doi.org/10.1038/nmat4856
https://doi.org/10.1002/adma.201706262
https://doi.org/10.1002/adma.201706262


	 Nano-Micro Lett.          (2026) 18:203   203   Page 38 of 46

https://doi.org/10.1007/s40820-025-02036-0© The authors

Mater. 29(9), 1807672 (2019). https://​doi.​org/​10.​1002/​adfm.​
20180​7672

	 65.	 S. Li, L. Zhan, C. Sun, H. Zhu, G. Zhou et al., Highly efficient 
fullerene-free organic solar cells operate at near zero highest 
occupied molecular orbital offsets. J. Am. Chem. Soc. 141(7), 
3073–3082 (2019). https://​doi.​org/​10.​1021/​jacs.​8b121​26

	 66.	 C. Sun, S. Qin, R. Wang, S. Chen, F. Pan et al., High effi-
ciency polymer solar cells with efficient hole transfer at zero 
highest occupied molecular orbital offset between methyl-
ated polymer donor and brominated acceptor. J. Am. Chem. 
Soc. 142(3), 1465–1474 (2020). https://​doi.​org/​10.​1021/​jacs.​
9b099​39

	 67.	 Y. Yuan, G. Giri, A.L. Ayzner, A.P. Zoombelt, S.C.B. Manns-
feld et al., Ultra-high mobility transparent organic thin film 
transistors grown by an off-centre spin-coating method. Nat. 
Commun. 5, 3005 (2014). https://​doi.​org/​10.​1038/​ncomm​
s4005

	 68.	 P.E. Shaw, A. Ruseckas, I.D.W. Samuel, Exciton diffu-
sion measurements in poly(3-hexylthiophene). Adv. Mater. 
20(18), 3516–3520 (2008). https://​doi.​org/​10.​1002/​adma.​
20080​0982

	 69.	 K.-J. Baeg, M. Binda, D. Natali, M. Caironi, Y.-Y. Noh, 
Organic light detectors: photodiodes and phototransistors. 
Adv. Mater. 25(31), 4267–4295 (2013). https://​doi.​org/​10.​
1002/​adma.​20120​4979

	 70.	 M.A. Brady, G.M. Su, M.L. Chabinyc, Recent progress in the 
morphology of bulk heterojunction photovoltaics. Soft Matter 
7(23), 11065 (2011). https://​doi.​org/​10.​1039/​c1sm0​6147j

	 71.	 M.A. Ruderer, P. Müller-Buschbaum, Morphology of poly-
mer-based bulk heterojunction films for organic photovolta-
ics. Soft Matter 7(12), 5482 (2011). https://​doi.​org/​10.​1039/​
c0sm0​1502d

	 72.	 T. Sun, B. Feng, J. Huo, Y. Xiao, W. Wang et al., Artificial 
intelligence meets flexible sensors: emerging smart flexible 
sensing systems driven by machine learning and artificial 
synapses. Nano-Micro Lett. 16(1), 14 (2023). https://​doi.​org/​
10.​1007/​s40820-​023-​01235-x

	 73.	 X. Bai, X. Zhang, Artificial intelligence-powered materials 
science. Nano-Micro Lett. 17(1), 135 (2025). https://​doi.​org/​
10.​1007/​s40820-​024-​01634-8

	 74.	 K. He, C. Wang, Y. He, J. Su, X. Chen, Artificial neuron 
devices. Chem. Rev. 123(23), 13796–13865 (2023). https://​
doi.​org/​10.​1021/​acs.​chemr​ev.​3c005​27

	 75.	 S. Wang, X. Shi, J. Gong, W. Liu, C. Jin et al., Artificial 
retina based on organic heterojunction transistors for mobile 
recognition. Nano Lett. 24(10), 3204–3212 (2024). https://​
doi.​org/​10.​1021/​acs.​nanol​ett.​4c000​87

	 76.	 B. Mu, L. Guo, J. Liao, P. Xie, G. Ding et al., Near-infrared 
artificial synapses for artificial sensory neuron system. Small 
17(38), e2103837 (2021). https://​doi.​org/​10.​1002/​smll.​20210​
3837

	 77.	 S. Kang, S. Sohn, H. Kim, H.J. Yun, B.C. Jang et al., Imitat-
ing synapse behavior: exploiting off-current in TPBi-doped 
small molecule phototransistors for broadband wavelength 
recognition. ACS Appl. Mater. Interfaces 16(9), 11758–
11766 (2024). https://​doi.​org/​10.​1021/​acsami.​3c178​55

	 78.	 J. Anderson, B. Anderson, The myth of persistence of vision 
revisited. J. Film Video 45(1), 3–12 (1993)

	 79.	 Y. Gu, Z. Guo, W. Yuan, M. Kong, Y. Liu et al., High-sensi-
tivity imaging of time-domain near-infrared light transducer. 
Nat. Photonics 13(8), 525–531 (2019). https://​doi.​org/​10.​
1038/​s41566-​019-​0437-z

	 80.	 L. Jiang, T. Chen, E. Song, Y. Fan, D. Min et al., High-per-
formance near-infrared fluorescence probe for fast and spe-
cific visualization of harmful sulfite in food, living cells, and 
zebrafish. Chem. Eng. J. 427, 131563 (2022). https://​doi.​org/​
10.​1016/j.​cej.​2021.​131563

	 81.	 Y. Yang, Y. Xie, F. Zhang, Second near-infrared window fluo-
rescence nanoprobes for deep-tissue in vivo multiplexed bio-
imaging. Adv. Drug Deliv. Rev. 193, 114697 (2023). https://​
doi.​org/​10.​1016/j.​addr.​2023.​114697

	 82.	 X. Zhao, C. Li, H. Qi, J. Huang, Y. Xu et al., Integrated 
near-infrared fiber-optic photoacoustic sensing demodulator 
for ultra-high sensitivity gas detection. Photoacoustics 33, 
100560 (2023). https://​doi.​org/​10.​1016/j.​pacs.​2023.​100560

	 83.	 Z. Lv, Y. Wang, J. Chen, J. Wang, Y. Zhou et al., Semiconduc-
tor quantum dots for memories and neuromorphic computing 
systems. Chem. Rev. 120(9), 3941–4006 (2020). https://​doi.​
org/​10.​1021/​acs.​chemr​ev.​9b007​30

	 84.	 N.P. Dasgupta, J. Sun, C. Liu, S. Brittman, S.C. Andrews 
et al., 25th anniversary article: semiconductor nanowires: 
synthesis, characterization, and applications. Adv. Mater. 
26(14), 2137–2184 (2014). https://​doi.​org/​10.​1002/​adma.​
20130​5929

	 85.	 H. Zhang, Ö. Gül, S. Conesa-Boj, M.P. Nowak, M. Wimmer 
et al., Ballistic superconductivity in semiconductor nanow-
ires. Nat. Commun. 8, 16025 (2017). https://​doi.​org/​10.​1038/​
ncomm​s16025

	 86.	 Y. Tong, B.J. Bohn, E. Bladt, K. Wang, P. Müller-Buschbaum 
et al., From precursor powders to CsPbX3 perovskite nanow-
ires: one-pot synthesis, growth mechanism, and oriented 
self-assembly. Angew. Chem. Int. Ed. 56(44), 13887–13892 
(2017). https://​doi.​org/​10.​1002/​anie.​20170​7224

	 87.	 G. Zhou, L. Xu, G. Hu, L. Mai, Y. Cui, Nanowires for electro-
chemical energy storage. Chem. Rev. 119(20), 11042–11109 
(2019). https://​doi.​org/​10.​1021/​acs.​chemr​ev.​9b003​26

	 88.	 Y.-J. Kim, C.-H. Cho, K. Paek, M. Jo, M.-K. Park et al., 
Precise control of quantum dot location within the P3HT-
b-P2VP/QD nanowires formed by crystallization-driven 1D 
growth of hybrid dimeric seeds. J. Am. Chem. Soc. 136(7), 
2767–2774 (2014). https://​doi.​org/​10.​1021/​ja410​165f

	 89.	 S. Ren, L.-Y. Chang, S.-K. Lim, J. Zhao, M. Smith et al., 
Inorganic–organic hybrid solar cell: bridging quantum dots to 
conjugated polymer nanowires. Nano Lett. 11(9), 3998–4002 
(2011). https://​doi.​org/​10.​1021/​nl202​435t

	 90.	 Z. Zhang, S. Wang, Z. Wang, L. Ding, T. Pei et al., Almost 
perfectly symmetric SWCNT-based CMOS devices and scal-
ing. ACS Nano 3(11), 3781–3787 (2009). https://​doi.​org/​10.​
1021/​nn901​079p

	 91.	 Q. Cao, H.-S. Kim, N. Pimparkar, J.P. Kulkarni, C. Wang 
et al., Medium-scale carbon nanotube thin-film integrated 

https://doi.org/10.1002/adfm.201807672
https://doi.org/10.1002/adfm.201807672
https://doi.org/10.1021/jacs.8b12126
https://doi.org/10.1021/jacs.9b09939
https://doi.org/10.1021/jacs.9b09939
https://doi.org/10.1038/ncomms4005
https://doi.org/10.1038/ncomms4005
https://doi.org/10.1002/adma.200800982
https://doi.org/10.1002/adma.200800982
https://doi.org/10.1002/adma.201204979
https://doi.org/10.1002/adma.201204979
https://doi.org/10.1039/c1sm06147j
https://doi.org/10.1039/c0sm01502d
https://doi.org/10.1039/c0sm01502d
https://doi.org/10.1007/s40820-023-01235-x
https://doi.org/10.1007/s40820-023-01235-x
https://doi.org/10.1007/s40820-024-01634-8
https://doi.org/10.1007/s40820-024-01634-8
https://doi.org/10.1021/acs.chemrev.3c00527
https://doi.org/10.1021/acs.chemrev.3c00527
https://doi.org/10.1021/acs.nanolett.4c00087
https://doi.org/10.1021/acs.nanolett.4c00087
https://doi.org/10.1002/smll.202103837
https://doi.org/10.1002/smll.202103837
https://doi.org/10.1021/acsami.3c17855
https://doi.org/10.1038/s41566-019-0437-z
https://doi.org/10.1038/s41566-019-0437-z
https://doi.org/10.1016/j.cej.2021.131563
https://doi.org/10.1016/j.cej.2021.131563
https://doi.org/10.1016/j.addr.2023.114697
https://doi.org/10.1016/j.addr.2023.114697
https://doi.org/10.1016/j.pacs.2023.100560
https://doi.org/10.1021/acs.chemrev.9b00730
https://doi.org/10.1021/acs.chemrev.9b00730
https://doi.org/10.1002/adma.201305929
https://doi.org/10.1002/adma.201305929
https://doi.org/10.1038/ncomms16025
https://doi.org/10.1038/ncomms16025
https://doi.org/10.1002/anie.201707224
https://doi.org/10.1021/acs.chemrev.9b00326
https://doi.org/10.1021/ja410165f
https://doi.org/10.1021/nl202435t
https://doi.org/10.1021/nn901079p
https://doi.org/10.1021/nn901079p


Nano-Micro Lett.          (2026) 18:203 	 Page 39 of 46    203 

circuits on flexible plastic substrates. Nature 454(7203), 
495–500 (2008). https://​doi.​org/​10.​1038/​natur​e07110

	 92.	 S.J. Tans, A.R.M. Verschueren, C. Dekker, Room-temper-
ature transistor based on a single carbon nanotube. Nature 
393(6680), 49–52 (1998). https://​doi.​org/​10.​1038/​29954

	 93.	 Z. Zhang, S. Wang, L. Ding, X. Liang, T. Pei et al., Self-
aligned ballistic n-type single-walled carbon nanotube field-
effect transistors with adjustable threshold voltage. Nano 
Lett. 8(11), 3696–3701 (2008). https://​doi.​org/​10.​1021/​nl801​
8802

	 94.	 X. Li, S. Chen, P.-F. Liu, Y. Zhang, Y. Chen et al., Evidence 
for ferroelectricity of all-inorganic perovskite CsPbBr3 quan-
tum dots. J. Am. Chem. Soc. 142(7), 3316–3320 (2020). 
https://​doi.​org/​10.​1021/​jacs.​9b122​54

	 95.	 Y. Chen, Y. Chu, X. Wu, W. Ou-Yang, J. Huang, High-per-
formance inorganic perovskite quantum dot-organic semicon-
ductor hybrid phototransistors. Adv. Mater. 29(44), 1704062 
(2017). https://​doi.​org/​10.​1002/​adma.​20170​4062

	 96.	 K. Wang, S. Dai, Y. Zhao, Y. Wang, C. Liu et al., Light-stim-
ulated synaptic transistors fabricated by a facile solution pro-
cess based on inorganic perovskite quantum dots and organic 
semiconductors. Small 15(11), 1900010 (2019). https://​doi.​
org/​10.​1002/​smll.​20190​0010

	 97.	 D. Hao, J. Zhang, S. Dai, J. Zhang, J. Huang, Perovskite/
organic semiconductor-based photonic synaptic transistor for 
artificial visual system. ACS Appl. Mater. Interfaces 12(35), 
39487–39495 (2020). https://​doi.​org/​10.​1021/​acsami.​0c108​
51

	 98.	 D. Hao, J. Zou, J. Huang, Recent developments in flexible 
photodetectors based on metal halide perovskite. InfoMat 
2(1), 139–169 (2020). https://​doi.​org/​10.​1002/​inf2.​12053

	 99.	 Q. Shi, D. Liu, D. Hao, J. Zhang, L. Tian et al., Printable, 
ultralow-power ternary synaptic transistors for multifunc-
tional information processing system. Nano Energy 87, 
106197 (2021). https://​doi.​org/​10.​1016/j.​nanoen.​2021.​
106197

	100.	 J. Kuang, K. Liu, M. Liu, M. Shao, M. Zhu et al., Interface 
defects tuning in polymer-perovskite phototransistors for 
visual synapse and adaptation functions. Adv. Funct. Mater. 
33(5), 2209502 (2023). https://​doi.​org/​10.​1002/​adfm.​20220​
9502

	101.	 Z. Zhao, Z. Hu, M. Deng, E. Hong, P. Wang et al., Bias-
switchable photodetection and photosynapse dual-functional 
devices based on 2D perovskite/organic heterojunction for 
imaging-to-recognition conversion. Adv. Mater. 37(5), 
2416033 (2025). https://​doi.​org/​10.​1002/​adma.​20241​6033

	102.	 S. Feng, J. Li, L. Feng, Z. Liu, J. Wang et al., Dual-mode 
conversion of photodetector and neuromorphic vision sensor 
via bias voltage regulation on a single device. Adv. Mater. 
35(49), e2308090 (2023). https://​doi.​org/​10.​1002/​adma.​
20230​8090

	103.	 C. Fu, J. Yang, J. Wang, S. Luo, L. Luo et al., Dual-mode 
semiconductor device enabling optoelectronic detection and 
neuromorphic processing with extended spectral responsiv-
ity. Adv. Mater. 36(49), e2409406 (2024). https://​doi.​org/​10.​
1002/​adma.​20240​9406

	104.	 E. Ercan, Y.-C. Lin, W.-C. Yang, W.-C. Chen, Self-assembled 
nanostructures of quantum dot/conjugated polymer hybrids 
for photonic synaptic transistors with ultralow energy con-
sumption and zero-gate bias. Adv. Funct. Mater. 32(6), 
2107925 (2022). https://​doi.​org/​10.​1002/​adfm.​20210​7925

	105.	 X. Luo, W. Deng, F. Sheng, X. Ren, Z. Zhao et al., Bionic 
scotopic adaptation transistors for nighttime low illumination 
imaging. ACS Nano 18(21), 13726–13737 (2024). https://​doi.​
org/​10.​1021/​acsna​no.​4c016​63

	106.	 Y. Wang, Z. Lv, J. Chen, Z. Wang, Y. Zhou et al., Photonic 
synapses based on inorganic perovskite quantum dots for neu-
romorphic computing. Adv. Mater. 30(38), 1802883 (2018). 
https://​doi.​org/​10.​1002/​adma.​20180​2883

	107.	 D. Uddin, B.G. Jeffrey, O. Flynn, W. Wong, H. Wiley et al., 
Repeatability of scotopic sensitivity and dark adaptation 
using a medmont dark-adapted chromatic perimeter in age-
related macular degeneration. Transl. Vis. Sci. Technol. 9(7), 
31 (2020). https://​doi.​org/​10.​1167/​tvst.9.​7.​31

	108.	 G.R. Jackson, C. Owsley, E. Price Cordle, C.D. Finley, Aging 
and scotopic sensitivity. Vis. Res. 38(22), 3655–3662 (1998). 
https://​doi.​org/​10.​1016/​S0042-​6989(98)​00044-3

	109.	 S. Hong, S.H. Choi, J. Park, H. Yoo, J.Y. Oh et al., Sen-
sory adaptation and neuromorphic phototransistors based on 
CsPb(Br1–xIx)3 perovskite and MoS2 hybrid structure. ACS 
Nano 14(8), 9796–9806 (2020). https://​doi.​org/​10.​1021/​acsna​
no.​0c016​89

	110.	 C. Jin, W. Liu, Y. Xu, Y. Huang, Y. Nie et al., Artificial vision 
adaption mimicked by an optoelectrical In2O3 transistor array. 
Nano Lett. 22(8), 3372–3379 (2022). https://​doi.​org/​10.​1021/​
acs.​nanol​ett.​2c005​99

	111.	 X. Sha, Y. Cao, L. Meng, Z. Yao, Y. Gao et al., Near-infrared 
photonic artificial synapses based on organic heterojunction 
phototransistors. Appl. Phys. Lett. 120(15), 151103 (2022). 
https://​doi.​org/​10.​1063/5.​00839​25

	112.	 N. Sui, Y. Ji, M. Li, F. Zheng, S. Shao et al., Photopro-
grammed multifunctional optoelectronic synaptic transistor 
arrays based on photosensitive polymer-sorted semiconduct-
ing single-walled carbon nanotubes for image recognition. 
Adv. Sci. 11(29), 2401794 (2024). https://​doi.​org/​10.​1002/​
advs.​20240​1794

	113.	 Y.-B. Leng, Z. Lv, S. Huang, P. Xie, H.-X. Li et al., A near-
infrared retinomorphic device with high dimensionality reser-
voir expression. Adv. Mater. 36(48), 2411225 (2024). https://​
doi.​org/​10.​1002/​adma.​20241​1225

	114.	 X. Luo, C. Chen, Z. He, M. Wang, K. Pan et al., A bionic self-
driven retinomorphic eye with ionogel photosynaptic retina. 
Nat. Commun. 15(1), 3086 (2024). https://​doi.​org/​10.​1038/​
s41467-​024-​47374-6

	115.	 C. Gallicchio, A. Micheli, Echo state property of deep res-
ervoir computing networks. Cogn. Comput. 9(3), 337–350 
(2017). https://​doi.​org/​10.​1007/​s12559-​017-​9461-9

	116.	 L. Chen, X. Wang, C. Yang, Z. Chen, J. Zhang et al., Full-
analog reservoir computing circuit based on memristor with 
a hybrid wide-deep architecture. IEEE Trans. Circuits Syst. I 
Regul. Pap. 71(2), 501–514 (2024). https://​doi.​org/​10.​1109/​
TCSI.​2023.​33342​67

https://doi.org/10.1038/nature07110
https://doi.org/10.1038/29954
https://doi.org/10.1021/nl8018802
https://doi.org/10.1021/nl8018802
https://doi.org/10.1021/jacs.9b12254
https://doi.org/10.1002/adma.201704062
https://doi.org/10.1002/smll.201900010
https://doi.org/10.1002/smll.201900010
https://doi.org/10.1021/acsami.0c10851
https://doi.org/10.1021/acsami.0c10851
https://doi.org/10.1002/inf2.12053
https://doi.org/10.1016/j.nanoen.2021.106197
https://doi.org/10.1016/j.nanoen.2021.106197
https://doi.org/10.1002/adfm.202209502
https://doi.org/10.1002/adfm.202209502
https://doi.org/10.1002/adma.202416033
https://doi.org/10.1002/adma.202308090
https://doi.org/10.1002/adma.202308090
https://doi.org/10.1002/adma.202409406
https://doi.org/10.1002/adma.202409406
https://doi.org/10.1002/adfm.202107925
https://doi.org/10.1021/acsnano.4c01663
https://doi.org/10.1021/acsnano.4c01663
https://doi.org/10.1002/adma.201802883
https://doi.org/10.1167/tvst.9.7.31
https://doi.org/10.1016/S0042-6989(98)00044-3
https://doi.org/10.1021/acsnano.0c01689
https://doi.org/10.1021/acsnano.0c01689
https://doi.org/10.1021/acs.nanolett.2c00599
https://doi.org/10.1021/acs.nanolett.2c00599
https://doi.org/10.1063/5.0083925
https://doi.org/10.1002/advs.202401794
https://doi.org/10.1002/advs.202401794
https://doi.org/10.1002/adma.202411225
https://doi.org/10.1002/adma.202411225
https://doi.org/10.1038/s41467-024-47374-6
https://doi.org/10.1038/s41467-024-47374-6
https://doi.org/10.1007/s12559-017-9461-9
https://doi.org/10.1109/TCSI.2023.3334267
https://doi.org/10.1109/TCSI.2023.3334267


	 Nano-Micro Lett.          (2026) 18:203   203   Page 40 of 46

https://doi.org/10.1007/s40820-025-02036-0© The authors

	117.	 L. Pedrelli, X. Hinaut, Hierarchical-task reservoir for online 
semantic analysis from continuous speech. IEEE Trans. Neu-
ral Netw. Learn. Syst. 33(6), 2654–2663 (2022). https://​doi.​
org/​10.​1109/​TNNLS.​2021.​30951​40

	118.	 E.A. Antonelo, B. Schrauwen, On learning navigation 
behaviors for small mobile robots with reservoir computing 
architectures. IEEE Trans. Neural Netw. Learn. Syst. 26(4), 
763–780 (2015). https://​doi.​org/​10.​1109/​TNNLS.​2014.​23232​
47

	119.	 C. Gao, D. Liu, C. Xu, W. Xie, X. Zhang et al., Toward 
grouped-reservoir computing: organic neuromorphic vertical 
transistor with distributed reservoir states for efficient rec-
ognition and prediction. Nat. Commun. 15(1), 740 (2024). 
https://​doi.​org/​10.​1038/​s41467-​024-​44942-8

	120.	 N. Kumar, M. Patel, T.T. Nguyen, P. Bhatnagar, J. Kim, All-
oxide-based and metallic electrode-free artificial synapses for 
transparent neuromorphic computing. Mater. Today Chem. 
23, 100681 (2022). https://​doi.​org/​10.​1016/j.​mtchem.​2021.​
100681

	121.	 C. Jiang, J. Liu, Y. Ni, S. Qu, L. Liu et al., Mammalian-brain-
inspired neuromorphic motion-cognition nerve achieves 
cross-modal perceptual enhancement. Nat. Commun. 14(1), 
1344 (2023). https://​doi.​org/​10.​1038/​s41467-​023-​36935-w

	122.	 K. Yang, J.J. Yang, R. Huang, Y. Yang, Nonlinearity in mem-
ristors for neuromorphic dynamic systems. Small Sci. 2(1), 
2100049 (2021). https://​doi.​org/​10.​1002/​smsc.​20210​0049

	123.	 J. Chen, Z. Zhou, B.J. Kim, Y. Zhou, Z. Wang et al., Opto-
electronic graded neurons for bioinspired in-sensor motion 
perception. Nat. Nanotechnol. 18(8), 882–888 (2023). https://​
doi.​org/​10.​1038/​s41565-​023-​01379-2

	124.	 S. Liu, J. Zeng, Z. Wu, H. Hu, A. Xu et  al., An ultras-
mall organic synapse for neuromorphic computing. Nat. 
Commun. 14(1), 7655 (2023). https://​doi.​org/​10.​1038/​
s41467-​023-​43542-2

	125.	 T. Yan, Z. Li, F. Cao, J. Chen, L. Wu et al., An all-organic 
self-powered photodetector with ultraflexible dual-polarity 
output for biosignal detection. Adv. Mater. 34(30), 2201303 
(2022). https://​doi.​org/​10.​1002/​adma.​20220​1303

	126.	 J. Lao, M. Yan, B. Tian, C. Jiang, C. Luo et al., Ultralow-
power machine vision with self-powered sensor reservoir. 
Adv. Sci. 9(15), 2106092 (2022). https://​doi.​org/​10.​1002/​
advs.​20210​6092

	127.	 L. Gu, S. Poddar, Y. Lin, Z. Long, D. Zhang et al., A biomi-
metic eye with a hemispherical perovskite nanowire array 
retina. Nature 581(7808), 278–282 (2020). https://​doi.​org/​
10.​1038/​s41586-​020-​2285-x

	128.	 T.Q. Trung, A. Bag, L.T.N. Huyen, M. Meeseepong, N.-E. 
Lee, Bio-inspired artificial retinas based on a fibrous inor-
ganic–organic heterostructure for neuromorphic vision. Adv. 
Funct. Mater. 34(11), 2309378 (2024). https://​doi.​org/​10.​
1002/​adfm.​20230​9378

	129.	 C. Gao, D. Liu, C. Xu, J. Bai, E. Li et al., Feedforward photo-
adaptive organic neuromorphic transistor with mixed-weight 
plasticity for augmenting perception. Adv. Funct. Mater. 
34(18), 2313217 (2024). https://​doi.​org/​10.​1002/​adfm.​20231​
3217

	130.	 J.S. Heo, J. Eom, Y.-H. Kim, S.K. Park, Recent progress of 
textile-based wearable electronics: a comprehensive review 
of materials, devices, and applications. Small 14(3), 1703034 
(2018). https://​doi.​org/​10.​1002/​smll.​20170​3034

	131.	 W. Weng, J. Yang, Y. Zhang, Y. Li, S. Yang et al., A route 
toward smart system integration: from fiber design to device 
construction. Adv. Mater. 32(5), 1902301 (2020). https://​doi.​
org/​10.​1002/​adma.​20190​2301

	132.	 Y. Zhang, H. Wang, H. Lu, S. Li, Y. Zhang, Electronic fibers 
and textiles: recent progress and perspective. iScience 24(7), 
102716 (2021). https://​doi.​org/​10.​1016/j.​isci.​2021.​102716

	133.	 S. Chen, Z. Lou, D. Chen, G. Shen, An artificial flexible 
visual memory system based on an UV-motivated memristor. 
Adv. Mater. 30(7), 1705400 (2018). https://​doi.​org/​10.​1002/​
adma.​20170​5400

	134.	 S. Seo, S.-H. Jo, S. Kim, J. Shim, S. Oh et al., Artificial 
optic-neural synapse for colored and color-mixed pattern rec-
ognition. Nat. Commun. 9(1), 5106 (2018). https://​doi.​org/​
10.​1038/​s41467-​018-​07572-5

	135.	 H. Wang, Q. Zhao, Z. Ni, Q. Li, H. Liu et al., A ferroelectric/
electrochemical modulated organic synapse for ultraflex-
ible, artificial visual-perception system. Adv. Mater. 30(46), 
e1803961 (2018). https://​doi.​org/​10.​1002/​adma.​20180​3961

	136.	 S.M. Kwon, S.W. Cho, M. Kim, J.S. Heo, Y.-H. Kim et al., 
Environment-adaptable artificial visual perception behaviors 
using a light-adjustable optoelectronic neuromorphic device 
array. Adv. Mater. 31(52), 1906433 (2019). https://​doi.​org/​
10.​1002/​adma.​20190​6433

	137.	 S.E. Ng, Y.B. Tay, T.Y.K. Ho, N.M. Ankit, Inorganic elec-
trochromic transistors as environmentally adaptable photode-
tectors. Nano Energy 97, 107142 (2022). https://​doi.​org/​10.​
1016/j.​nanoen.​2022.​107142

	138.	 D. Xie, L. Wei, M. Xie, L. Jiang, J. Yang et al., Photoelectric 
visual adaptation based on 0D-CsPbBr3-quantum-dots/2D-
MoS2 mixed-dimensional heterojunction transistor. Adv. 
Funct. Mater. 31(14), 2010655 (2021). https://​doi.​org/​10.​
1002/​adfm.​20201​0655

	139.	 T.-J. Lee, K.-R. Yun, S.-K. Kim, J.-H. Kim, J. Jin et al., 
Realization of an artificial visual nervous system using an 
integrated optoelectronic device array. Adv. Mater. 33(51), 
2105485 (2021). https://​doi.​org/​10.​1002/​adma.​20210​5485

	140.	 H. Shen, Z. He, W. Jin, L. Xiang, W. Zhao et al., Mimicking 
sensory adaptation with dielectric engineered organic transis-
tors. Adv. Mater. 31(48), e1905018 (2019). https://​doi.​org/​10.​
1002/​adma.​20190​5018

	141.	 V.A. Pieribone, O. Shupliakov, L. Brodin, S. Hilfiker-Rothen-
fluh, A.J. Czernik et al., Distinct pools of synaptic vesicles in 
neurotransmitter release. Nature 375(6531), 493–497 (1995). 
https://​doi.​org/​10.​1038/​37549​3a0

	142.	 A. Panatier, D.T. Theodosis, J.-P. Mothet, B. Touquet, L. Pol-
legioni et al., Glia-derived D-serine controls NMDA receptor 
activity and synaptic memory. Cell 125(4), 775–784 (2006). 
https://​doi.​org/​10.​1016/j.​cell.​2006.​02.​051

	143.	 S.G. Sarwat, B. Kersting, T. Moraitis, V.P. Jonnala-
gadda, A. Sebastian, Phase-change memtransistive syn-
apses for mixed-plasticity neural computations. Nat. 

https://doi.org/10.1109/TNNLS.2021.3095140
https://doi.org/10.1109/TNNLS.2021.3095140
https://doi.org/10.1109/TNNLS.2014.2323247
https://doi.org/10.1109/TNNLS.2014.2323247
https://doi.org/10.1038/s41467-024-44942-8
https://doi.org/10.1016/j.mtchem.2021.100681
https://doi.org/10.1016/j.mtchem.2021.100681
https://doi.org/10.1038/s41467-023-36935-w
https://doi.org/10.1002/smsc.202100049
https://doi.org/10.1038/s41565-023-01379-2
https://doi.org/10.1038/s41565-023-01379-2
https://doi.org/10.1038/s41467-023-43542-2
https://doi.org/10.1038/s41467-023-43542-2
https://doi.org/10.1002/adma.202201303
https://doi.org/10.1002/advs.202106092
https://doi.org/10.1002/advs.202106092
https://doi.org/10.1038/s41586-020-2285-x
https://doi.org/10.1038/s41586-020-2285-x
https://doi.org/10.1002/adfm.202309378
https://doi.org/10.1002/adfm.202309378
https://doi.org/10.1002/adfm.202313217
https://doi.org/10.1002/adfm.202313217
https://doi.org/10.1002/smll.201703034
https://doi.org/10.1002/adma.201902301
https://doi.org/10.1002/adma.201902301
https://doi.org/10.1016/j.isci.2021.102716
https://doi.org/10.1002/adma.201705400
https://doi.org/10.1002/adma.201705400
https://doi.org/10.1038/s41467-018-07572-5
https://doi.org/10.1038/s41467-018-07572-5
https://doi.org/10.1002/adma.201803961
https://doi.org/10.1002/adma.201906433
https://doi.org/10.1002/adma.201906433
https://doi.org/10.1016/j.nanoen.2022.107142
https://doi.org/10.1016/j.nanoen.2022.107142
https://doi.org/10.1002/adfm.202010655
https://doi.org/10.1002/adfm.202010655
https://doi.org/10.1002/adma.202105485
https://doi.org/10.1002/adma.201905018
https://doi.org/10.1002/adma.201905018
https://doi.org/10.1038/375493a0
https://doi.org/10.1016/j.cell.2006.02.051


Nano-Micro Lett.          (2026) 18:203 	 Page 41 of 46    203 

Nanotechnol. 17(5), 507–513 (2022). https://​doi.​org/​10.​1038/​
s41565-​022-​01095-3

	144.	 Y. Kim, A. Chortos, W. Xu, Y. Liu, J.Y. Oh et al., A bioin-
spired flexible organic artificial afferent nerve. Science 
360(6392), 998–1003 (2018). https://​doi.​org/​10.​1126/​scien​
ce.​aao00​98

	145.	 L. Tang, J. Shang, X. Jiang, Multilayered electronic transfer 
tattoo that can enable the crease amplification effect. Sci. 
Adv. 7(3), eabe3778 (2021). https://​doi.​org/​10.​1126/​sciadv.​
abe37​78

	146.	 M. Li, X. Ma, Y. Mu, G. Xie, H. Wan et al., A facile covalent 
strategy for ultrafast negative photoconductance hybrid gra-
phene/porphyrin-based photodetector. Nanotechnology 34(8), 
085201 (2022). https://​doi.​org/​10.​1088/​1361-​6528/​aca598

	147.	 C. Biswas, F. Güneş, D.D. Loc, S.C. Lim, M.S. Jeong et al., 
Negative and positive persistent photoconductance in gra-
phene. Nano Lett. 11(11), 4682–4687 (2011). https://​doi.​org/​
10.​1021/​nl202​266h

	148.	 G. Zhou, B. Sun, X. Hu, L. Sun, Z. Zou et al., Negative pho-
toconductance effect: an extension function of the TiOx-based 
memristor. Adv. Sci. 8(13), 2003765 (2021). https://​doi.​org/​
10.​1002/​advs.​20200​3765

	149.	 E. Baek, T. Rim, J. Schütt, C.-K. Baek, K. Kim et al., Nega-
tive photoconductance in heavily doped Si nanowire field-
effect transistors. Nano Lett. 17(11), 6727–6734 (2017). 
https://​doi.​org/​10.​1021/​acs.​nanol​ett.​7b027​88

	150.	 M.A. Haque, J.-L. Li, A.L. Abdelhady, M.I. Saidaminov, D. 
Baran et al., Transition from positive to negative photocon-
ductance in doped hybrid perovskite semiconductors. Adv. 
Opt. Mater. 7(22), 1900865 (2019). https://​doi.​org/​10.​1002/​
adom.​20190​0865

	151.	 D. Li, N. An, K. Tan, Y. Ren, H. Wang et al., Insulating 
electrets converted from organic semiconductor for high-
performance transistors, memories, and artificial synapses. 
Adv. Funct. Mater. 33(45), 2305012 (2023). https://​doi.​org/​
10.​1002/​adfm.​20230​5012

	152.	 Y. Ni, Y. Wang, W. Xu, Recent process of flexible transistor-
structured memory. Small 17(9), 1905332 (2021). https://​doi.​
org/​10.​1002/​smll.​20190​5332

	153.	 A. Sumanth, K.L. Ganapathi, M.S. Ramachandra Rao, T. 
Dixit, A review on realizing the modern optoelectronic appli-
cations through persistent photoconductivity. J. Phys. D Appl. 
Phys. 55(39), 393001 (2022). https://​doi.​org/​10.​1088/​1361-​
6463/​ac7f66

	154.	 Y. Kang, J. Jang, D. Cha, S. Lee, Synaptic weight evolution 
and charge trapping mechanisms in a synaptic pass-transistor 
operation with a direct potential output. IEEE Trans. Neural 
Netw. Learn. Syst. 32(10), 4728–4741 (2021). https://​doi.​org/​
10.​1109/​TNNLS.​2020.​30479​63

	155.	 Z. Gao, R. Jiang, M. Deng, C. Zhao, Z. Hong et al., Tunable 
negative and positive photoconductance in van der Waals 
heterostructure for image preprocessing. Adv. Mater. 36(29), 
2401585 (2024). https://​doi.​org/​10.​1002/​adma.​20240​1585

	156.	 Y.-C. Mi, C.-H. Yang, L.-C. Shih, J.-S. Chen, All-optical-con-
trolled excitatory and inhibitory synaptic signaling through 
bipolar photoresponse of an oxide-based phototransistor. Adv. 

Opt. Mater. 11(14), 2300089 (2023). https://​doi.​org/​10.​1002/​
adom.​20230​0089

	157.	 B. Xu, D. Guo, W. Dong, H. Gao, P. Zhu et al., Gap state-
modulated van der Waals short-term memory with broad 
band negative photoconductance. Small 20(21), e2309626 
(2024). https://​doi.​org/​10.​1002/​smll.​20230​9626

	158.	 Y. Yang, X. Peng, H.-S. Kim, T. Kim, S. Jeon et al., Hot 
carrier trapping induced negative photoconductance in InAs 
nanowires toward novel nonvolatile memory. Nano Lett. 
15(9), 5875–5882 (2015). https://​doi.​org/​10.​1021/​acs.​nanol​
ett.​5b019​62

	159.	 Y. Ishijima, T. Ishiguro, Negative photoconductance in a sin-
gle crystal of C60. J. Phys. Soc. Jpn. 65(6), 1574–1577 (1996). 
https://​doi.​org/​10.​1143/​jpsj.​65.​1574

	160.	 Y. Zhu, M. Juhl, G. Coletti, Z. Hameiri, On the transient 
negative photoconductance in n-type czochralski silicon. 
IEEE J. Photovolt. 8(2), 421–427 (2018). https://​doi.​org/​10.​
1109/​JPHOT​OV.​2017.​27846​79

	161.	 W. He, D. Wu, L. Kong, P. Yu, G. Yang, Giant negative pho-
toresponse in van der Waals graphene/AgBiP2Se6/graphene 
trilayer heterostructures. Adv. Mater. 36(16), e2312541 
(2024). https://​doi.​org/​10.​1002/​adma.​20231​2541

	162.	 R. Wang, J.-L. Wang, T. Liu, Z. He, H. Wang et al., Control-
lable inverse photoconductance in semiconducting nanowire 
films. Adv. Mater. 34(36), e2204698 (2022). https://​doi.​org/​
10.​1002/​adma.​20220​4698

	163.	 M.A. Mangold, M. Calame, M. Mayor, A.W. Holleitner, 
Negative differential photoconductance in gold nanoparti-
cle arrays in the coulomb blockade regime. ACS Nano 6(5), 
4181–4189 (2012). https://​doi.​org/​10.​1021/​nn300​673t

	164.	 Y. Wang, E. Liu, A. Gao, T. Cao, M. Long et al., Negative 
photoconductance in van der Waals heterostructure-based 
floating gate phototransistor. ACS Nano 12(9), 9513–9520 
(2018). https://​doi.​org/​10.​1021/​acsna​no.​8b048​85

	165.	 J.W. John, V. Dhyani, Y.M. Georgiev, A.S. Gangnaik, S. Bis-
was et al., Ultrahigh negative infrared photoconductance in 
highly As-doped germanium nanowires induced by hot elec-
tron trapping. ACS Appl. Electron. Mater. 2(7), 1934–1942 
(2020). https://​doi.​org/​10.​1021/​acsae​lm.​0c002​45

	166.	 D. Xue, W. Gong, C. Yan, Y. Zhang, J. Lu et al., Boosting 
bidirectional photoresponse with wavelength selectivity 
through ambipolar transport modulation. Adv. Funct. Mater. 
34(38), 2402884 (2024). https://​doi.​org/​10.​1002/​adfm.​20240​
2884

	167.	 Y. Xu, X. Xu, Y. Huang, Y. Tian, M. Cheng et al., Gate-tuna-
ble positive and negative photoconductance in near-infrared 
organic heterostructures for in-sensor computing. Adv. Mater. 
36(30), e2402903 (2024). https://​doi.​org/​10.​1002/​adma.​
20240​2903

	168.	 H. Wei, Z. Xu, Y. Ni, L. Yang, L. Sun et al., Mixed-dimen-
sional nanoparticle–nanowire channels for flexible optoelec-
tronic artificial synapse with enhanced photoelectric response 
and asymmetric bidirectional plasticity. Nano Lett. 23(18), 
8743–8752 (2023). https://​doi.​org/​10.​1021/​acs.​nanol​ett.​
3c028​36

https://doi.org/10.1038/s41565-022-01095-3
https://doi.org/10.1038/s41565-022-01095-3
https://doi.org/10.1126/science.aao0098
https://doi.org/10.1126/science.aao0098
https://doi.org/10.1126/sciadv.abe3778
https://doi.org/10.1126/sciadv.abe3778
https://doi.org/10.1088/1361-6528/aca598
https://doi.org/10.1021/nl202266h
https://doi.org/10.1021/nl202266h
https://doi.org/10.1002/advs.202003765
https://doi.org/10.1002/advs.202003765
https://doi.org/10.1021/acs.nanolett.7b02788
https://doi.org/10.1002/adom.201900865
https://doi.org/10.1002/adom.201900865
https://doi.org/10.1002/adfm.202305012
https://doi.org/10.1002/adfm.202305012
https://doi.org/10.1002/smll.201905332
https://doi.org/10.1002/smll.201905332
https://doi.org/10.1088/1361-6463/ac7f66
https://doi.org/10.1088/1361-6463/ac7f66
https://doi.org/10.1109/TNNLS.2020.3047963
https://doi.org/10.1109/TNNLS.2020.3047963
https://doi.org/10.1002/adma.202401585
https://doi.org/10.1002/adom.202300089
https://doi.org/10.1002/adom.202300089
https://doi.org/10.1002/smll.202309626
https://doi.org/10.1021/acs.nanolett.5b01962
https://doi.org/10.1021/acs.nanolett.5b01962
https://doi.org/10.1143/jpsj.65.1574
https://doi.org/10.1109/JPHOTOV.2017.2784679
https://doi.org/10.1109/JPHOTOV.2017.2784679
https://doi.org/10.1002/adma.202312541
https://doi.org/10.1002/adma.202204698
https://doi.org/10.1002/adma.202204698
https://doi.org/10.1021/nn300673t
https://doi.org/10.1021/acsnano.8b04885
https://doi.org/10.1021/acsaelm.0c00245
https://doi.org/10.1002/adfm.202402884
https://doi.org/10.1002/adfm.202402884
https://doi.org/10.1002/adma.202402903
https://doi.org/10.1002/adma.202402903
https://doi.org/10.1021/acs.nanolett.3c02836
https://doi.org/10.1021/acs.nanolett.3c02836


	 Nano-Micro Lett.          (2026) 18:203   203   Page 42 of 46

https://doi.org/10.1007/s40820-025-02036-0© The authors

	169.	 P. Xie, X. Chen, Z. Zeng, W. Wang, Y. Meng et al., Arti-
ficial visual systems with tunable photoconductivity based 
on organic molecule-nanowire heterojunctions. Adv. Funct. 
Mater. 33(4), 2209091 (2023). https://​doi.​org/​10.​1002/​adfm.​
20220​9091

	170.	 X. Zhu, Y. Yan, L. Sun, Y. Ren, Y. Zhang et al., Negative pho-
totransistors with ultrahigh sensitivity and weak-light detec-
tion based on 1D/2D molecular crystal p–n heterojunctions 
and their application in light encoders. Adv. Mater. 34(23), 
2270174 (2022). https://​doi.​org/​10.​1002/​adma.​20227​0174

	171.	 Y.-C. Chiang, C.-C. Hung, Y.-C. Lin, Y.-C. Chiu, T. Isono 
et al., High-performance nonvolatile organic photonic transis-
tor memory devices using conjugated rod–coil materials as 
a floating gate. Adv. Mater. 32(36), 2002638 (2020). https://​
doi.​org/​10.​1002/​adma.​20200​2638

	172.	 Z. Lv, M. Chen, F. Qian, V.A.L. Roy, W. Ye et al., Mim-
icking neuroplasticity in a hybrid biopolymer transistor by 
dual modes modulation. Adv. Funct. Mater. 29(31), 1902374 
(2019). https://​doi.​org/​10.​1002/​adfm.​20190​2374

	173.	 D. Berco, D. Shenp Ang, Recent progress in synaptic devices 
paving the way toward an artificial cogni-retina for bionic 
and machine vision. Adv. Intell. Syst. 1(1), 1900012 (2019). 
https://​doi.​org/​10.​1002/​aisy.​20190​0012

	174.	 X. Shi, Y. Xu, W. Liu, C. Jin, S. Wang et al., Organic hetero-
junction phototransistors with bi-directional photoresponse 
for vision biomimetics. Adv. Funct. Mater. 34(32), 2401534 
(2024). https://​doi.​org/​10.​1002/​adfm.​20240​1534

	175.	 X. Wu, Y. Chu, R. Liu, H.E. Katz, J. Huang, Pursuing poly-
mer dielectric interfacial effect in organic transistors for 
photosensing performance optimization. Adv. Sci. 4(12), 
1700442 (2017). https://​doi.​org/​10.​1002/​advs.​20170​0442

	176.	 Y. Ren, J.-Q. Yang, L. Zhou, J.-Y. Mao, S.-R. Zhang et al., 
Gate-tunable synaptic plasticity through controlled polar-
ity of charge trapping in fullerene composites. Adv. Funct. 
Mater. 28(50), 1805599 (2018). https://​doi.​org/​10.​1002/​adfm.​
20180​5599

	177.	 N. Qiao, P. Wei, Y. Xing, X. Qin, X. Wang et al., Rapid 
charge storage and release at etching-assist electret in organic 
transistors for memories, photodetectors, and artificial syn-
apses. Adv. Mater. Interfaces 9(19), 2200713 (2022). https://​
doi.​org/​10.​1002/​admi.​20220​0713

	178.	 P. Moon, Y. Won, O. Hak, L. Kwang, Enhancement of syn-
aptic behavior in organic electrochemical transistors via the 
introduction of layer-by-layer grown metal-organic frame-
work. Adv. Mater. Technol. 10(6), 2401316 (2025). https://​
doi.​org/​10.​1002/​admt.​20240​1316

	179.	 H.R. Lee, D. Lee, J.H. Oh, A hippocampus-inspired dual-
gated organic artificial synapse for simultaneous sensing of 
a neurotransmitter and light. Adv. Mater. 33(17), 2100119 
(2021). https://​doi.​org/​10.​1002/​adma.​20210​0119

	180.	 J. Li, Z. Feng, Y. Qian, W. Huang, W. Li et al., Organic semi-
conductor heterojunction-based photonic synaptic transistor 
with temperature stability and adaptive learning ability for 
neuromorphic computing systems. ACS Appl. Electron. 
Mater. 7(13), 6149–6157 (2025). https://​doi.​org/​10.​1021/​
acsae​lm.​5c008​82

	181.	 Y. Liang, H. Li, H. Tang, C. Zhang, D. Men et al., Bioinspired 
electrolyte-gated organic synaptic transistors: from funda-
mental requirements to applications. Nano-Micro Lett. 17(1), 
198 (2025). https://​doi.​org/​10.​1007/​s40820-​025-​01708-1

	182.	 S. Zhong, L. Su, M. Xu, D. Loke, B. Yu et  al., Recent 
advances in artificial sensory neurons: biological fun-
damentals, devices, applications, and challenges. Nano-
Micro Lett. 17(1), 61 (2024). https://​doi.​org/​10.​1007/​
s40820-​024-​01550-x

	183.	 Y. Zhu, T. Nyberg, L. Nyholm, D. Primetzhofer, X. Shi et al., 
Wafer-scale Ag2S-based memristive crossbar arrays with 
ultra-low switching-energies reaching biological synapses. 
Nano-Micro Lett. 17(1), 69 (2024). https://​doi.​org/​10.​1007/​
s40820-​024-​01559-2

	184.	 J. Xia, C. Gao, C. Peng, Y. Liu, P.-A. Chen et al., Multi-
dimensional deep ultraviolet (DUV) synapses based on 
organic/perovskite semiconductor heterojunction transis-
tors for antispoofing facial recognition systems. Nano Lett. 
24(22), 6673–6682 (2024). https://​doi.​org/​10.​1021/​acs.​nanol​
ett.​4c013​56

	185.	 S. Kang, M. Kim, C. Yoo, B.M. Lim, B.C. Jang et al., Pho-
togating-based organic synapse electronics modulated by 
dielectric. Org. Electron. 129, 107056 (2024). https://​doi.​
org/​10.​1016/j.​orgel.​2024.​107056

	186.	 J. Chen, X.-C. Zhao, Y.-Q. Zhu, Z.-H. Wang, Z. Zhang et al., 
Polarized tunneling transistor for ultralow-energy-consump-
tion artificial synapse toward neuromorphic computing. ACS 
Nano 18(1), 581–591 (2024). https://​doi.​org/​10.​1021/​acsna​
no.​3c086​32

	187.	 L. Sun, S. Qu, Y. Du, L. Yang, Y. Li et al., Bio-inspired vision 
and neuromorphic image processing using printable metal 
oxide photonic synapses. ACS Photonics 10(1), 242–252 
(2023). https://​doi.​org/​10.​1021/​acsph​otoni​cs.​2c015​83

	188.	 S.T. Keene, C. Lubrano, S. Kazemzadeh, A. Melianas, Y. 
Tuchman et al., A biohybrid synapse with neurotransmitter-
mediated plasticity. Nat. Mater. 19(9), 969–973 (2020). 
https://​doi.​org/​10.​1038/​s41563-​020-​0703-y

	189.	 F. Xu, C. Zhang, X. Zhao, H. Yu, G. Zhao et al., Intrinsically 
stretchable photonic synaptic transistors for retina-like vis-
ual image systems. J. Mater. Chem. C 10(29), 10586–10594 
(2022). https://​doi.​org/​10.​1039/​d2tc0​1775j

	190.	 A. Jones, A. Rush, C. Merkel, E. Herrmann, A.P. Jacob et al., 
A neuromorphic SLAM architecture using gated-memristive 
synapses. Neurocomputing 381, 89–104 (2020). https://​doi.​
org/​10.​1016/j.​neucom.​2019.​09.​098

	191.	 M.M. Islam, D. Dev, A. Krishnaprasad, L. Tetard, T. Roy, 
Optoelectronic synapse using monolayer MoS2 field effect 
transistors. Sci. Rep. 10(1), 21870 (2020). https://​doi.​org/​10.​
1038/​s41598-​020-​78767-4

	192.	 J.-H. Choi, H.-M. An, H.-L. Park, Polarized light-sensitive 
optoelectronic synapses for expanding artificial vision sys-
tems. Flex. Print. Electron. 10(1), 013501 (2025). https://​doi.​
org/​10.​1088/​2058-​8585/​adb595

	193.	 H. Wurzer, C. Hoffmann, A. Al Absi, C. Thomas, Actin 
cytoskeleton straddling the immunological synapse between 

https://doi.org/10.1002/adfm.202209091
https://doi.org/10.1002/adfm.202209091
https://doi.org/10.1002/adma.202270174
https://doi.org/10.1002/adma.202002638
https://doi.org/10.1002/adma.202002638
https://doi.org/10.1002/adfm.201902374
https://doi.org/10.1002/aisy.201900012
https://doi.org/10.1002/adfm.202401534
https://doi.org/10.1002/advs.201700442
https://doi.org/10.1002/adfm.201805599
https://doi.org/10.1002/adfm.201805599
https://doi.org/10.1002/admi.202200713
https://doi.org/10.1002/admi.202200713
https://doi.org/10.1002/admt.202401316
https://doi.org/10.1002/admt.202401316
https://doi.org/10.1002/adma.202100119
https://doi.org/10.1021/acsaelm.5c00882
https://doi.org/10.1021/acsaelm.5c00882
https://doi.org/10.1007/s40820-025-01708-1
https://doi.org/10.1007/s40820-024-01550-x
https://doi.org/10.1007/s40820-024-01550-x
https://doi.org/10.1007/s40820-024-01559-2
https://doi.org/10.1007/s40820-024-01559-2
https://doi.org/10.1021/acs.nanolett.4c01356
https://doi.org/10.1021/acs.nanolett.4c01356
https://doi.org/10.1016/j.orgel.2024.107056
https://doi.org/10.1016/j.orgel.2024.107056
https://doi.org/10.1021/acsnano.3c08632
https://doi.org/10.1021/acsnano.3c08632
https://doi.org/10.1021/acsphotonics.2c01583
https://doi.org/10.1038/s41563-020-0703-y
https://doi.org/10.1039/d2tc01775j
https://doi.org/10.1016/j.neucom.2019.09.098
https://doi.org/10.1016/j.neucom.2019.09.098
https://doi.org/10.1038/s41598-020-78767-4
https://doi.org/10.1038/s41598-020-78767-4
https://doi.org/10.1088/2058-8585/adb595
https://doi.org/10.1088/2058-8585/adb595


Nano-Micro Lett.          (2026) 18:203 	 Page 43 of 46    203 

cytotoxic lymphocytes and cancer cells. Cells 8(5), 463 
(2019). https://​doi.​org/​10.​3390/​cells​80504​63

	194.	 C. Zhang, Y. Li, F. Yu, G. Wang, K. Wang et al., Visual 
growth of nano-HOFs for low‐power memristive spiking neu-
romorphic system. Nano Energy 109, 108274 (2023). https://​
doi.​org/​10.​1016/j.​nanoen.​2023.​108274

	195.	 M. Dong, Y. Zhang, J. Zhu, X. Zhu, J. Zhao et al., All-in-one 
2D molecular crystal optoelectronic synapse for polarization-
sensitive neuromorphic visual system. Adv. Mater. 36(40), 
2409550 (2024). https://​doi.​org/​10.​1002/​adma.​20240​9550

	196.	 I.-K. Hwang, M.G. Lee, J.B. Jeon, S.H. Nam, D. Lee et al., 
Visible-light chiral photonic synapses based on hybrid 
organic-inorganic 2D perovskites. Adv. Electron. Mater. 
11(3), 2400525 (2025). https://​doi.​org/​10.​1002/​aelm.​20240​
0525

	197.	 P. Xie, Y. Xu, J. Wang, D. Li, Y. Zhang et al., Birdlike broad-
band neuromorphic visual sensor arrays for fusion imaging. 
Nat. Commun. 15(1), 8298 (2024). https://​doi.​org/​10.​1038/​
s41467-​024-​52563-4

	198.	 D. Li, Y. Chen, H. Ren, Y. Tang, S. Zhang et al., An active-
matrix synaptic phototransistor array for in-sensor spectral 
processing. Adv. Sci. 11(39), 2406401 (2024). https://​doi.​
org/​10.​1002/​advs.​20240​6401

	199.	 X. Liu, S. Dai, W. Zhao, J. Zhang, Z. Guo et al., All-photoli-
thography fabrication of ion-gated flexible organic transistor 
array for multimode neuromorphic computing. Adv. Mater. 
36(21), e2312473 (2024). https://​doi.​org/​10.​1002/​adma.​
20231​2473

	200.	 S. Zhang, R. Chen, D. Kong, Y. Chen, W. Liu et al., Photo-
voltaic nanocells for high-performance large-scale-integrated 
organic phototransistors. Nat. Nanotechnol. 19(9), 1323–1332 
(2024). https://​doi.​org/​10.​1038/​s41565-​024-​01707-0

	201.	 H. Lee, J.H. Hwang, S.H. Song, H. Han, S.-J. Han et al., 
Chiroptical synaptic heterojunction phototransistors based 
on self-assembled nanohelix of π-conjugated molecules for 
direct noise-reduced detection of circularly polarized light. 
Adv. Sci. 10(27), 2304039 (2023). https://​doi.​org/​10.​1002/​
advs.​20230​4039

	202.	 S.D. Namgung, R.M. Kim, Y.-C. Lim, J.W. Lee, N.H. Cho 
et al., Circularly polarized light-sensitive, hot electron transis-
tor with chiral plasmonic nanoparticles. Nat. Commun. 13(1), 
5081 (2022). https://​doi.​org/​10.​1038/​s41467-​022-​32721-2

	203.	 J.H. Kim, M. Stolte, F. Würthner, Wavelength and polari-
zation sensitive synaptic phototransistor based on organic 
n-type semiconductor/supramolecular J-aggregate hetero-
structure. ACS Nano 16(11), 19523–19532 (2022). https://​
doi.​org/​10.​1021/​acsna​no.​2c097​47

	204.	 C. Zhang, C. Xu, C. Chen, J. Cheng, H. Zhang et al., Opti-
cally programmable circularly polarized photodetector. ACS 
Nano 16(8), 12452–12461 (2022). https://​doi.​org/​10.​1021/​
acsna​no.​2c037​46

	205.	 G. Vats, B. Hodges, A.J. Ferguson, L.M. Wheeler, J.L. Black-
burn, Optical memory, switching, and neuromorphic func-
tionality in metal halide perovskite materials and devices. 
Adv. Mater. 35(37), 2205459 (2023). https://​doi.​org/​10.​1002/​
adma.​20220​5459

	206.	 J. Choi, J.S. Han, K. Hong, S.Y. Kim, H.W. Jang, Organic-
inorganic hybrid halide perovskites for memories, transistors, 
and artificial synapses. Adv. Mater. 30(42), e1704002 (2018). 
https://​doi.​org/​10.​1002/​adma.​20170​4002

	207.	 D. Hao, Z. Yang, J. Huang, F. Shan, Recent developments of 
optoelectronic synaptic devices based on metal halide per-
ovskites. Adv. Funct. Mater. 33(8), 2211467 (2023). https://​
doi.​org/​10.​1002/​adfm.​20221​1467

	208.	 O. Yildiz, Z. Wang, M. Borkowski, G. Fytas, P.W.M. Blom 
et al., Optimized charge transport in molecular semicon-
ductors by control of fluid dynamics and crystallization in 
Meniscus-guided coating. Adv. Funct. Mater. 32(2), 2107976 
(2022). https://​doi.​org/​10.​1002/​adfm.​20210​7976

	209.	 H. Ma, H. Fang, X. Xie, Y. Liu, H. Tian et al., Optoelectronic 
synapses based on MXene/violet phosphorus van der Waals 
heterojunctions for visual-olfactory crossmodal perception. 
Nano-Micro Lett. 16(1), 104 (2024). https://​doi.​org/​10.​1007/​
s40820-​024-​01330-7

	210.	 C. Wang, X. Ren, C. Xu, B. Fu, R. Wang et al., N-type 2D 
organic single crystals for high-performance organic field-
effect transistors and near-infrared phototransistors. Adv. 
Mater. 30(16), 1706260 (2018). https://​doi.​org/​10.​1002/​
adma.​20170​6260

	211.	 F. Yang, S. Cheng, X. Zhang, X. Ren, R. Li et al., 2D organic 
materials for optoelectronic applications. Adv. Mater. 30(2), 
1702415 (2018). https://​doi.​org/​10.​1002/​adma.​20170​2415

	212.	 S. Mafrica, S. Godiot, M. Menouni, M. Boyron, F. Expert 
et al., A bio-inspired analog silicon retina with Michaelis-
Menten auto-adaptive pixels sensitive to small and large 
changes in light. Opt. Express 23(5), 5614–5635 (2015). 
https://​doi.​org/​10.​1364/​OE.​23.​005614

	213.	 Z. He, H. Shen, D. Ye, L. Xiang, W. Zhao et al., An organic 
transistor with light intensity-dependent active photoadapta-
tion. Nat. Electron. 4(7), 522–529 (2021). https://​doi.​org/​10.​
1038/​s41928-​021-​00615-8

	214.	 J. Marshall, T.W. Cronin, S. Kleinlogel, Stomatopod eye 
structure and function: a review. Arthropod Struct. Dev. 
36(4), 420–448 (2007). https://​doi.​org/​10.​1016/j.​asd.​2007.​
01.​006

	215.	 M.M. Islam, A. Krishnaprasad, D. Dev, R. Martinez-Mar-
tinez, V. Okonkwo et al., Multiwavelength optoelectronic 
synapse with 2D materials for mixed-color pattern recogni-
tion. ACS Nano 16(7), 10188–10198 (2022). https://​doi.​org/​
10.​1021/​acsna​no.​2c010​35

	216.	 Y. Yang, R.C. da Costa, M.J. Fuchter, A.J. Campbell, Circu-
larly polarized light detection by a chiral organic semiconduc-
tor transistor. Nat. Photonics 7(8), 634–638 (2013). https://​
doi.​org/​10.​1038/​nphot​on.​2013.​176

	217.	 L. Zhang, I. Song, J. Ahn, M. Han, M. Linares et  al., 
π-extended perylene diimide double-heterohelicenes as 
ambipolar organic semiconductors for broadband circularly 
polarized light detection. Nat. Commun. 12(1), 142 (2021). 
https://​doi.​org/​10.​1038/​s41467-​020-​20390-y

	218.	 H. Han, Y.J. Lee, J. Kyhm, J.S. Jeong, J.-H. Han et al., High-
performance circularly polarized light-sensing near-infrared 
organic phototransistors for optoelectronic cryptographic 

https://doi.org/10.3390/cells8050463
https://doi.org/10.1016/j.nanoen.2023.108274
https://doi.org/10.1016/j.nanoen.2023.108274
https://doi.org/10.1002/adma.202409550
https://doi.org/10.1002/aelm.202400525
https://doi.org/10.1002/aelm.202400525
https://doi.org/10.1038/s41467-024-52563-4
https://doi.org/10.1038/s41467-024-52563-4
https://doi.org/10.1002/advs.202406401
https://doi.org/10.1002/advs.202406401
https://doi.org/10.1002/adma.202312473
https://doi.org/10.1002/adma.202312473
https://doi.org/10.1038/s41565-024-01707-0
https://doi.org/10.1002/advs.202304039
https://doi.org/10.1002/advs.202304039
https://doi.org/10.1038/s41467-022-32721-2
https://doi.org/10.1021/acsnano.2c09747
https://doi.org/10.1021/acsnano.2c09747
https://doi.org/10.1021/acsnano.2c03746
https://doi.org/10.1021/acsnano.2c03746
https://doi.org/10.1002/adma.202205459
https://doi.org/10.1002/adma.202205459
https://doi.org/10.1002/adma.201704002
https://doi.org/10.1002/adfm.202211467
https://doi.org/10.1002/adfm.202211467
https://doi.org/10.1002/adfm.202107976
https://doi.org/10.1007/s40820-024-01330-7
https://doi.org/10.1007/s40820-024-01330-7
https://doi.org/10.1002/adma.201706260
https://doi.org/10.1002/adma.201706260
https://doi.org/10.1002/adma.201702415
https://doi.org/10.1364/OE.23.005614
https://doi.org/10.1038/s41928-021-00615-8
https://doi.org/10.1038/s41928-021-00615-8
https://doi.org/10.1016/j.asd.2007.01.006
https://doi.org/10.1016/j.asd.2007.01.006
https://doi.org/10.1021/acsnano.2c01035
https://doi.org/10.1021/acsnano.2c01035
https://doi.org/10.1038/nphoton.2013.176
https://doi.org/10.1038/nphoton.2013.176
https://doi.org/10.1038/s41467-020-20390-y


	 Nano-Micro Lett.          (2026) 18:203   203   Page 44 of 46

https://doi.org/10.1007/s40820-025-02036-0© The authors

primitives. Adv. Funct. Mater. 30(52), 2006236 (2020). 
https://​doi.​org/​10.​1002/​adfm.​20200​6236

	219.	 W. Wen, G. Liu, X. Wei, H. Huang, C. Wang et al., Bio-
mimetic nanocluster photoreceptors for adaptative circu-
lar polarization vision. Nat. Commun. 15(1), 2397 (2024). 
https://​doi.​org/​10.​1038/​s41467-​024-​46646-5

	220.	 Y. Yang, C. Pan, Y. Li, X. Yangdong, P. Wang et al., In-
sensor dynamic computing for intelligent machine vision. 
Nat. Electron. 7(3), 225–233 (2024). https://​doi.​org/​10.​1038/​
s41928-​024-​01124-0

	221.	 T. Qiu, Q. An, J. Wang, J. Wang, C.-W. Qiu et al., Vision-
driven metasurfaces for perception enhancement. Nat. 
Commun. 15(1), 1631 (2024). https://​doi.​org/​10.​1038/​
s41467-​024-​45296-x

	222.	 G. Wu, J. Zhang, X. Wan, Y. Yang, S. Jiang, Chitosan-based 
biopolysaccharide proton conductors for synaptic transistors 
on paper substrates. J. Mater. Chem. C 2(31), 6249–6255 
(2014). https://​doi.​org/​10.​1039/​c4tc0​0652f

	223.	 G. Wu, C. Wan, J. Zhou, L. Zhu, Q. Wan, Low-voltage pro-
tonic/electronic hybrid indium zinc oxide synaptic transistors 
on paper substrates. Nanotechnology 25(9), 094001 (2014). 
https://​doi.​org/​10.​1088/​0957-​4484/​25/9/​094001

	224.	 Y. Jeon, G. Lee, Y.J. Kim, B.C. Jang, H. Yoo, Dual syn-
apses and security devices from ternary C60-pentacene-TiO2-x 
nanorods heterostructures. Adv. Funct. Mater. 34(48), 
2409578 (2024). https://​doi.​org/​10.​1002/​adfm.​20240​9578

	225.	 Y. Zhang, H. Chen, W. Sun, Y. Hou, Y. Cai et al., All-pho-
tonic synapses for biomimetic ocular system. Adv. Funct. 
Mater. 34(49), 2409419 (2024). https://​doi.​org/​10.​1002/​adfm.​
20240​9419

	226.	 J. Gong, H. Wei, J. Liu, L. Sun, Z. Xu et al., An artificial vis-
ual nerve for mimicking pupil reflex. Matter 5(5), 1578–1589 
(2022). https://​doi.​org/​10.​1016/j.​matt.​2022.​02.​020

	227.	 W. Li, S. Wu, H. Zhang, X. Zhang, J. Zhuang et al., Enhanced 
biological photosynthetic efficiency using light-harvesting 
engineering with dual-emissive carbon dots. Adv. Funct. 
Mater. 28(44), 1804004 (2018). https://​doi.​org/​10.​1002/​adfm.​
20180​4004

	228.	 F. Liao, Z. Zhou, B.J. Kim, J. Chen, J. Wang et al., Bioin-
spired in-sensor visual adaptation for accurate perception. 
Nat. Electron. 5(2), 84–91 (2022). https://​doi.​org/​10.​1038/​
s41928-​022-​00713-1

	229.	 R.D. van Jansen- Vuuren, A. Armin, A.K. Pandey, P.L. Burn, 
P. Meredith, Organic photodiodes: the future of full color 
detection and image sensing. Adv. Mater. 28(24), 4766–4802 
(2016). https://​doi.​org/​10.​1002/​adma.​20150​5405

	230.	 A. Reisman, Device, circuit, and technology scaling to micron 
and submicron dimensions. Proc. IEEE 71(5), 550–565 
(1983). https://​doi.​org/​10.​1109/​PROC.​1983.​12638

	231.	 Y.-Q. Zheng, Y. Liu, D. Zhong, S. Nikzad, S. Liu et al., 
Monolithic optical microlithography of high-density elastic 
circuits. Science 373(6550), 88–94 (2021). https://​doi.​org/​10.​
1126/​scien​ce.​abh35​51

	232.	 Y. Zheng, Z. Yu, S. Zhang, X. Kong, W. Michaels 
et  al., A molecular design approach towards elastic and 

multifunctional polymer electronics. Nat. Commun. 12(1), 
5701 (2021). https://​doi.​org/​10.​1038/​s41467-​021-​25719-9

	233.	 IEEE transactions on circuits and systems for video tech-
nology publication information. IEEE Trans. Circuits Syst. 
Video Technol. 35(3), C2–C2 (2025). https://​doi.​org/​10.​1109/​
TCSVT.​2025.​35413​59

	234.	 E.J. Fuller, S.T. Keene, A. Melianas, Z. Wang, S. Agarwal 
et al., Parallel programming of an ionic floating-gate mem-
ory array for scalable neuromorphic computing. Science 
364(6440), 570–574 (2019). https://​doi.​org/​10.​1126/​scien​
ce.​aaw55​81

	235.	 S.H. Kim, G.W. Baek, J. Yoon, S. Seo, J. Park et al., A bioin-
spired stretchable sensory-neuromorphic system. Adv. Mater. 
33(44), e2104690 (2021). https://​doi.​org/​10.​1002/​adma.​
20210​4690

	236.	 Y. Wang, Y. Gong, S. Huang, X. Xing, Z. Lv et al., Memris-
tor-based biomimetic compound eye for real-time collision 
detection. Nat. Commun. 12(1), 5979 (2021). https://​doi.​org/​
10.​1038/​s41467-​021-​26314-8

	237.	 C. Du, F. Cai, M.A. Zidan, W. Ma, S.H. Lee et al., Reservoir 
computing using dynamic memristors for temporal informa-
tion processing. Nat. Commun. 8, 2204 (2017). https://​doi.​
org/​10.​1038/​s41467-​017-​02337-y

	238.	 Y. Choi, S. Oh, C. Qian, J.-H. Park, J.H. Cho, Vertical 
organic synapse expandable to 3D crossbar array. Nat. 
Commun. 11(1), 4595 (2020). https://​doi.​org/​10.​1038/​
s41467-​020-​17850-w

	239.	 Z. Wang, S. Joshi, S.E. Savel’ev, H. Jiang, R. Midya et al., 
Memristors with diffusive dynamics as synaptic emulators for 
neuromorphic computing. Nat. Mater. 16(1), 101–108 (2017). 
https://​doi.​org/​10.​1038/​nmat4​756

	240.	 H. Chen, L. Lv, Y. Wei, T. Liu, S. Wang et al., Self-powered 
flexible artificial synapse for near-infrared light detection. 
Cell Rep. Phys. Sci. 2(7), 100507 (2021). https://​doi.​org/​10.​
1016/j.​xcrp.​2021.​100507

	241.	 G. Liu, W. Wen, Z. Zhao, X. Huang, Y. Li et al., Bionic 
tactile-gustatory receptor for object identification based on 
all-polymer electrochemical transistor. Adv. Mater. 35(24), 
2300242 (2023). https://​doi.​org/​10.​1002/​adma.​20230​0242

	242.	 J. Shi, J. Jie, W. Deng, G. Luo, X. Fang et al., A fully solu-
tion-printed photosynaptic transistor array with ultralow 
energy consumption for artificial-vision neural networks. 
Adv. Mater. 34(18), 2200380 (2022). https://​doi.​org/​10.​1002/​
adma.​20220​0380

	243.	 H. Jo, J. Jang, H.J. Park, H. Lee, S.J. An et al., Physical reser-
voir computing using tellurium-based gate-tunable artificial 
photonic synapses. ACS Nano 18(44), 30761–30773 (2024). 
https://​doi.​org/​10.​1021/​acsna​no.​4c104​89

	244.	 A. Moazzeni, H. Riyahi Madvar, S. Hamedi, Z. Kordrostami, 
Fabrication of graphene oxide-based resistive switching 
memory by the spray pyrolysis technique for neuromorphic 
computing. ACS Appl. Nano Mater. 6(3), 2236–2248 (2023). 
https://​doi.​org/​10.​1021/​acsanm.​2c054​97

	245.	 Z. Chen, J. He, Y. Zheng, T. Song, Z. Deng, An optimized 
feedforward decoupling PD register control method of roll-
to-roll web printing systems. IEEE Trans. Autom. Sci. Eng. 

https://doi.org/10.1002/adfm.202006236
https://doi.org/10.1038/s41467-024-46646-5
https://doi.org/10.1038/s41928-024-01124-0
https://doi.org/10.1038/s41928-024-01124-0
https://doi.org/10.1038/s41467-024-45296-x
https://doi.org/10.1038/s41467-024-45296-x
https://doi.org/10.1039/c4tc00652f
https://doi.org/10.1088/0957-4484/25/9/094001
https://doi.org/10.1002/adfm.202409578
https://doi.org/10.1002/adfm.202409419
https://doi.org/10.1002/adfm.202409419
https://doi.org/10.1016/j.matt.2022.02.020
https://doi.org/10.1002/adfm.201804004
https://doi.org/10.1002/adfm.201804004
https://doi.org/10.1038/s41928-022-00713-1
https://doi.org/10.1038/s41928-022-00713-1
https://doi.org/10.1002/adma.201505405
https://doi.org/10.1109/PROC.1983.12638
https://doi.org/10.1126/science.abh3551
https://doi.org/10.1126/science.abh3551
https://doi.org/10.1038/s41467-021-25719-9
https://doi.org/10.1109/TCSVT.2025.3541359
https://doi.org/10.1109/TCSVT.2025.3541359
https://doi.org/10.1126/science.aaw5581
https://doi.org/10.1126/science.aaw5581
https://doi.org/10.1002/adma.202104690
https://doi.org/10.1002/adma.202104690
https://doi.org/10.1038/s41467-021-26314-8
https://doi.org/10.1038/s41467-021-26314-8
https://doi.org/10.1038/s41467-017-02337-y
https://doi.org/10.1038/s41467-017-02337-y
https://doi.org/10.1038/s41467-020-17850-w
https://doi.org/10.1038/s41467-020-17850-w
https://doi.org/10.1038/nmat4756
https://doi.org/10.1016/j.xcrp.2021.100507
https://doi.org/10.1016/j.xcrp.2021.100507
https://doi.org/10.1002/adma.202300242
https://doi.org/10.1002/adma.202200380
https://doi.org/10.1002/adma.202200380
https://doi.org/10.1021/acsnano.4c10489
https://doi.org/10.1021/acsanm.2c05497


Nano-Micro Lett.          (2026) 18:203 	 Page 45 of 46    203 

13(1), 274–283 (2016). https://​doi.​org/​10.​1109/​TASE.​2015.​
24896​87

	246.	 B. Grant, Y. Bandera, S.H. Foulger, J. Vilčáková, P. Sáha 
et al., Boolean and elementary algebra with a roll-to-roll 
printed electrochemical memristor. Adv. Mater. Technol. 
7(5), 2101108 (2022). https://​doi.​org/​10.​1002/​admt.​20210​
1108

	247.	 W. Choi, J.S. Yoon, W.W. Lee, G.H. Hong, H. Kim et al., 
DPP-DTT nanowire phototransistors for optoelectronic syn-
apses in EMG and ECG signal classification. Small (2025). 
https://​doi.​org/​10.​1002/​smll.​20250​6440

	248.	 W. Xu, S.-Y. Min, H. Hwang, T.-W. Lee, Organic core-sheath 
nanowire artificial synapses with femtojoule energy con-
sumption. Sci. Adv. 2(6), e1501326 (2016). https://​doi.​org/​
10.​1126/​sciadv.​15013​26

	249.	 X. Zhang, X. Yu, J. Chen, Solution-processed organic nano-
structure arrays: from nanofabrication to applications. Surf. 
Interfaces 72, 106981 (2025). https://​doi.​org/​10.​1016/j.​surfin.​
2025.​106981

	250.	 S.-X. Li, G.-Y. Huang, H. Xia, T. Fu, X.-J. Wang et al., 
Nanoimprint crystalithography for organic semiconductors. 
Nat. Commun. 16(1), 3636 (2025). https://​doi.​org/​10.​1038/​
s41467-​025-​58934-9

	251.	 X. Liu, D. Wang, W. Chen, Y. Kang, S. Fang et al., Optoelec-
tronic synapses with chemical-electric behaviors in gallium 
nitride semiconductors for biorealistic neuromorphic func-
tionality. Nat. Commun. 15, 7671 (2024). https://​doi.​org/​10.​
1038/​s41467-​024-​51194-z

	252.	 L. Lu, X. Liu, P. Gu, Z. Hu, X. Liang et al., Stretchable all-
gel organic electrochemical transistors. Nat. Commun. 16(1), 
3831 (2025). https://​doi.​org/​10.​1038/​s41467-​025-​59240-0

	253.	 S. Woo, D. Moon, Y. Won, C. Kyung, J. Yoo et al., A pattern 
recognition artificial olfactory system based on human olfac-
tory receptors and organic synaptic devices. Sci. Adv. 10(21), 
eadl2882 (2024). https://​doi.​org/​10.​1126/​sciadv.​adl28​82

	254.	 X. Wu, S. Chen, L. Jiang, X. Wang, L. Qiu et al., Highly sen-
sitive, low-energy-consumption biomimetic olfactory synap-
tic transistors based on the aggregation of the semiconductor 
films. ACS Sens. 9(5), 2673–2683 (2024). https://​doi.​org/​10.​
1021/​acsse​nsors.​4c006​16

	255.	 P. Li, H.P. Anwar Ali, W. Cheng, J. Yang, B.C.K. Tee, 
Bioinspired prosthetic interfaces. Adv. Mater. Technol. 5(3), 
1900856 (2020). https://​doi.​org/​10.​1002/​admt.​20190​0856

	256.	 K. Liang, R. Wang, H. Ren, D. Li, Y. Tang et al., Printable 
coffee-ring structures for highly uniform all-oxide optoelec-
tronic synaptic transistors. Adv. Opt. Mater. 10(24), 2201754 
(2022). https://​doi.​org/​10.​1002/​adom.​20220​1754

	257.	 L. Yu, Y. Li, Y. Lv, B. Gu, J. Cai et al., Treadmill exercise 
facilitates synaptic plasticity in APP/PS1 mice by regulating 
hippocampal AMPAR activity. Cells 13(19), 1608 (2024). 
https://​doi.​org/​10.​3390/​cells​13191​608

	258.	 M. Deodato, D. Melcher, Continuous temporal integration in 
the human visual system. J. Vis. 24(13), 5 (2024). https://​doi.​
org/​10.​1167/​jov.​24.​13.5

	259.	 A. Bartels, S. Zeki, The theory of multistage integration in 
the visual brain. Proc. R. Soc. Lond. B 265(1412), 2327–
2332 (1998). https://​doi.​org/​10.​1098/​rspb.​1998.​0579

	260.	 A. Pérez-Bellido, M.O. Ernst, S. Soto-Faraco, J. López-
Moliner, Visual limitations shape audio-visual integration. 
J. Vis. 15(14), 5 (2015). https://​doi.​org/​10.​1167/​15.​14.5

	261.	 Z. Zhao, A. Abdelsamie, R. Guo, S. Shi, J. Zhao et al., Flex-
ible artificial synapse based on single-crystalline BiFeO3 thin 
film. Nano Res. 15(3), 2682–2688 (2022). https://​doi.​org/​10.​
1007/​s12274-​021-​3782-4

	262.	 X. Yan, Z. Zhou, J. Zhao, Q. Liu, H. Wang et al., Flexible 
memristors as electronic synapses for neuro-inspired com-
putation based on Scotch tape-exfoliated Mica substrates. 
Nano Res. 11(3), 1183–1192 (2018). https://​doi.​org/​10.​1007/​
s12274-​017-​1781-2

	263.	 Y. Lin, T. Zeng, H. Xu, Z. Wang, X. Zhao et al., Transfer-
able and flexible artificial memristive synapse based on WOx 
Schottky junction on arbitrary substrates. Adv. Electron. 
Mater. 4(12), 1800373 (2018). https://​doi.​org/​10.​1002/​aelm.​
20180​0373

	264.	 X. Huang, K. Zhang, B. Peng, G. Wang, M. Muhler et al., 
Ceria-based materials for thermocatalytic and photocatalytic 
organic synthesis. ACS Catal. 11(15), 9618–9678 (2021). 
https://​doi.​org/​10.​1021/​acsca​tal.​1c024​43

	265.	 L. Cui, J. Wu, H. Ju, Electrochemical sensing of heavy metal 
ions with inorganic, organic and bio-materials. Biosens. Bio-
electron. 63, 276–286 (2015). https://​doi.​org/​10.​1016/j.​bios.​
2014.​07.​052

	266.	 D. Liu, K. Lu, C. Poon, W. Lin, Metal–organic frameworks 
as sensory materials and imaging agents. Inorg. Chem. 53(4), 
1916–1924 (2014). https://​doi.​org/​10.​1021/​ic402​194c

	267.	 R. Xue, Y.-S. Liu, S.-L. Huang, G.-Y. Yang, Recent progress 
of covalent organic frameworks applied in electrochemical 
sensors. ACS Sens. 8(6), 2124–2148 (2023). https://​doi.​org/​
10.​1021/​acsse​nsors.​3c002​69

	268.	 B. Salonikidou, A. Mehonic, Y. Takeda, S. Tokito, J. England 
et al., Inkjet-printed Ag/a-TiO2/Ag neuromorphic nanode-
vice based on functionalized ink. Adv. Eng. Mater. 24(11), 
2200439 (2022). https://​doi.​org/​10.​1002/​adem.​20220​0439

	269.	 G. Zhu, X. Chen, J. Ma, G. Dai, Z. Liu, Inkjet-printed nio-
bium tungsten oxide thin-film memristors for neuromorphic 
computing. Mater. Today Commun. 44, 112088 (2025). 
https://​doi.​org/​10.​1016/j.​mtcomm.​2025.​112088

	270.	 H. Hu, A. Scholz, C. Dolle, A. Zintler, A. Quintilla et al., 
Inkjet-printed tungsten oxide memristor displaying non-vola-
tile memory and neuromorphic properties. Adv. Funct. Mater. 
34(20), 2302290 (2024). https://​doi.​org/​10.​1002/​adfm.​20230​
2290

	271.	 C. Bao, S.K. Seol, W.S. Kim, A 3D integrated neuromorphic 
chemical sensing system. Sens. Actuat. B Chem. 332, 129527 
(2021). https://​doi.​org/​10.​1016/j.​snb.​2021.​129527

	272.	 Q. Cao, M. Shin, N.V. Lavrik, B.J. Venton, 3D-printed carbon 
nanoelectrodes for in vivo neurotransmitter sensing. Nano 
Lett. 20(9), 6831–6836 (2020). https://​doi.​org/​10.​1021/​acs.​
nanol​ett.​0c028​44

https://doi.org/10.1109/TASE.2015.2489687
https://doi.org/10.1109/TASE.2015.2489687
https://doi.org/10.1002/admt.202101108
https://doi.org/10.1002/admt.202101108
https://doi.org/10.1002/smll.202506440
https://doi.org/10.1126/sciadv.1501326
https://doi.org/10.1126/sciadv.1501326
https://doi.org/10.1016/j.surfin.2025.106981
https://doi.org/10.1016/j.surfin.2025.106981
https://doi.org/10.1038/s41467-025-58934-9
https://doi.org/10.1038/s41467-025-58934-9
https://doi.org/10.1038/s41467-024-51194-z
https://doi.org/10.1038/s41467-024-51194-z
https://doi.org/10.1038/s41467-025-59240-0
https://doi.org/10.1126/sciadv.adl2882
https://doi.org/10.1021/acssensors.4c00616
https://doi.org/10.1021/acssensors.4c00616
https://doi.org/10.1002/admt.201900856
https://doi.org/10.1002/adom.202201754
https://doi.org/10.3390/cells13191608
https://doi.org/10.1167/jov.24.13.5
https://doi.org/10.1167/jov.24.13.5
https://doi.org/10.1098/rspb.1998.0579
https://doi.org/10.1167/15.14.5
https://doi.org/10.1007/s12274-021-3782-4
https://doi.org/10.1007/s12274-021-3782-4
https://doi.org/10.1007/s12274-017-1781-2
https://doi.org/10.1007/s12274-017-1781-2
https://doi.org/10.1002/aelm.201800373
https://doi.org/10.1002/aelm.201800373
https://doi.org/10.1021/acscatal.1c02443
https://doi.org/10.1016/j.bios.2014.07.052
https://doi.org/10.1016/j.bios.2014.07.052
https://doi.org/10.1021/ic402194c
https://doi.org/10.1021/acssensors.3c00269
https://doi.org/10.1021/acssensors.3c00269
https://doi.org/10.1002/adem.202200439
https://doi.org/10.1016/j.mtcomm.2025.112088
https://doi.org/10.1002/adfm.202302290
https://doi.org/10.1002/adfm.202302290
https://doi.org/10.1016/j.snb.2021.129527
https://doi.org/10.1021/acs.nanolett.0c02844
https://doi.org/10.1021/acs.nanolett.0c02844


	 Nano-Micro Lett.          (2026) 18:203   203   Page 46 of 46

https://doi.org/10.1007/s40820-025-02036-0© The authors

	273.	 X. Li, R. Bi, X. Ou, S. Han, Y. Sheng et al., 3D-printed intrin-
sically stretchable organic electrochemical synaptic transis-
tor array. ACS Appl. Mater. Interfaces 15(35), 41656–41665 
(2023). https://​doi.​org/​10.​1021/​acsami.​3c071​69

	274.	 Q. Chen, R. Yang, D. Hu, Z. Ye, J. Lu, Artificial neurosyn-
aptic device based on amorphous oxides for artificial neural 
network constructing. J. Mater. Chem. C 12(25), 9165–9174 
(2024). https://​doi.​org/​10.​1039/​D4TC0​1244E

	275.	 D.-H. Kim, S.-M. Yoon, Improvement in energy consumption 
and operational stability of electrolyte-gated synapse transis-
tors using atomic-layer-deposited HfO2 thin films. Mater. Sci. 
Semicond. Process. 153, 107182 (2023). https://​doi.​org/​10.​
1016/j.​mssp.​2022.​107182

	276.	 C. Liu, L. Zhu, J.-K. Weng, Y.-C. Li, Z. Chen et al., Ultraflex-
ible and energy-efficient artificial synapses based on molec-
ular/atomic layer deposited organic–inorganic hybrid thin 
films. Adv. Electron. Mater. 9(2), 2200821 (2023). https://​
doi.​org/​10.​1002/​aelm.​20220​0821

	277.	 K.-X. Guo, H.-Y. Yu, H. Han, H.-H. Wei, J.-D. Gong et al., 
Artificial synapse based on MoO3 nanosheets prepared by 
hydrothermal synthesis. Acta Phys. Sin. 69(23), 238501 
(2020). https://​doi.​org/​10.​7498/​aps.​69.​20200​928

	278.	 Z. Guo, J. Liu, X. Han, F. Ma, D. Rong et al., High-perfor-
mance artificial synapse based on CVD-grown WSe2 flakes 
with intrinsic defects. ACS Appl. Mater. Interfaces 15(15), 
19152–19162 (2023). https://​doi.​org/​10.​1021/​acsami.​3c004​
17

	279.	 D.-P. Yang, R.-H. Li, X.-G. Tang, D.-L. Li, Q.-J. Sun, Pho-
toelectric dual mode sensing system based on one-step fab-
ricated heterojunction artificial synapses device. Mater. Sci. 
Eng. R. Rep. 165, 101021 (2025). https://​doi.​org/​10.​1016/j.​
mser.​2025.​101021

	280.	 Y.H. Kim, G.H. Kim, A.Y. Kim, N.S. Baek, J.I. Jeong et al., 
Optimisation of bi-layer resist overhang structure formation 
and SiO2 sputter-deposition process for fabrication of gold 
multi-electrode array. RSC Adv. 5(9), 6675–6681 (2015). 
https://​doi.​org/​10.​1039/​c4ra1​1746h

	281.	 W. Luo, Z. Yang, J. Zheng, Z. Cai, X. Li et al., Small mol-
ecule hydrogels loading small molecule drugs from Chinese 

medicine for the enhanced treatment of traumatic brain 
injury. ACS Nano 18(42), 28894–28909 (2024). https://​doi.​
org/​10.​1021/​acsna​no.​4c090​97

	282.	 J. Li, S.J. Bandekar, D. Araç, The structure of fly Teneurin-m 
reveals an asymmetric self-assembly that allows expansion 
into zippers. EMBO Rep. 24(6), e56728 (2023). https://​doi.​
org/​10.​15252/​embr.​20225​6728

	283.	 Y. Shen, Z. Jiang, H. Huang, S. Wang, S. Wu et al., Advances 
in textile-based triboelectric sensors for physiological sig-
nal monitoring. Adv. Funct. Mater. 35(37), 2426081 (2025). 
https://​doi.​org/​10.​1002/​adfm.​20242​6081

	284.	 J. Zeng, J. Zhao, C. Li, Y. Qi, G. Liu et al., Triboelectric 
nanogenerators as active tactile stimulators for multifunc-
tional sensing and artificial synapses. Sensors 22(3), 975 
(2022). https://​doi.​org/​10.​3390/​s2203​0975

	285.	 W.-S. Khwa, T.-H. Wen, H.-H. Hsu, W.-H. Huang, Y.-C. 
Chang et al., A mixed-precision memristor and SRAM com-
pute-in-memory AI processor. Nature 639(8055), 617–623 
(2025). https://​doi.​org/​10.​1038/​s41586-​025-​08639-2

	286.	 A. Renner, L. Supic, A. Danielescu, G. Indiveri, B.A. 
Olshausen et al., Neuromorphic visual scene understanding 
with resonator networks. Nat. Mach. Intell. 6(6), 641–652 
(2024). https://​doi.​org/​10.​1038/​s42256-​024-​00848-0

	287.	 C.-Y. Wang, S.-J. Liang, S. Wang, P. Wang, Z.-A. Li et al., 
Gate-tunable van der Waals heterostructure for reconfigur-
able neural network vision sensor. Sci. Adv. 6(26), eaba6173 
(2020). https://​doi.​org/​10.​1126/​sciadv.​aba61​73

	288.	 A. Natarajan, A. Sudha, D. Dean, V.M. Vijayan, 3D surface-
patterned hyaluronic acid hydrogels: customizable platforms 
for enhanced chondrogenic differentiation and organized pro-
duction of a specific hyaline cartilage extracellular matrix. 
ACS Appl. Mater. Interfaces 17(38), 53343–53364 (2025). 
https://​doi.​org/​10.​1021/​acsami.​5c163​74

	289.	 Y. Yang, Y. Liu, R. Yin, Fiber-shaped fluidic pumps for wear-
able applications. Adv. Fiber Mater. 5(5), 1552–1554 (2023). 
https://​doi.​org/​10.​1007/​s42765-​023-​00319-y

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1021/acsami.3c07169
https://doi.org/10.1039/D4TC01244E
https://doi.org/10.1016/j.mssp.2022.107182
https://doi.org/10.1016/j.mssp.2022.107182
https://doi.org/10.1002/aelm.202200821
https://doi.org/10.1002/aelm.202200821
https://doi.org/10.7498/aps.69.20200928
https://doi.org/10.1021/acsami.3c00417
https://doi.org/10.1021/acsami.3c00417
https://doi.org/10.1016/j.mser.2025.101021
https://doi.org/10.1016/j.mser.2025.101021
https://doi.org/10.1039/c4ra11746h
https://doi.org/10.1021/acsnano.4c09097
https://doi.org/10.1021/acsnano.4c09097
https://doi.org/10.15252/embr.202256728
https://doi.org/10.15252/embr.202256728
https://doi.org/10.1002/adfm.202426081
https://doi.org/10.3390/s22030975
https://doi.org/10.1038/s41586-025-08639-2
https://doi.org/10.1038/s42256-024-00848-0
https://doi.org/10.1126/sciadv.aba6173
https://doi.org/10.1021/acsami.5c16374
https://doi.org/10.1007/s42765-023-00319-y

	Organic Phototransistor Photonic Synapses for Artificial Vision
	Highlights
	Abstract 
	Anchor 4

	1 Introduction
	2 Key Performance Parameters of Photonic Synapses
	2.1 Excitatory and Inhibitory Postsynaptic Currents
	2.2 Synaptic Plasticity
	2.3 Energy Consumption

	3 Active Materials in Organic Phototransistors
	3.1 Organic Semiconductor Materials
	3.2 Organic–Inorganic Hybrid Structure
	3.2.1 Organic SemiconductorPerovskite
	3.2.2 Organic SemiconductorQuantum Dots
	3.2.3 Organic SemiconductorOther Functional Materials


	4 Operational Behavior of Organic Photonic Synapses
	4.1 Photoresponse Process
	4.2 Charge Storage Process

	5 Frontier Applications and Advances in Organic Photonic Synapses
	5.1 Polarization-Sensitive Organic Photonic Synapses
	5.2 Bionic Design of Organic Photonic Synapses
	5.3 Synaptic Security Devices and DynamicStatic Image Recognition
	5.4 Large-Area Lithography Fabrication of Organic Photonic Synaptic Arrays

	6 Summary and Outlook
	Acknowledgements 
	References


