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ABSTRACT 

Constrained by the physical architecture of von Neumann computing with separated storage 

and computation, neuromorphic computing architectures have been proposed. Ion-mediated 

oxide synaptic transistors (IOSTs), with their unique bio-mimetic characteristics, have become 
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a key fundamental component in the construction of neuromorphic computing systems. This 

review comprehensively explores the biomimetic principles and critical indicators of IOSTs, 

and discusses the unique advantages and recent developments associated by employing various 

electrolyte materials as the dielectric layers in IOSTs, including ionic liquids, ionic gels, organic 

polymer electrolytes, and inorganic solid electrolytes. Furthermore, we explore the extensive 

applications of IOSTs across multiple domains, such as multisensory bionics and neuromorphic 

computing. This article provides an exhaustive perspective on the research related to IOSTs and 

their system integration and applications, offering insights into their evolving landscape in 

neuromorphic electronics. 

 

I. INTRODUCTION 

The traditional von Neumann computing architecture separates the computation unit and the 

storage unit, leading to a mismatch between the data process the data transfer speed, which 

constrains the processing performance of computers. This limitation becomes particularly 

evident when confronting the massive computational power required in the information age, 

resulting in underperformance.1-3 Consequently, there is an urgent need to develop new 

computing paradigms to meet the increasing demands for data processing. Among various 

candidates, neuromorphic computing, which emulates the human brain’s method of processing 

information through a parallel processing architecture, is considered one of the promising new 

computational architectures capable of achieving higher efficiency and lower energy 

consumption.4-6 Developing underlying electronic devices that can simulate neuronal and 

synaptic behaviors is a valuable research topic for building neuromorphic computing 

architectures. This is also a crucial approach to addressing current computational challenges 

and paving the way for new chapters in future computing technologies. 

Over the past few decades, conventional complementary metal-oxide-semiconductor 

(CMOS) technology has advanced considerably. However, implementing synaptic functions 

with CMOS circuits typically requires dozens of transistors, resulting in large area consumption 

and high power dissipation, which constrains the large-scale integration of neural networks.3, 7 

Moreover, CMOS technology lacks the dynamic plasticity of biological synapses, making it 

challenging to achieve real-time weight adjustment and learning functions efficiently. These 

limitations have driven researchers to explore novel devices for more effective artificial synapse 

emulation. In recent developments within the field of neuromorphic electronic devices, 

significant research advancements have been achieved in two-terminal devices such as 

memristors,8-12 phase change memories,13, 14 resistive random access memory,15-17 and atomic 
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switches.18 The broad application of these devices is attributed to their simple structures and 

compact sizes, which facilitate easier manufacturing and integration. They offer advantages in 

terms of power consumption and switching speed, making them well-suited for neuromorphic 

computing architectures that require large-scale parallel computations. However, in two-

terminal devices, both the reading and writing processes occur through the same current path. 

As a result, the read and write currents may induce crosstalk during operation, potentially 

affecting the reliable modulation of the device. The three-terminal devices can effectively 

separate reading and writing operations, present another attractive solution. These devices can 

support both learning and memory functions concurrently. Additionally, by utilizing the third 

terminal, a precise modulation of conductance can be achieved, thereby offering greater 

controllability, flexibility, and stability.19 

In three-terminal synaptic transistor devices, the semiconductor layer serves as a channel 

mediating current conduction. Traditional semiconductor materials include silicon, germanium, 

and gallium arsenide, while organic materials,20-24 two-dimensional materials,25, 26 and oxide 

materials also emerge as competitive candidates for semiconductor applications. Researchers 

have constructed many high-performance three-terminal synaptic transistor devices using these 

materials. Among these materials, oxide semiconductors possess unique advantages.27 In 2004, 

Kenji Nomura et al. pioneered the use of indium gallium zinc oxide (IGZO) in thin-film 

transistors, significantly advancing the development of metal oxide semiconductor devices.28 

Beyond IGZO, which has been extensively studied,29, 30 other popular oxide semiconductor 

materials, such as ZnO,31, 32 SnO2,33 In2O3,34 Ga2O3,35 IZO,36, 37 ITO,38 and IWO,39 have also 

sparked a new wave of research. Oxide semiconductors typically feature wide band gaps, which 

endow them with excellent transparency and effective photoresponse characteristics within 

suitable wavelength ranges.40 Furthermore, the abundance and low cost of raw materials for 

oxide semiconductors offer advantages in cost control for devices based on these materials. In 

terms of fabrication, oxide semiconductors can be prepared using various well-established 

techniques, such as sol-gel methods,41 magnetron sputtering deposition,42 chemical vapor 

deposition,43 and atomic layer deposition (ALD).44 Compared to two-dimensional materials, 

these methods provide superior capabilities for integration and large-scale production. 

Additionally, oxide semiconductors maintain robust electrical performance and chemical 

stability even in harsh environments.39 Therefore, compared to traditional semiconductor and 

organic semiconductor devices, oxide semiconductor devices demonstrate superior stability and 

reliability. Moreover, oxide semiconductors have broad prospects in flexible electronics, such 

as bendable displays, flexible solar cells, and wearable sensors,45 owing to their excellent 
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flexibility, pliability, and photosensitivity. 

 

FIG. 1. The four types of IOSTs and their performance metrics that should be considered. 

Counterclockwise from the top left: In2O3 IOST based on ionic gel [Reproduced with 

permission from Jin et al., Nano Lett. 22, 3372 (2022).46 Copyright 2022 American Chemical 

Society], IZO IOST using Nafion electrolyte [Reproduced with permission from Mohanty et 

al., ACS Appl. Mater. Interfaces 15, 19279 (2023).47 Copyright 2023 American Chemical 

Society], WO3 IOST based on inorganic solid-state electrolyte [Reproduced with permission 

from Cui et al., Nat. Electron. 6, 292 (2023).48 Copyright 2023 Springer Nature], and WO3 

IOST utilizing ionic liquids [Reproduced with permission from Yang et al., Adv. Mater. 30, 

1801548 (2018).49 Copyright 2018 John Wiley & Sons, Inc.]. Parts of the central synapse 

schematic were created in BioRender. 
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The dielectric layer, as another critical component of three-terminal synaptic transistors, 

demonstrates significant advantages when electrolyte materials containing controllable ions are 

employed.50 Compared to devices using other dielectric materials, such as ferroelectric 

materials, synaptic devices based on electrolyte materials containing controllable ions exhibit 

functionality similar to biological systems, offering superior bio-similarity and biocompatibility. 

This is advantageous for the development of neuromorphic computing systems and holds 

potential for applications in brain-machine interfaces. Besides, ion-mediated devices typically 

operate at ultra-low voltages, without requiring high operating voltages to switch the 

polarization state of the material, which is significant for low-power computing applications.51-

53 In terms of modulation mechanisms, ion migration within the electrolyte material establishes 

strong electric fields and large specific capacitance within the device, promoting effective 

carrier modulation. Furthermore, the diversity in ion size, valence state, and polarizability offers 

a wide range of strategies for tuning device performance.54 

This article focuses on research related to ion-mediated oxide synaptic transistors (IOSTs), 

detailing the emulation of biological synapses by IOST devices, and describing the performance 

metrics that should be considered during the fabrication and testing of these devices. 

Furthermore, we discuss various electrolyte materials, including ionic liquids, ionic gels, 

organic polymer electrolytes, and inorganic solid electrolytes, highlighting their unique 

advantages and recent developments as dielectric layers in IOSTs, as illustrated in Fig. 1. 

Additionally, we anticipate the extensive applications of IOSTs, ranging from multisensory 

bionics to neuromorphic computing. In summary, due to their outstanding performance and 

wide application prospects, IOSTs are considered indispensable foundational components in 

emerging neuromorphic computing architectures. Through a comprehensive review of these 

devices, this article aims to provide a thorough perspective on the recent advancements and 

applications. 

 

II. BIOMIMETIC PERFORMANCE OF ION-MEDIATED OXIDE 

SYNAPTIC TRANSISTORS 

A. Overview of the Biomimetic Functionality of IOSTs 

In the neuromorphic system of the human brain, neuromorphic synapses are responsible for 

transmitting biological information.55 The human brain comprises approximately 1011 neurons 

interconnected by 1015 synapses.56 When a neuron is activated by external stimuli, it conducts 

an electrical signal (action potential) along its axon, leading to the opening of Ca2+ channels in 

the presynaptic membrane. This influx of Ca2+ further promotes the fusion of vesicles containing 
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neurotransmitters with the presynaptic membrane, and the release of neurotransmitters into the 

synaptic cleft. The neurotransmitters then diffuse and bind to receptors on the postsynaptic 

membrane, causing specific ion channels to open or close, thereby altering the electrical 

potential of the postsynaptic membrane.49 This process forms the basis for information 

transmission in the neural system of the human brain and is a fundamental mechanism of 

information transfer in the nervous system. IOSTs can effectively simulate this mechanism. 

They consist of three terminals: gate, source, and drain. The gate is considered the terminal for 

applying action potentials, simulating the presynaptic membrane, while the channel between 

the source and drain is made of oxide materials, mimicking the postsynaptic membrane. 

Between the channel and the bottom gate, there is a layer of electrolyte material containing 

controllable ions, which enhances the modulation of the channel carriers. The structure of the 

IOST device is illustrated in the schematic of the central synapse in Fig. 1. When a stimulus is 

applied to the gate, ions in the electrolyte material migrate, thereby affecting the change in 

channel conductance. This simulates the transmission of the stimulus signal between two 

synaptic unit devices. 

In addition, synaptic weight is a critical concept in signal transmission, reflecting the 

efficiency of signal propagation. Synaptic plasticity refers to the adjustability of the connection 

strength between synapses, which serves as the basis for learning and memory in biological 

brains, allowing the system to respond and adjust to external stimuli.57 Synaptic plasticity 

typically includes long-term plasticity (LTP) and short-term plasticity (STP). LTP is often 

associated with long-term learning and memory, while STP is used for temporary adjustments 

in response to immediate events.58 In IOSTs, when the stimulus is continuously applied to the 

gate, non-volatile/volatile changes occur in the channel conductance (current) between the 

source and drain, which simulates biological synapses’ LTP/STP. This current is called 

excitatory post-synaptic current (EPSC), and this plasticity can be modulated externally.59, 60 

Additionally, the connection strength between IOSTs may be potentiated or depressed by 

external stimuli, classified into long-term potentiation, long-term depression, short-term 

potentiation, and short-term depression. Furthermore, paired-pulse facilitation (PPF) and spike-

timing-dependent plasticity (STDP) also reflect adjustments in synaptic weight,61 which are 

crucial for information encoding, processing, and storage in neuromorphic computing systems. 

Building on the above, IOSTs can construct artificial neural networks (ANNs) through crossbar 

arrays. Each IOST device serves as a crosspoint in the array, simulating the synaptic weighting 

effect, and regulating the conductance through gate voltage to enable signal transmission and 

learning between neurons. This array structure allows the IOSTs to adaptively adjust connection 
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weights in large-scale parallel computing, thereby achieving neural network training and pattern 

recognition. 

 

B. Device Performance Metrics of IOSTs 

To achieve more efficient neuromorphic computing, several performance metrics are 

typically prioritized in the research, fabrication, and testing of IOSTs. These include: I. 

Linearity and symmetry in conductance updates. They are crucial for brain-inspired computing, 

and considerable efforts have been made to enhance these aspects.62 For instance, Nikam et al. 

improved the ionic conductivity of Li3PO4 inorganic solid films through Se doping, reducing 

the activation energy for lithium ion migration, which improves linearity and symmetry in 

conductance updates.63 Additionally, optimizing channel material stoichiometry and interface 

traps also contributes to these characteristics.64-67 II. Non-volatility. The duration a device 

maintains a single conductance level during multilevel conductance state changes is a critical 

indicator of an IOST’s storage capability. Interface instability may lead to device volatility, 

which can be optimized by inserting barrier layers.68, 69 III. Operational speed. The rapid 

operational speed of IOSTs allows them to respond instantaneously to external stimuli for real-

time information processing. The subthreshold swing (SS) effectively reflects the speed of 

conductance change,70 numerally equivalent to the gate voltage change required to alter the 

channel current by an order of magnitude. IV. Energy consumption. Each synaptic event in the 

human brain requires only 1-100 fJ of energy.71 Research on IOSTs has achieved energy 

consumptions reduced to the sub-femtojoule level, lower than biological synapses.72 

Additionally, the threshold voltage and the levels of read-write currents also impact the power 

consumption of the device.73 V. Stability. Stability ensures the device functions smoothly in the 

presence of noise, temperature, or other external disturbances. Spatiotemporal stability is often 

considered, which encompasses the stability of a single device over time and the uniformity of 

performance among devices from the same batch.74 In 2023, Qing Cao’s team reported 

hydrogenated tungsten oxide IOSTs capable of reliable read-write operations over 100 million 

cycles.48 Other important metrics, such as high on-off ratios,75 and compatibility with CMOS 

technology,76, 77 are also worthy of further research and improvement. 

 

III. ELECTROLYTE MATERIALS FOR ION-MEDIATED OXIDE 

SYNAPTIC TRANSISTORS 

IOSTs exhibit significant advantages due to their high similarity to the working mechanisms of 

biological synapses, specifically by using ion migration to dynamically modulate channels, thus 
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enabling highly sensitive and adjustable responses to signals.78 Commonly modulated ions 

include protons, Li+, Na+, and O2-. Protons, with the smallest ionic radius, can move quickly 

under an electric field and easily embed into the interstitial spaces of channel layers,79 providing 

proton-based devices with high sensitivity, high modulation speed, and low power 

consumption.80 However, their retention performance is limited to seconds to hours,81 and some 

proton reservoir materials are vulnerable to atmospheric humidity,48 which hinders their 

application. Research related to solid-state lithium batteries is burgeoning, offering useful 

insights for Li+-mediated IOSTs. The small ionic radius and high diffusion coefficient of lithium 

ions have drawn widespread attention, though compatibility with CMOS and multi-level 

conductance retention capabilities need consideration.82-85 Na+ is considered a low-cost, 

environmentally friendly ion, with favorable interactions with water. Devices based on sodium 

ions are simple to fabricate, and sodium ion doping can be directly accomplished by soaking in 

a sodium chloride solution.86 Moreover, Na+ has a lower diffusion rate than Li+, contributing to 

the non-volatility of devices.69 Additionally, O2- based devices have also been extensively 

studied. Oxygen ions have a high migration energy, limiting the modulation speed of devices. 

However, on the other hand, high migration energy can reduce spontaneous diffusion, thereby 

achieving high retention performance in devices. Furthermore, devices mediated by other ions 

such as K+,87 F-,88 and Mg2+,89 as well as dual-ion modulation devices have also been reported.90 

Specific ion-mediated devices can be used according to different materials and requirements. 

In recent years, IOSTs have been widely studied. In the design of these devices, the 

electrolyte materials play a critical role in addition to the oxide semiconductor layer. Here, we 

primarily discuss devices where the electrolyte dielectric layers are composed of ionic liquids, 

ionic gels, organic polymer electrolytes, and inorganic solid electrolytes. The following section 

will present an overview and recent developments of IOSTs employing various dielectric layer 

materials. 

 

A. Ionic-Liquids-Mediated Oxide Synaptic Transistor 

Among various electrolyte materials, ionic liquids stand out for their high ionic conductivity 

and tunability. Ionic liquids consist of free ions with different polar charges that move to the 

film interface under potentiated gate voltage, forming an electric double layer (EDL), thus 

enabling electrostatic field mediation [Fig. 2(a)]. When the gate voltage exceeds a certain 

threshold, ions may penetrate the interface and embed into the semiconductor channel, inducing 

electrochemical modulation [Fig. 2(b)].91, 92 This phenomena can be verified through 

characterization techniques and first-principles calculations.93 Under electric fields, ions in the 
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ionic liquids facilitate rapid conduction, effectively modulating channel conductance and 

achieving high switching speeds, which are crucial for applications requiring fast responses, 

such as high-frequency communication and rapid image processing. Additionally, the 

preparation of ionic liquids is straightforward. It can be directly applied via pipetting onto the 

sample to serve as the dielectric layer connecting the channel and gate electrode.81 

In recent years, research on ionic liquids materials has proliferated. Controlling the 

reversible phase transition modulation of the channel is an effective means of achieving 

artificial synaptic behaviors.94 In 2018, Yang et al. developed a [DEME][TFSI]-gated WO3 

IOST. This device exhibits different channel conductance modulation mechanisms when 

subjected to varying gate voltages [Fig. 2(c)].49 Specifically, when a positive gate voltage below 

the hydrolysis reaction threshold (VT) is applied, an EDL forms at the interface between the 

ionic liquids and the channel. When the applied gate voltage exceeds VT, hydrolysis occurs 

within the ionic liquids, producing H+ and OH-, with protons embedding into the WO3 channel 

to form HxWO3, thereby affecting the channel conductance. Similarly, Yang et al. proposed an 

IOST using an [EMIM][TFSI]-gated quasi-two-dimensional α-MoO3 nanosheet, where protons 

reversibly and non-volatily modulate the α-MoO3 channel conductance [Fig. 2(d)].95 These 

studies demonstrate that by precisely controlling the gate voltage, effective modulation of the 

ion liquid-material interface can be achieved, further enhancing the tunability and flexibility of 

the device. In addition, perovskite, a class of ceramic oxide materials, is often used in 

conjunction with ionic liquids in IOSTs. In 2019, Huang et al. demonstrated an IOST based on 

an SrCoOx (SCO) film. When a gate voltage is applied, the EDL generated within 

[DEME][TFSI] ionic liquids prompts hydrolysis, leading to the insertion or extraction of 

oxygen ions into or from the SCO channel. This process results in a phase transition and 

modifies the conductivity. The device can also simulate changes in synaptic weight by varying 

pulse amplitude and number, achieving multilevel non-volatile conductance states [Fig. 2(e)].81 

This highlights the potential of perovskite materials in IOST devices and provides new insights 

for synaptic device development. However, the hydrolysis process may accelerate material 

degradation over time, leading to long-term stability issues for the device. Additionally, the 

modulation of oxygen vacancy concentration represents another typical mechanism.77, 96 In 

2023, Alejandro López et al. utilized an ionic liquid [DEME][TFSI] to modulate the 

conductivity of the La0.7Sr0.3MnO3 (LSMO) channel through reversible electrochemical oxygen 

exchange, enabling both LTP and STP by modulating gate voltage [Fig. 2(f)].97 Shi et al. 

developed an ionic liquids-gated SmNiO3 transistor, revealing the impact of oxygen vacancies 

on conductivity modulation, which is associated with defect formation and electron scattering 
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mechanisms.98 

 

FIG. 2. (a) Formation of the EDL at low gate voltage. (b) Ion embedding into the channel when 

the applied gate voltage exceeds the threshold. (c) Formation of the EDL and relaxation 

processes at gate voltages below the threshold required for hydrolysis, and proton embedding 

in the channel and relaxation processes at gate voltages above the threshold required for 

hydrolysis. Reproduced with permission from Yang et al., Adv. Mater. 30, 1801548 (2018).49 

Copyright 2018 John Wiley & Sons, Inc. (d) Proton transfer to the interface and embedding 

under positive gate voltage, and proton extraction and desorption under negative gate voltage. 

Reproduced with permission from Yang et al., Adv. Mater. 29, 1700906 (2017).95 Copyright 

2017 John Wiley & Sons, Inc. (e) A [DEME][TFSI]-gated SCO IOST and conductance 

modulation and retention characteristics under continuously potentiating or depressing gate 

voltages. Reproduced with permission from Huang et al., Adv. Funct. Mater. 29, 1902702 

(2019).81 Copyright 2019 John Wiley & Sons, Inc. (f) Electrostatic modulation schematic of a 

[DEME][TFSI]-gated LSMO IOST under positive gate voltage and its LTP. Reproduced with 

permission from López et al., Adv. Electron. Mater. 9, 2300007 (2023),97 licensed under a 

Creative Commons Attribution (CC BY) license. 

 

B. Ionic-Gel-Mediated Oxide Synaptic Transistor 

Although oxide transistors based on ionic liquids offer advantages in switching speed and ion 
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conduction, their retention and application in complex circuits, particularly in terms of 

integration, must also be considered. To address this challenge, the use of ionic gels dielectric 

layers has been proposed. Ionic gels are formed by combining ionic liquids with polymers or 

networked materials. Compared to ionic liquids, ionic gels combine the excellent ionic 

conductivity of ionic liquids with the mechanical stability and ease of processing of gel 

materials, additionally reducing the risk of leakage. 

In terms of mechanical structure, ionic gels are typically soft materials with a certain 

degree of tensile strength,99 enabling compatibility with flexible electronic devices and 

adaptation to device of various shapes and sizes.100 In 2021, VO2 Mott transistors gated by 

rubbery solid ionic gels were stably operated on flexible substrates. The ionic gel consists of 

[DEME][BF4] and copolymer of PVDF-HFP. The gate voltage modulation induced the VO2 

metal-insulator transition, facilitating the conversion of STP to LTP [Figs. 3(a) and 3(b)].101 In 

the same year, Seyong Oh et al. fabricated flexible artificial synapses based on silicon-indium-

zinc oxide (SIZO) with ionic gel gating on a polyimide substrate, and integrated stretchable 

resistive sensors to construct a sensory neuromorphic system for sign language translation [Figs. 

3(c) and 3(d)].102 These works demonstrate the potential of combining ion gels with flexible 

materials, providing a new pathway for the development of intelligent interactive systems. The 

ionic contained in the ionic gel can induce charges at the interface between the channel layer 

and the ionic gel dielectric layer. By adjusting the polymer matrix or the ratio of ionic liquids 

in the ionic gel, its mechanical properties, such as softness, elasticity, and viscosity, can be 

optimized.103 Reducing the device size and enhancing the capacitance-frequency and 

conductance-frequency responses of the gel materials can improve switching frequency and 

reduce power consumption.100, 104 Additionally, the introduction of nanoparticles between the 

ionic gel and channel layer can further enhance device performance.105 Crosslinking technology, 

which introduces chemical bonds or physical links between polymer molecules to form a three-

dimensional network, is an essential method for enhancing material properties. The application 

of this technique in ionic gel materials yields significant benefits. In 2020, Fazel Zare Bidoky 

et al. used photo-crosslinkable ionic gels and template-based screen printing to fabricate 

electrolyte-gated ZnO transistors [Fig. 3(e)]. The ionic gel consisted of a 1:9 weight ratio 

mixture of poly(styrene)-b-poly(ethylacrylate)-b-poly(styrene) (PS-PEtA-PS) triblock 

copolymer and the ionic liquid [EMI][TFSI] dissolved in ethyl acetate. This approach enhanced 

the ionic gel’s resistivity and mitigated parasitic capacitance effects, resulting in faster device 

switching times.106 Nevertheless, the practical application of this method may be limited due to 

certain constraints, as the photopolymerization technique requires specific environmental 
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conditions. Improper control of factors such as light intensity and crosslinking time could result 

in incomplete crosslinking, thereby affecting the device’s reproducibility. In 2023, Liu’s team 

employed SnO2 thin films as channels and designed a thermally crosslinked three-dimensional 

network to form the ionic gel layer, a mixture of [EMIM][TFSI] and cross-linkable solution. 

They developed a simple fabrication process for tunable ionic gels, reducing device power 

consumption to sub-femtojoule levels [Fig. 3(f)].72 Moreover, combining ionic gels with oxides 

enables the fabrication of synaptic transistors with photoresponse behavior,107, 108 and large-

scale array fabrication can be realized through screen printing.46, 109 Furthermore, incorporating 

the multi-gate structure into device design facilitates the development of multifunctional 

systems.103, 110 

 

FIG. 3. (a) Optical image of the VO2 IOSTs on a flexible mica substrate. (b) STP behavior 

under low gate voltage and LTP behavior under high gate voltage. Reproduced with permission 

from Deng et al., Adv. Funct. Mater. 31, 2101099 (2021).101 Copyright 2021 John Wiley & Sons, 

Inc. (c) Schematic of the SIZO IOSTs based on UV-patterned [EMIM][TFSI] ionic gel. (d) 

Sensory neuromorphic system constructed from the IOSTs combined with stretchable resistive 

sensors, designed for sign language translation. Reproduced with permission from Oh et al., 
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Sci. Adv. 7, eabg9450 (2021).102 Copyright 2021 American Association for the Advancement 

of Science. (e) Screen printing and UV crosslinking process of the ionic gel. Reproduced with 

permission from Bidoky et al., Adv. Funct. Mater. 30, 1902028 (2020).106 Copyright 2020 John 

Wiley & Sons, Inc. (f) Thermally crosslinked ionic gel layer in an IOST. Reproduced with 

permission from Liu et al., Chin. Chem. Lett. 34, 107842 (2023).72 Copyright 2023 Elsevier. 
 

C. Organic-Polymer-Electrolyte-Mediated Oxide Synaptic Transistor 

Organic polymer electrolytes are also commonly used dielectric material in IOSTs. Organic 

materials are characterized by simple synthesis methods, low cost, and excellent mechanical 

flexibility, allowing them to withstand mechanical deformations such as bending and stretching, 

thus ensuring compatibility with flexible substrates. 

In most reported devices, the application of gate voltage may lead to the formation of 

conductive filaments or phase transitions at the interface. In contrast to these mechanisms, Bilge 

Yildiz’s team designed an IOST with an optimized mechanism. The device utilizes WO3 as the 

channel, PdHx as the solid-state hydrogen storage layer and gate, and the organic polymer 

electrolyte Nafion-117 as the dielectric layer, which provides electronic insulation and proton 

conductivity [Fig. 4(a)]. Protons are inserted into the interconnected channels of the WO3 lattice 

under the gate voltage control, where they combine with oxygen ions to form O-H-O defects 

[Fig. 4(b)]. The conductivity can be precisely modulated by adjusting the degree of proton 

insertion. This modulation mechanism differs from the conductive filament and phase transition 

mechanisms, offering excellent reversibility, linear conductance updates, and low power 

consumption [Fig. 4(c)].80 The flexibility of organic polymer-based devices offers notable 

advantages. Min’s team fabricates IGZO-based transparent flexible IOSTs on polyimide 

substrates using an organic polymer chitosan electrolyte and a high-k Ta2O5 thin-film as gate 

dielectric layer. The substrate is treated using a microwave annealing process, demonstrating 

stable electrical performance and mechanical integrity after 500 repeated bending cycles at a 

small bending diameter [Figs. 4(d) and 4(e)].45 Furthermore, behaviors such as EPSC, PPF, 

multi-spike facilitation, and both potentiation and depression are successfully emulated. In 

addition to layered stacked devices, laterally coupled oxide-based transistors are also 

extensively studied [Fig. 4(f)],111 contributing to the advancement of more compact and 

efficient neuromorphic system development. To enhance non-volatility, an ion-trapping layer 

can be incorporated into the electrolyte and channel to improve ion or charge adsorption.112 

Meanwhile, in response to environmental challenges, biodegradable biomaterials have gained 

attention. Researchers applied ion-tunable biomaterials with hydrophilic functional groups to 
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IOSTs, including chitosan,111, 113 sodium alginate,114, 115 starch,116 konjac glucomannan (KGM) 

[Fig. 4(g)],117 and natural gelatin.118 Some of these devices can even dissolve in deionized water 

within a short time,119 enabling environmentally friendly “artificial synapses” while reducing 

fabrication costs. Li et al. innovatively used natural biomaterial egg shell membrane (ESM) as 

the electrolyte to develop ITO transistors, with the entire fabrication process being simple and 

environmentally friendly.120 However, batch-to-batch variations in natural materials and 

processing challenges may affect the consistency of the devices. Ding et al. fabricated IGZO 

IOSTs gated by a solid biopolymer electrolyte (SA/NH4Br) [Fig. 4(h)], where proton migration 

in the electrolyte induced counterclockwise hysteresis loops during gate voltage sweeps.121 

Most of these devices rely on proton modulation, offering advantages such as high sensitivity 

and low power consumption.122 This paves the way for future neuromorphic applications 

inspired by green brain-inspired systems. 

 

FIG. 4. (a) Schematic diagram and cross-sectional scanning image of the Nafion-117 organic 

polymer electrolyte transistor modulated by protons. Proton insertion sites between oxygen ions 

(b) and potentiation and depression behaviors of devices (c). Reproduced with permission from 

Yao et al., Nat. Commun. 11, 3134 (2020),80 licensed under a Creative Commons Attribution 

(CC BY) license. Optical microscope images of flexible IOSTs with a bending diameter as 

small as 3 mm after 100 and 500 bending cycles (d), and gate voltage sweep results (e). 

Reproduced with permission from Min et al., Molecules 26, 7233 (2021),45 licensed under a 
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Creative Commons Attribution (CC BY) license. (f) Schematic of a laterally coupled IZO 

transistor device. Reproduced with permission from Liu et al., Adv. Mater. 27, 5599 (2015).111 

Copyright 2015 John Wiley & Sons, Inc. (g) Schematic of IGZO IOSTs employing KGM 

organic polymer electrolyte. Reproduced with permission from Huang et al., ACS Appl. 

Electron. Mater. 6, 1521 (2024).117 Copyright 2024 American Chemical Society. (h) Device 

fabrication flowchart of SA/NH4Br-gated IGZO IOSTs. Reproduced with permission from 

Ding et al., J. Mater. Sci. 58, 11740-11747 (2023).121 Copyright 2023 Springer Nature. 

 

D. Inorganic-Solid-Electrolyte-Mediated Oxide Synaptic Transistor 

Inorganic solid electrolytes are widely used as dielectric layer materials in oxide transistors due 

to their high dielectric constant. IOSTs based on inorganic solid electrolytes allow for low 

operating voltages, excellent thermal stability, and chemical stability,123 making them suitable 

for extreme environments such as high temperatures. Compared to other electrolyte materials, 

inorganic solid oxide transistors exhibit superior stability, durability, and reliable scalability for 

integration.48, 76, 124 Moreover, the fabrication of inorganic solid oxide materials and thin films 

is more cost-effective and involves simpler processing techniques.  

In inorganic solid oxide transistors, inorganic solid electrolytes are typically employed as 

gate dielectric layers, serving as ion donors and conduction channels. During ion conduction, 

the formation of conductive filaments can affect the controllability of the device. In 2020, A. 

Alec Talin’s team reported that in resistive memory devices, the presence of nanofilaments 

leads to random switching. By introducing Y2O3-stabilized ZrO2 (YSZ) as a solid electrolyte 

interlayer, filament formation can be eliminated, resulting in deterministic switching behavior 

[Fig. 5(a)].125 However, Hyunsang Hwang’s team suggested that in their WO3-based IOSTs, 

oxygen vacancies in YSZ electrolyte promoted the growth of conductive filaments, facilitating 

linear switching and multilevel conductance modulation [Figs. 5(b) and 5(c)].126 Consequently, 

although filaments can sometimes lead to unstable random switching behavior, they may also 

provide a richer modulation mechanism for conductance regulation in certain cases. The 

structure of solid electrolytes often provides fast ion conduction channels, enhancing the 

switching efficiency of the device. In 2021, Murat Onen et al. reported the first back-end 

CMOS-compatible proton-mediated non-volatile resistor, using phosphosilicate glass (PSG) as 

the dielectric layer and WO3 as channel material. The porous structure of PSG ensures effective 

proton transport [Fig. 5(d)].76 Additionally, the stability of solid-state inorganic electrolytes 

under harsh environments may make them the preferred choice. Recently, Philipp Langner et 

al. developed an all-solid-state IOST in their study, employing an oxide film, Bi2V0.9Cu0.1O5.35 
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(BICUVOX), which is compatible with CMOS technology, as the oxygen ion conductor 

electrolyte, and La0.5Sr0.5FeO3-δ (δ = 0-0.25) as the channel material. Thanks to the high ionic 

mobility of the BICUVOX film, the device achieved stable oxide ion migration at low voltage 

(<1 V) and could reliably operate at 423.15 K.127 Furthermore, IOSTs based on NdNiO3/SiO2 

electrolytes, fabricated by Chadol Oh et al., also demonstrated stable multilevel conductance 

modulation under low-voltage pulse control (≥50 mV) at 423.15 K.128 These research findings 

highlight the stability and high performance of inorganic-solid-electrolyte-mediated oxide 

synaptic transistors under low-voltage control, providing robust support for future low-power 

neuromorphic system research in high-temperature environments.129 Nonetheless, when 

subjected to applications in ultra-high temperature environments (>600 K), the stability of the 

device still requires further investigation and optimization. Moreover, improving the 

compatibility of these devices with CMOS technology will significantly facilitate the large-

scale deployment of this technology in practical applications and open possibilities for the 

realization of more complex integrated systems. 76, 77, 130  

 

FIG. 5. (a) Schematic illustration of the internal switching mechanism of the device before and 

after the addition of the YSZ layer. Reproduced with permission from Li et al., Adv. Mater. 32, 

2003984 (2020).125 Copyright 2020 John Wiley & Sons, Inc. (b) The effect of oxygen vacancy 
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density in YSZ electrolyte (low in YSZ-I, high in YSZ-III) on synaptic potentiated or depressed 

weight update performance. (c) No conductive filaments form on the surface of YSZ-I, while 

several conductive filaments form on the surface of YSZ-III. Reproduced with permission from 

Nikam et al., Adv. Electron. Mater. 7, 2100142 (2021).126  Copyright 2021 John Wiley & Sons, 

Inc. (d) Atomic force microscopy image of the PSG film surface. Reproduced with permission 

from Onen et al., Nano Lett. 21, 6111 (2021).76 Copyright 2021 American Chemical Society. I-

V curves of devices with 20 nm and 100 nm LATP dielectric layers under bidirectional gate 

voltage sweeps (e), and XRD patterns and electrochemical impedance spectra of the LATP 

dielectric layer annealed at different temperatures (f). Reproduced with permission from Park 

et al., ACS Appl. Mater. Interfaces 15, 47229 (2023).131 Copyright 2023 American Chemical 

Society. 

 

On the other hand, achieving an optimal solution requires comprehensive consideration of 

material parameters, structural design, fabrication costs, and process selection. In terms of 

fabrication, inorganic oxide films can be produced in large quantities and at low cost through 

methods such as chemical vapor deposition, physical vapor deposition, ALD, and sol-gel 

techniques.132 To enhance the quality of film deposition and improve device performance, 

factors such as adjustable ion doping levels,133 gas ratios during film deposition,134 annealing 

conditions of the film,135, 136 electrode materials,137 and substrate surface treatments need also 

be considered. Additionally, annealing can optimize crystallinity and increase the on-state 

current and memory window,4, 138-140 doping or plasma treatment to passivate dangling bonds 

and minimize interface trap density can improve the symmetry and linearity of weight 

updates,67, 141, 142 reducing the ionic conductivity within the material can be used to improve the 

device’s retention characteristics. 69, 143 Furthermore, factors such as film crystallographic 

orientation,144 thickness,145-147 size,148, 149 and surface roughness play critical roles.63, 150 For 

instance, surface roughness directly affects charge distribution at the interface, which in turn 

influences the electrical properties of the device. In 2023, Hyun-Suk Kim’s team proposed an 

IOST based on Li1-xAlxTi2-x(PO4)3 (LATP) inorganic solid electrolyte layer. They found that 

different film thicknesses impacted the hysteresis window width of the device [Fig. 5(e)], while 

varying annealing temperatures affected the crystallinity and conductivity of the LATP film 

[Fig. 5(f)].131 Besides, in research on device fabrication, a well-designed device structure can 

optimize the electric field distribution and improve the response speed and stability of the 

device.151, 152 Also, In addition to the technical parameters mentioned above, fabrication costs 

and manufacturing processes are also critical factors.153, 154 
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Table I summarizes the device information and performance parameters of IOSTs with 

different electrolyte materials as the dielectric layer. Each electrolyte material offers unique 

advantages in neuromorphic computing, making them suitable for various application 

requirements. Ionic liquids have high switching speed and ionic conductivity, but their volatility 

and environmental sensitivity limit their use in long-term stability and large-scale integration. 

Ionic gels and organic polymers offer excellent flexibility and biocompatibility; however, their 

relatively low mechanical strength and limited ionic conductivity may affect the durability and 

efficiency of devices in high-performance computing. In contrast, inorganic solid electrolytes 

show greater potential. Their outstanding chemical stability, mechanical strength, and high ionic 

conductivity not only ensure long-term reliability under harsh conditions but also facilitate 

integration with existing semiconductor processes. Therefore, due to their comprehensive 

performance advantages, inorganic solid electrolytes are more likely to become the mainstream 

electrolyte material choice in the future development of neuromorphic computing. 
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TABLE I. Summary of IOSTs, introducing dielectric layer and channel materials, mediated ions, size, synaptic performance and applications. 

Dielectric 

Category 
Dielectric Layer Channel Layer Ion Channel size (L×W×T) 

Operating 

voltage 

On/off 

ratio 

STP/

LTP 
STDP retention PPF index Linearity Energy 

Application 

Demonstration 
Refs. 

Ionic liquid [DEME][TFSI] WO3 proton 500 μm×50 μm×30 nm -2~2 V 20 S+L Y 100 s 6.8%, ∆t = 0.07 s   36 pJ Image memorizing 49 

Ionic liquid [DEME][TFSI] SrCoOx 
oxygen 

ions 
210 μm×50 μm×20 nm -2~2 V 60 L Y 1 h    

Image recognizing 

and memorizing, 

logic operations 

81 

Ionic liquid [DEME][TFSI] La0.7Sr 0.3 MnO3 
oxygen 

vacancies 
1 mm×5 mm×6~7 u.c.  -2~1.5 V >1 S+L Y 500 s 70%, ∆t = 5 s     97 

Ionic liquid [PMIM][TMS] SmNiO3 
oxygen 

vacancies 
 -1~1 V >1 L Y 3 h     98 

Ionic liquid [DEME][TFSI] CRFO proton 1500 μm×150 μm×40 nm -3.1~3 V >1 L Y      155 

Ionic gel 
P(VDF-HFP) + 

[EMIM][TFSI] 
In2O3  80 μm×1600 μm×15 nm -5~2 V 105       

Adaptive artificial 

vision 

photoreceptor 

46 

Ionic gel 
CEP + PMMF + 

[EMIM][TFSI] 
SnO2  

48,400 μm×100 μm×75 

nm 
  S   70%, ∆t = 0.1 s   0.35 fJ 

Logic operation, 

high-pass filtering 

72 

Ionic gel 
PVDF-HFP + 

[DEME][BF4] 
VO2 proton 0.56 mm2×40 nm -3~3 V  S+L Y  14%, ∆t ≈ 160 s   0.88 pJ 

Nociceptor, image 

recognition 

101 

Ionic gel 
UV-patterned 

ionic gel 
SIZO  30 μm×30 μm×30 nm -20~20 V >106 S+L      

Sensory 

neuromorphic 

system, gesture 

recognition 

102 

Ionic gel 
PS-PEtA-PS + 

[EMI][TFSI] 
ZnO  200 μm×10 μm×50 nm -2~2 V >105       Inverter 106 

Organic polymer 

electrolyte 
Nafion-117 WO3 proton 500 μm×100 μm×50 nm  30 L     18 aJ  80 

Organic polymer 

electrolyte 
Chitosan IZO proton 80 μm×1 mm×20 nm 

-1.6~1.6 

V 
≈ 105 S+L   122%, ∆t = 0.01 s  3.9 pJ Logic operation 111 
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Organic polymer 

electrolyte 
Chitosan ITO proton 80 μm×1 mm×T 

-1.5~1.5 

V 
>106 S+L Y 30 s 27%, ∆t = 0.02 s    113 

Organic polymer 

electrolyte 
Sodium alginate  ITO SA ions 150 μm×1 mm×20 nm -3~2 V >106 S   17%, ∆t = 0.01 s   Nociceptors 114 

Organic polymer 

electrolyte 

Konjac 

glucomannan 
IGZO proton 100 μm×1 mm×60 nm -1.5~3 V 5.7×106 S   20%, ∆t = 0.4 s   30 pJ Image recognizing 117 

Inorganic solid 

electrolyte 
Li3PO4 WOx Li+ 5 μm×5 μm×50 nm -2.5~3 V 6.4 L    0.60/-0.58  Pattern recognition 64 

Inorganic solid 

electrolyte 
AlOx InOx K+ 10 μm×150 μm×100 nm -2~4 V >10 S+L Y 60 s 13%, ∆t = 0.4 s   2.5 fJ Image recognizing 87 

Inorganic solid 

electrolyte 

Yttria-stabilized 

hafnia  
IGZO H+  -15~15 V >105 L  300 s  0.949/-0.984 168.81 fJ Pattern recognition 143 

Inorganic solid 

electrolyte 

Li1−xAlxTi2−x(PO

4)3 
IGZO Li+ 800 μm×200 μm×30 nm -20~20 V ≈ 106 S+L    1.04/-2.22 2.7 nJ Image recognizing 131 

Inorganic solid 

electrolyte 
LiPON Li1−xCoO2 Li+ 2 μm×W×120 nm    L  

several 

weeks 
  1-10 aJ 

Neural network 

simulation 

156 
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IV. APPLICATION PROSPECT OF IOSTS 

A. Multisensory Bionics 

Biological systems possess the ability to sense and process multiple types of sensory 

information, such as vision, touch, hearing, and smell. These sensory inputs are transmitted and 

processed through complex neural networks, resulting in integrated perception. To replicate the 

multisensory functions of biological systems, electronic devices must be capable of processing 

diverse signals to perceive and respond to various environmental stimuli, while effectively 

coordinating, integrating, and outputting across different sensory channels.157 Devices and 

systems based on IOSTs are able to mimic the functionality and dynamic characteristics of 

biological synapses, demonstrating remarkable potential in multisensory bionic systems. 

1. Visual Perception 

In the human sensory system, approximately 80% of external information is acquired through 

the visual perception system.158 To achieve artificial visual biomimicry, IOSTs can utilize oxide 

layers with strong photoresponse as channels to respond to external light stimuli. Liu et al. 

demonstrated dual-mode modulation of a Li-doped AlOx electrolyte-gated In2O3/ZnO IOST 

through both optical and electrical stimulation, and investigated the modulation of synaptic 

plasticity using light of different wavelengths, powers, durations, and intensities.159 This 

suggests that by precisely controlling the light source parameters, synaptic plasticity can be 

flexibly modulated, thereby enhancing the responsiveness and adaptability of artificial visual 

systems. Additionally, different wavelengths can be combined to achieve dual-photonic gate 

control for all-optical configuration of weight updates. This is attributed to the optoelectronic 

gating effect provided by the photo-generated electrons trapped in Al2O3 under infrared light 

and the ionized oxygen vacancies in In2O3 under ultraviolet light.160 Moreover, expanding 

single optoelectronic devices into device arrays to build neuromorphic computing architectures 

facilitates efficient parallel information processing and multifunctional integration. Qiu et al. 

combined an ionic gel (P(VDF-HPF) + [EMI][TFSA]) and Al2O3 as gate-stacked dielectrics 

with an IGZO channel to trap photo-generated charges at the channel/ionic gel interface, 

creating an artificial vision system based on an artificial retina array (ARA) and ANNs. The 

ARA, consisting of 784 IGZO transistors, can be used for image pre-processing to eliminate 

background noise, while an ANN based on a single-layer perceptron performs image training 

and recognition functions [Fig. 6(a)].161 Furthermore, adaptive behavior is a critical feature of 

biological visual systems, allowing the human eye to adjust and adapt to complex and dynamic 

environments.162 Jin et al. fabricated an In2O3 phototransistor array with negative 

photoconductance behavior using ionic gel (P(VDF-HFP) + [EMIM][TFSI]) prepared by 
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screen printing, achieving an artificial vision perception system capable of simulating 

brightness adaptation [Fig. 6(b)].46 In addition to processing visual information, human visual 

neurons also function as memory units. Similarly, artificial vision systems can perform feature 

extraction, image recognition, and memory functions.163-165 

2. Tactile Perception 

Moreover, tactile perception is a key biomimetic technology. By applying piezoelectric and 

flexible materials, the tactile perception of human skin can be mimicked, which can drive the 

development of intelligent robotics, wearable devices, and human-machine interaction.166 

Zhang et al. reported a stable, flexible ITO IOST using an ionic gel consisting of blending 

polymer (P(VDF-HFP)), ionic liquid [EMI][TSFA]), and acetone. When combined with an 

external thin-film pressure sensor, it enabled tactile sensing for braille code recognition.167 In 

addition, IOSTs may also be used for movement direction detection. In the 5×5 array of IOSTs, 

the tactile-triggered spike current is received by the device array, and after being processed by 

the constructed spiking neural networks (SNNs), the touch direction can be intelligently 

identified [Fig. 6(c)].168 Similarly, nociceptors that mimic pain receptors have been successfully 

simulated, demonstrating key features such as threshold detection, relaxation, and sensitization, 

along with graded pain perception.101 Li et al. emulated human nociceptors using a sodium 

alginate biopolymer electrolyte-gated ITO IOST transistor array. Their system showed weak 

responses to sub-threshold or short-duration stimuli, while exhibiting significant perception to 

stimuli that exceeded a certain threshold or duration, mimicking the mechanism of biological 

nociceptors [Fig. 6(d)].114 Furthermore, the integration of IOSTs with triboelectric 

nanogenerators has enabled the simulation of fear neural circuits, providing early warning 

signals for integrated systems.169 

3. Auditory Perception 

Bionic auditory perception is also a promising area of research. In bionic auditory systems, 

sound localization is achieved by mimicking the biological process of perceiving and judging 

the direction and distance of sound, which has significant implications for spatial awareness, 

navigation, human-machine interaction, and security monitoring. He et al. developed a pair of 

chitosan electrolyte-gated IGZO IOSTs to detect sound azimuth. Two gate terminals and two 

pairs of source-drain terminals were designated as PREN1/PREN2 and POSTN1/POSTN2 [Fig. 

6(e)]. By simulating the interaural time difference in biological systems, two stimulus signals 

applied at different times are introduced to PREN1 and PREN2. The function of the time delay 

between the stimulus signals and the sound azimuth is shown in Fig. 6(f).170 This work achieves 

precise sound source localization based on IOST devices, demonstrating the potential of IOSTs 
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in biomimetic auditory systems. The typical audible frequency range for the human ear spans 

from 20 Hz to 20 kHz. Therefore, the operating frequency of acoustic response devices should 

be optimized to cover this range.171 

Additionally, biomimetic systems for olfaction,172 and gustation have been studied.173 

Integrating these biomimetic devices will enable the simultaneous perception of multiple 

environmental stimuli. This will facilitate the development of more intelligent multisensory 

systems. 

 

FIG. 6. (a) The ARA simulated by 784 IGZO IOSTs filters the noise from handwritten images, 

and then sends them to the ANN for training and recognition. Reproduced with permission from 

Qiu et al., Adv. Funct. Mater. 30, 2002325 (2020).161 Copyright 2020 John Wiley & Sons, Inc. 

(b) In2O3 IOSTs array based on ionic gel, which used for adaptive artificial vision perception. 

Input of “X” image in the dark and “Y” image in the light using electrical pulses, with the “X” 

or “Y” image formed after the 1st, 10th, 20th, and 150th pulse. Reproduced with permission 

from Jin et al., Nano Lett. 22, 3372 (2022).46  Copyright 2022 American Chemical Society. (c) 

An array of IOSTs used for motion direction detection. Reproduced with permission from Li et 

al., Adv. Mater. 32, 2003018 (2020).168 Copyright 2020 John Wiley & Sons, Inc. (d) As the 

pulse amplitude and width increase beyond a certain threshold, the non-pain response 
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transitions to a pain perception event. Reproduced with permission from Li et al., Nanoscale 

14, 2316 (2022).114  Copyright 2022 Royal Society of Chemistry. (e) A pair of IOSTs simulating 

binaural hearing, enabling sound localization. (f) The function of the time interval between 

stimulus signals and the sound azimuth. Reproduced with permission from He et al., Adv. Mater. 

31, 1900903 (2019).170 Copyright 2019 John Wiley & Sons, Inc. 

 

B. Neuromorphic Computing 

1. IOSTs-based Artificial Neural Networks 

ANNs are computational models designed to mimic the interactions between neurons in the 

biological brain. They consist of numerous nodes, commonly referred to as “neurons,” which 

interact through connections with varying weights. Neural networks are typically organized into 

three layers: the input layer, the hidden layer(s), and the output layer. The input layer receives 

external data, the hidden layer(s) perform complex nonlinear transformations on the data, and 

the output layer provides the final prediction or classification outcome. Based on differences in 

connectivity structure and computational mechanisms, ANNs encompass various types of 

network architectures, primarily including convolutional neural networks (CNNs), recurrent 

neural networks (RNNs), and SNNs.174 Among them, CNNs excel at processing spatial data 

(such as images), RNNs are well-suited for handling temporal data (such as speech and text), 

while SNNs, by simulating the spiking mechanism of biological neurons, more closely replicate 

the dynamic behavior of biological neural networks. Traditional ANNs are typically 

implemented in software; however, due to the significant energy consumption and limited 

physical space, researchers have started exploring hardware-based implementations of ANNs—

directly using electronic devices to simulate the computational processes of neural networks. 

By structuring the IOSTs into a crossbar array, each crosspoint represents a weight, with these 

weights expressed by conductance values. Based on Ohm’s law and Kirchhoff’s law, input 

signals (voltage vectors) are converted into output signals (current) through these weights 

(conductance matrix). This process directly corresponds to the weighted summation step in 

neural networks, allowing the computation to be executed directly at the hardware level.73 

Due to their high stability and low power consumption, hardware crossbar arrays based on 

IOSTs are frequently applied in pattern recognition tasks such as image recognition.175, 176 In 

neural network simulations, optimizing the synaptic performance in the device enhances the 

accuracy of the weighted summation operation. 43, 74 Jin’s team significantly improved synaptic 

characteristics of IGZO IOSTs by optimizing the yttrium concentration (Y8.03) in the HfO2 

solid-state electrolyte, including the linearity and symmetry of weight updates, the number of 
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weight states, and the ratio of maximum to minimum conductance. Using this optimized 

configuration, they constructed a three-layer ANN and performed pattern recognition 

simulations for the digit ‘3’ using the modified National Institute of Standards and Technology 

(MNIST) dataset, achieving an accuracy of 94%, which is significantly higher than the 84% 

accuracy of Y1.74 [Fig. 7(b)].143 Additionally, to enhance interface stability, Nikam et al. 

inserted a graphene interlayer at the PVA/LiClO4 electrolyte-WO3 channel interface, resulting 

in the device that exhibited nearly linear conductance switching and non-volatile multi-level 

conductive states. Based on this, they simulated the MNIST handwritten dataset, with the input, 

first hidden, second hidden, and output layers consisting of 780, 250, 125, and 10 neurons, 

respectively. The results showed that the graphene interlayer improved the device’s recognition 

rate from 79.18% to 93.26%.68 Moreover, neural network models based on IOSTs are capable 

of not only image recognition but also dynamic pattern image memory.47 

Meanwhile, inspired by the biological spiking mechanism, SNNs perform dynamic 

information processing and computation in an event-driven manner, characterized by high 

temporal resolution and low energy consumption. Li et al. employed IOSTs with amorphous 

Nb2O5 as the channel material and LixSiO2 as the electrolyte gate material, constructing a 32×

32 device array and developing an SNN with spatiotemporal information processing [Fig. 

7(a)].168 Subsequently, the group combined one of the fabricated IOSTs with a transistor to form 

a synaptic device, which reduced the self-discharge of the IOST device. Based on this, an SNN 

was designed for associative memory tasks, demonstrating the ability to learn and robustly 

reconstruct images of handwritten digits.177 This demonstrates that diversified device 

integration and optimization can effectively enhance the application potential of SNNs in 

pattern recognition and memory tasks. Also, static logic computation and dynamic logic 

functions have also been extensively studied.81 Static logic computation performs simple 

logical operations, such as ‘OR,’ ‘AND,’ ‘NOR,’ and ‘NAND,’ through fixed weights and 

structures.178 In contrast, dynamic logic involves time-varying inputs and states, similar to time-

dependent computations in ANNs. 65, 165 In addition, to better emulate the dynamic behavior of 

biological neural systems, high-pass filtering can be used to enhance specific frequency 

components, enabling ANNs to more effectively recognize inputs with these characteristics.82, 

179 

2. IOSTs-based Reservoir Computing 

Recently, reservoir computing (RC) has become a research hotspot.180-182 In RC, the reservoir 

is a dynamic system composed of an input layer, the reservoir itself, and an output layer.183 The 

reservoir contains a large number of random, fixed nonlinear nodes, and its internal structure 
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and connection weights remain unchanged during training, with only the output layer’s weights 

being trained.184 Due to its lower training cost, RC is highly efficient in handling complex 

temporal tasks, making it suitable for pattern recognition and classification. Yang et al. 

employed a time-division multiplexing mask technique based on ion relaxation, utilizing the 

STP of the proposed IGZO IOSTs with SiO2 electrolyte gating to realize a dual-layer reservoir 

system [Figs. 7(c) and 7(d)]. Furthermore, they simulated the recognition of handwritten digits 

and spoken digit signals, achieving recognition accuracies of 90.86% and 100%, respectively, 

with an energy consumption as low as 1.86 nJ.185 In 2024, Liu’s team proposed a multi-terminal 

ScOx electrolyte-gated ITO IOST that combines electrostatic control and electrochemical 

doping mechanisms. By leveraging the volatile and non-volatile dynamics of IOSTs, they 

successfully simulated synaptic functionalities of STP and LTP. Additionally, tasks under 

different input modes were effectively managed, with signal processing in the reservoir enabled 

by the nonlinear response and volatile modulation, and in-memory computing of the readout 

network achieved via the non-volatile electrochemical doping mechanism [Fig. 7(e)].186 

Consequently, a physical RC system was realized using only a single IOST, which was 

subsequently applied to image recognition. This highlights the flexibility and efficiency of 

IOSTs in reservoir computing and neural network simulation. Time-delayed reservoir 

computing (TDRC) is a variant of RC, where the reservoir is constructed by introducing time-

delayed feedback. It consists of nonlinear nodes and delay loops, offering simple hardware 

implementation and suitability for real-time signal processing. Fang’s group developed oxygen-

mediated IOSTs with a TaOx electrolyte/α-IGZO channel, and based on the rich dynamic 

characteristics of the device, they constructed a TDRC system capable of waveform 

classification and handwritten digit recognition.187 Building on this, the group created three 

common-gate IOSTs with different channel lengths. The current responses of channels with 

varying lengths help supplement computational resources and improve accuracy. As a result, a 

deep TDRC was developed to perform tasks such as speech digit classification and Hénon map 

prediction, achieving excellent performance with high accuracy (≈ 92.2%) and ultra-low 

normalized root mean square error (≈ 0.013).188  

Overall, IOST-based ANNs and RCs demonstrate significant potential in complex data 

processing and intelligent sensing. However, issues such as their long-term stability, scalability, 

and adaptability in complex environments still require further optimization and validation to 

ensure their full performance in practical applications. 
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FIG. 7. (a) Schematic diagram of the device structure, cross-sectional electron microscope 

image, and 32×32 array layout. Reproduced with permission from Li et al., Adv. Mater. 32, 

2003018 (2020).168 Copyright 2020 John Wiley & Sons, Inc. (b) Schematic of the device 

integrated into an ANN, where the Y8.03-based IOSTs demonstrates a higher pattern 

recognition accuracy of 94.41%. Reproduced with permission from Jin et al., Small 20, 

2309467 (2024).143 Copyright 2024 John Wiley & Sons, Inc. (c) Schematic illustration of 

biological neurons, synapses, and the IGZO IOST structure. (d) Schematic diagram of a 

conventional RC system. Reproduced from Yang et al., Appl. Phys. Lett. 122, 043508 (2023),185 

with the permission of AIP Publishing. (e) Schematic of the ITO IOST device structure and its 

internal mechanisms applied to different tasks. Reproduced with permission from Liu et al., 

Nano Res. 17, 4444 (2024).186 Copyright 2024 Springer Nature. 

 

V. PROSPECTS AND CHALLENGES 

Despite the significant potential of IOSTs across various application fields, several 

challenges still require further investigation and resolution.  

First, the defects and control of oxide materials. The control of oxygen vacancies and 

defects within oxide materials used as channel layers remains a challenging task. Oxygen 
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vacancies are randomly formed during the fabrication of thin films, and their formation, 

distribution, and concentration are difficult to precisely mediate. Various fabrication methods, 

conditions, and environments can lead to random distributions of oxygen vacancies, affecting 

the reproducibility and stability of material performance. To address these issues, precise 

control of oxide thin-film deposition conditions is crucial for adjusting the material’s 

stoichiometry,64-67 which significantly impacts carrier concentration and the density of oxygen 

vacancy defect states. Additionally, annealing is a key technique for optimizing oxide 

crystallinity and minimizing interface defects. Moreover, reactive metals can effectively 

modulate oxygen defects. By reacting oxide materials with reactive metals such as lithium, 

sodium, or calcium, oxygen atoms can be removed, leading to the formation of more oxygen 

vacancies within the oxide lattice [Fig. 8(a)].189 

Secondly, there are issues related to ionic conductivity and durability. One of the key 

properties of electrolyte materials used as dielectric layers is ionic conductivity, yet the 

uniformity of ion migration and durability remain significant challenges. During the deposition 

process of thin films, factors such as temperature, humidity, and atmospheric conditions can 

cause uneven distribution of ions within the dielectric layer. Over extended operation periods, 

the cumulative effects of ion migration may lead to the degradation of dielectric layer 

performance, thereby affecting the memory characteristics and durability of the device. To 

address this issue, researchers should focus on optimizing or designing new composite 

electrolyte materials or multilayer structures to extend their lifespan, such as ceramic materials 

or multilayer design approaches. 

Again, the modulation speed of IOSTs needs to be significantly improved to meet the 

demands of large-scale, high-speed computing. Ion migration occurs within the dielectric layer 

under electric fields or chemical gradients. Compared to electrons and holes, ions have larger 

masses and are more likely to be trapped or scattered by lattice defects during migration, 

resulting in lower migration efficiency. However, IOSTs rely on processes such as ion 

accumulation, diffusion, or injection to function, leading to longer response times. This remains 

behind the picosecond (ps) switching speeds achieved by memristors and plasmonic nano-

switches.190, 191 This makes real-time computation and training of deep neural networks 

particularly challenging, as ANNs typically require rapid updates and optimization of weights. 

To address this, materials can be designed with porous structures, fabricated into ultrathin films, 

and reduced in channel size to shorten ion diffusion paths. Additionally, the quality of film 

deposition is critical. Well-ordered single-crystal films can reduce lattice dispersion during ion 

transport, and enhance migration efficiency. Furthermore, substituting elements to weaken the 
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interaction forces between ions and their surrounding bonds can also improve ion transport and 

increase modulation speed [Fig. 8(b)].63 

In addition, when facing more complex extreme application scenarios such as wide 

temperature ranges, high humidity, and strong radiation, the stability of IOSTs becomes crucial. 

For example, in high-temperature environments, the ionic mobility of ion-conducting materials 

increases significantly. While this can accelerate the device’s response speed, the mismatch in 

thermal expansion coefficients at the interface may lead to instability or even failure of the 

device. Currently, to the best of our knowledge, reports on IOSTs show a maximum tolerance 

temperature of only around 420 K, 127, 128 while ultra-high thermal resistance above 600 K has 

mostly been reported in studies based on two-dimensional and ferroelectric materials.86, 192, 193 

Nevertheless, oxide materials possess inherent stability, and through the selection of appropriate 

inorganic solid-state electrolytes and the implementation of certain optimization techniques, 

there remains significant potential for achieving ultra-high-temperature stability. 

Moreover, in terms of integration and applications in neuromorphic computing, IOSTs still 

have a long way to go. Large-scale integration and chip fabrication are inevitable trends for 

neuromorphic devices. As early as 2013, Qualcomm released the “Zeroth” processor, aimed at 

simulating brain architectures to achieve more efficient information processing. In 2014, 

International Business Machines Corporation, under the U.S. Defense Advanced Research 

Projects Agency program, successfully developed a neuromorphic chip called “TrueNorth”.194 

This chip features 1 million electronic neurons and 256 million electronic synapses, making it 

suitable for real-time neural network applications. On April 17, 2024, Intel announced the 

development of the world’s largest neuromorphic system “Hala Point”, which integrates 

processing, memory, and communication pathways into a massively parallel architecture. When 

running all 1.15 billion neurons, “Hala Point” can achieve processing speeds 20 times faster 

than the human brain. These cutting-edge neuromorphic chips are primarily based on CMOS 

technology. While IOSTs discussed in this paper offer superior advantages in mimicking 

biological neurons and synapses,195 they are still a considerable distance from large-scale 

commercial application. Achieving high-yield, stable-performance large-scale IOSTs arrays 

and chips remains a challenge that requires further exploration and innovation [Fig. 8(c)].11 

IOSTs based on liquid dielectric layers do not have an advantage in this regard. IOSTs with 

inorganic solid-state electrolytes compatible with CMOS fabrication processes may be the best 

choice. Furthermore, by employing 3D integrated circuit technology to stack multiple IOSTs, 

it is possible to maximize node density and interlayer connections, significantly improving the 

device’s integration.183 Furthermore, Figs. 8(d)-8(f) illustrate several promising future 
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applications for IOSTs, including bio-inspired multi-sensory robots [Fig. 8(d)], wearable health 

monitoring devices [Fig. 8(e)] and human-machine interfaces [Fig 8(f)].58 These forward-

looking intelligent applications are expected to serve as key building blocks in next-generation 

smart computing systems. 

 

FIG. 8. Optimization strategies and promising applications for IOSTs. (a) Transmission 

electron microscopy (TEM) images of pristine TiO2 and 5% Li-reduced TiO2 show a transition 

from ordered to partially disordered surface crystal domains, indicating that Li effectively 

mediates oxygen vacancies in TiO2. Reproduced with permission from Ou et al., Nat. Commun. 

9, 1302 (2018),189 licensed under a Creative Commons Attribution (CC BY) license. (b) The 

structural model of Li3POxSex electrolyte, formed by Se substitution of Li3PO4, and a schematic 

of the ionic switching dynamics demonstrate that Se substitution facilitates ion migration, 

leading to faster modulation speeds. Reproduced with permission from Nikam et al., Sci. Rep. 

9, 18883 (2019),63 licensed under a Creative Commons Attribution (CC BY) license. (c) A 
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complete development process of a neuromorphic architecture is illustrated, from individual 

units and multi-unit networks to integrated chips. Prospective applications of IOSTs include 

bionic multi-sensory robots (d), wearable health monitoring devices (e), and human-machine 

interaction (f). (c)-(f) were created in BioRender. 

 

VI. SUMMARY 

This review introduces the biomimetic advantages of IOSTs by comparing them with biological 

synapses, highlighting key parameters that are generally considered in related research. Then 

we discuss the use of various electrolyte materials with unique advantages as dielectric layers 

in IOSTs, elaborating on the internal mediation mechanisms and common optimization 

strategies of the devices. Last but not least, we review the latest advancements of IOSTs across 

different fields, and discuss the challenges and prospects in material defect control, durability, 

modulation speed, environmental stability, and large-scale integration. Through further 

exploration and optimization of materials, thin films, and device architectures, IOST is poised 

to address the complex challenges faced by modern computing. It is expected that IOSTs will 

play a key role in advancing low-power, high-efficiency neuromorphic computing technologies. 

 

ACKNOWLEDGMENTS 

This study has been supported by the National Key Research and Development Program of 

China (No. 2023YFE0208600 and No. 2022YFB3803300), the National Natural Science 

Foundation of China (No. 62375288, No. U23A20138 and No. 52173192), the State Key 

Laboratory of Precision Manufacturing for Extreme Service Performance, Central South 

University (No. ZZYJKT2023-10), the Research Foundation of Education Bureau of Hunan 

Province (No. 23B0010), and Fundamental Research Funds for the Central Universities of 

Central South University (No. 1053320240902).  

 

AUTHOR DECLARATIONS 

Conflict of Interest Statement  

The authors have no conflicts to disclose. 

 

Author Contributions 

Ruihai Li: Data curation (lead); Formal analysis (equal); Investigation (equal); Visualization 

(equal); Writing – original draft (lead). Liuqi Cheng: Formal analysis (equal); Methodology 

T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/5

.0
2
4
8
8
2
4



32 

 

(equal). Wanrong Liu: Investigation (equal); Writing – original draft (supporting). Chenxing 
Jin: Methodology (equal); Resources (supporting). Xiaofang Shi: Data curation (supporting); 

Visualization (equal). Pengshan Xie: Resources (equal); Visualization (equal). Qijun Sun: 
Formal analysis (equal); Project Administration (equal); Writing – review & editing (equal). 

Mengqiu Long: Methodology (equal); Resources (equal); Supervision (equal). Junliang Yang: 
Funding acquisition (equal); Resources (equal). Johnny C. Ho: Formal analysis (equal); 

Supervision (equal). Jia Sun: Conceptualization (lead); Funding acquisition (equal); Project 

Administration (equal); Writing – review & editing (equal). 

 

DATA AVAILABILITY 

The data that support the findings of this study are available from the corresponding author 

upon reasonable request. 

 

REFERENCES 

1 Y. Wang, Z. Lv, J. Chen, Z. Wang, Y. Zhou, L. Zhou, X. Chen, S. T. Han, “Photonic Synapses 

Based on Inorganic Perovskite Quantum Dots for Neuromorphic Computing,” Adv. Mater. 

30, 1802883 (2018). 
2 X. Wu, S. Chen, L. Jiang, X. Wang, L. Qiu, L. Zheng, “Highly Sensitive, Low-Energy-

Consumption Biomimetic Olfactory Synaptic Transistors Based on the Aggregation of the 

Semiconductor Films,” ACS Sens. 9, 2673-2683 (2024). 
3 Y. Wang, C. Liu, R. Huang, Y. Yang, “Progresses and outlook in neuromorphic devices,” 

Chin. Sci. Bull. 65, 904-915 (2019). 
4 J. Lee, S. Lim, M. Kwak, J. Song, H. Hwang, “Understanding of proton induced synaptic 

behaviors in three-terminal synapse device for neuromorphic systems,” Nanotechnology 30, 

255202 (2019). 
5 X. Wang, Y. Zong, D. Liu, J. Yang, Z. Wei, “Advanced Optoelectronic Devices for 

Neuromorphic Analog Based on Low‐Dimensional Semiconductors,” Adv. Funct. Mater. 

33, 2213894 (2023). 
6 M. Kumar, S. Abbas, J. Kim, “All-Oxide-Based Highly Transparent Photonic Synapse for 

Neuromorphic Computing,” ACS Appl. Mater. Interfaces 10, 34370-34376 (2018). 
7 J. Sun, Y. Fu, Q. Wan, “Organic synaptic devices for neuromorphic systems,” J. Phys. D-

Appl. Phys. 51, 314004 (2018). 
8 W. He, K. Huang, N. Ning, K. Ramanathan, G. Li, Y. Jiang, J. Sze, L. Shi, R. Zhao, J. Pei, 

“Enabling an integrated rate-temporal learning scheme on memristor,” Sci. Rep. 4, 4755 

T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/5

.0
2
4
8
8
2
4



33 

 

(2014). 
9 D. B. Strukov, G. S. Snider, D. R. Stewart, R. S. Williams, “The missing memristor found,” 

Nature 453, 80-83 (2008). 
10 Z. Wu, J. Lu, T. Shi, X. Zhao, X. Zhang, Y. Yang, F. Wu, Y. Li, Q. Liu, M. Liu, “A 

Habituation Sensory Nervous System with Memristors,” Adv. Mater. 32, 2004398 (2020). 
11 W. B. Zhang, P. Yao, B. Gao, Q. Liu, D. Wu, Q. T. Zhang, Y. K. Li, Q. Qin, J. M. Li, Z. H. 

Zhu, Y. Cai, D. B. Wu, J. S. Tang, H. Qian, Y. Wang, H. Q. Wu, “Edge learning using a fully 

integrated neuro-inspired memristor chip,” Science 381, 1205-1211 (2023). 
12 Y. Li, S. Wang, K. Yang, Y. Yang, Z. Sun, “An emergent attractor network in a passive 

resistive switching circuit,” Nat. Commun. 15, 7683 (2024). 
13 J. Shen, W. Song, K. Ren, Z. Song, P. Zhou, M. Zhu, “Toward the Speed Limit of Phase-

Change Memory,” Adv. Mater. 35, 2208065 (2023). 
14 Z. Yang, B. Li, J. J. Wang, X. D. Wang, M. Xu, H. Tong, X. Cheng, L. Lu, C. Jia, M. Xu, 

X. Miao, W. Zhang, E. Ma, “Designing Conductive-Bridge Phase-Change Memory to 

Enable Ultralow Programming Power,” Adv. Sci. 9, 2103478 (2022). 
15 K. Moon, S. Lim, J. Park, C. Sung, S. Oh, J. Woo, J. Lee, H. Hwang, “RRAM-based synapse 

devices for neuromorphic systems,” Faraday Discuss. 213, 421-451 (2019). 
16 J. Kim, S. Lee, S. Kim, S. Yang, J. K. Lee, T. H. Kim, M. Ismail, C. Mahata, Y. Kim, W. Y. 

Choi, S. Kim, “Synaptic Characteristics and Vector‐Matrix Multiplication Operation in 

Highly Uniform and Cost‐Effective Four‐Layer Vertical RRAM Array,” Adv. Funct. Mater. 

34, 2310193 (2024). 
17 J. Park, A. Kumar, Y. Zhou, S. Oh, J. H. Kim, Y. Shi, S. Jain, G. Hota, E. Qiu, A. L. Nagle, 

I. K. Schuller, C. D. Schuman, G. Cauwenberghs, D. Kuzum, “Multi-level, forming and 

filament free, bulk switching trilayer RRAM for neuromorphic computing at the edge,” Nat. 

Commun. 15, 3492 (2024). 
18 D. Yang, H. Yang, X. Guo, H. Zhang, C. Jiao, W. Xiao, P. Guo, Q. Wang, D. He, “Robust 

Polyethylenimine Electrolyte for High Performance and Thermally Stable Atomic Switch 

Memristors,” Adv. Funct. Mater. 30, 2004514 (2020). 
19 L. Liu, P. A. Dananjaya, M. Y. Chee, G. J. Lim, C. X. X. Lee, W. S. Lew, “Proton-Assisted 

Redox-Based Three-Terminal Memristor for Synaptic Device Applications,” ACS Appl. 

Mater. Interfaces 15, 29287-29296 (2023). 
20 Y. Gao, J. Zhang, D. Liu, T. Sun, J. Wang, L. Li, S. Dai, J. Zhang, Z. Yang, J. Huang, 

“Artificial synapses based on organic electrochemical transistors with self-healing dielectric 

layers,” Chin. Chem. Lett. 35, 108582 (2024). 

T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/5

.0
2
4
8
8
2
4



34 

 

21 Y. Xu, Z. Deng, C. Jin, W. Liu, X. Shi, J. Chang, H. Yu, B. Liu, J. Sun, J. Yang, “An organic 

electrochemical synaptic transistor array for neuromorphic computation of sound 

localization,” Appl. Phys. Lett. 123, 133701 (2023). 
22 X. Wu, L. Jiang, H. Xu, B. Wang, L. Yang, X. Wang, L. Zheng, W. Xu, L. Qiu, “Bionic 

Olfactory Synaptic Transistors for Artificial Neuromotor Pathway Construction and Gas 

Recognition,” Adv. Funct. Mater. 34, 2401965 (2024). 
23 P. Xie, Y. Xu, J. Wang, D. Li, Y. Zhang, Z. Zeng, B. Gao, Q. Quan, B. Li, Y. Meng, W. Wang, 

Y. Li, Y. Yan, Y. Shen, J. Sun, J. C. Ho, “Birdlike broadband neuromorphic visual sensor 

arrays for fusion imaging,” Nat. Commun. 15, 8298 (2024). 
24 H. Wang, M. Yang, Q. Tang, X. Zhao, Y. Tong, Y. Liu, “Flexible, Conformal Organic 

Synaptic Transistors on Elastomer for Biomedical Applications,” Adv. Funct. Mater. 29, 

1901107 (2019). 
25 G. Cao, P. Meng, J. Chen, H. Liu, R. Bian, C. Zhu, F. Liu, Z. Liu, “2D Material Based 

Synaptic Devices for Neuromorphic Computing,” Adv. Funct. Mater. 31, 2005443 (2020). 
26 B. W. Yao, J. Li, X. D. Chen, M. X. Yu, Z. C. Zhang, Y. Li, T. B. Lu, J. Zhang, “Non‐Volatile 

Electrolyte‐Gated Transistors Based on Graphdiyne/MoS2 with Robust Stability for Low‐

Power Neuromorphic Computing and Logic‐In‐Memory,” Adv. Funct. Mater. 31, 2100069 

(2021). 
27 K.-T. Chen, J.-S. Chen, “Perspective on oxide-based three-terminal artificial synapses in 

physical neural networks,” Appl. Phys. Lett. 121, 190501 (2022). 
28 K. Nomura, H. Ohta, A. Takagi, T. Kamiya, M. Hirano, H. Hosono, “Room-temperature 

fabrication of transparent flexible thin-film transistors using amorphous oxide 

semiconductors,” Nature 432, 488-492 (2004). 
29 T. Kamiya, K. Nomura, H. Hosono, “Present status of amorphous In-Ga-Zn-O thin-film 

transistors,” Sci. Technol. Adv. Mater. 11, 044305 (2010). 
30 D. G. Mah, H. Park, W. J. Cho, “Synaptic Plasticity Modulation of Neuromorphic 

Transistors through Phosphorus Concentration in Phosphosilicate Glass Electrolyte Gate,” 

Nanomaterials 14, 203 (2024). 
31 E. M. C. Fortunato, P. M. C. Barquinha, A. C. M. B. G. Pimentel, A. M. F. Gonçalves, A. J. 

S. Marques, L. M. N. Pereira, R. F. P. Martins, “Fully Transparent ZnO Thin‐Film Transistor 

Produced at Room Temperature,” Adv. Mater. 17, 590-594 (2005). 
32 W. Wang, K. Li, J. Lan, M. Shen, Z. Wang, X. Feng, H. Yu, K. Chen, J. Li, F. Zhou, L. Lin, 

P. Zhang, Y. Li, “CMOS backend-of-line compatible memory array and logic circuitries 

enabled by high performance atomic layer deposited ZnO thin-film transistor,” Nat. 

T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/5

.0
2
4
8
8
2
4



35 

 

Commun. 14, 6079 (2023). 
33 H. Yabuta, N. Kaji, R. Hayashi, H. Kumomi, K. Nomura, T. Kamiya, M. Hirano, H. Hosono, 

“Sputtering formation of p-type SnO thin-film transistors on glass toward oxide 

complimentary circuits,” Appl. Phys. Lett. 97, 072111 (2010). 
34 Y. Magari, T. Kataoka, W. Yeh, M. Furuta, “High-mobility hydrogenated polycrystalline 

In2O3 (In2O3:H) thin-film transistors,” Nat. Commun. 13, 1078 (2022). 
35 M. Higashiwaki, K. Sasaki, A. Kuramata, T. Masui, S. Yamakoshi, “Gallium oxide (Ga2O3) 

metal-semiconductor field-effect transistors on single-crystal β-Ga2O3 (010) substrates,” 

Appl. Phys. Lett. 100, 013504 (2012). 
36 J. C. Park, H. N. Lee, S. Im, “Self-Aligned Top-Gate Amorphous Indium Zinc Oxide Thin-

Film Transistors Exceeding Low-Temperature Poly-Si Transistor Performance,” ACS Appl. 

Mater. Interfaces 5, 6990-6995 (2013). 
37 L. Q. Zhu, C. J. Wan, L. Q. Guo, Y. Shi, Q. Wan, “Artificial synapse network on inorganic 

proton conductor for neuromorphic systems,” Nat. Commun. 5, 3158 (2014). 
38 H. Oh, J. Y. Oh, C. W. Park, J. E. Pi, J. H. Yang, C. S. Hwang, “High density integration of 

stretchable inorganic thin film transistors with excellent performance and reliability,” Nat. 

Commun. 13, 4963 (2022). 
39 D.-B. Ruan, P.-T. Liu, K.-J. Gan, Y.-C. Chiu, C.-C. Hsu, S. M. Sze, “Role of tungsten 

dopants in indium oxide thin-film transistor on radiation hardness technology,” Appl. Phys. 

Lett. 116, 182104 (2020). 
40 I. Mondal, R. Attri, T. S. Rao, B. Yadav, G. U. Kulkarni, “Recent trends in neuromorphic 

systems for non-von Neumann in materia computing and cognitive functionalities,” Appl. 

Phys. Rev. 11, 041304 (2024). 
41 T. Tang, P. Dacha, K. Haase, J. Kreß, C. Hänisch, J. Perez, Y. Krupskaya, A. Tahn, D. Pohl, 

S. Schneider, F. Talnack, M. Hambsch, S. Reineke, Y. Vaynzof, S. C. B. Mannsfeld, 

“Analysis of the Annealing Budget of Metal Oxide Thin‐Film Transistors Prepared by an 

Aqueous Blade‐Coating Process,” Adv. Funct. Mater. 33, 2207966 (2023). 
42 Y. M. Fu, H. Li, L. Huang, T. Wei, F. Hidayati, A. Song, “Sputtered Electrolyte‐Gated 

Transistor with Modulated Metaplasticity Behaviors,” Adv. Electron. Mater. 8, 2200463 

(2022). 
43 J. M. Yu, C. Lee, D. J. Kim, H. Park, J. K. Han, J. Hur, J. K. Kim, M. S. Kim, M. Seo, S. G. 

Im, Y. K. Choi, “All‐Solid‐State Ion Synaptic Transistor for Wafer‐Scale Integration with 

Electrolyte of a Nanoscale Thickness,” Adv. Funct. Mater. 31, 2010971 (2021). 

T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/5

.0
2
4
8
8
2
4



36 

 

44 A. Charnas, Z. Zhang, Z. Lin, D. Zheng, J. Zhang, M. Si, P. D. Ye, “Review-Extremely Thin 

Amorphous Indium Oxide Transistors,” Adv. Mater. 36, 2304044 (2024). 
45 J. G. Min, W. J. Cho, “Sol-Gel Composites-Based Flexible and Transparent Amorphous 

Indium Gallium Zinc Oxide Thin-Film Synaptic Transistors for Wearable Intelligent 

Electronics,” Molecules 26, 7233 (2021). 
46 C. Jin, W. Liu, Y. Xu, Y. Huang, Y. Nie, X. Shi, G. Zhang, P. He, J. Zhang, H. Cao, J. Sun, 

J. Yang, “Artificial Vision Adaption Mimicked by an Optoelectrical In2O3 Transistor Array,” 

Nano Lett. 22, 3372-3379 (2022). 
47 H. N. Mohanty, T. Tsuruoka, J. R. Mohanty, K. Terabe, “Proton-Gated Synaptic Transistors, 

Based on an Electron-Beam Patterned Nafion Electrolyte,” ACS Appl. Mater. Interfaces 15, 

19279-19289 (2023). 
48 J. Cui, F. An, J. Qian, Y. Wu, L. L. Sloan, S. Pidaparthy, J.-M. Zuo, Q. Cao, “CMOS-

compatible electrochemical synaptic transistor arrays for deep learning accelerators,” Nat. 

Electron. 6, 292-300 (2023). 
49 J. T. Yang, C. Ge, J. Y. Du, H. Y. Huang, M. He, C. Wang, H. B. Lu, G. Z. Yang, K. J. Jin, 

“Artificial Synapses Emulated by an Electrolyte-Gated Tungsten-Oxide Transistor,” Adv. 

Mater. 30, 1801548 (2018). 
50 M. Huang, M. Schwacke, M. Onen, J. Del Alamo, J. Li, B. Yildiz, “Electrochemical Ionic 

Synapses: Progress and Perspectives,” Adv. Mater. 35, 2205169 (2023). 
51 S. Z. Bisri, S. Shimizu, M. Nakano, Y. Iwasa, “Endeavor of Iontronics: From Fundamentals 

to Applications of Ion‐Controlled Electronics,” Adv. Mater. 29, 1607054 (2017). 
52 C. Eckel, J. Lenz, A. Melianas, A. Salleo, R. T. Weitz, “Nanoscopic Electrolyte-Gated 

Vertical Organic Transistors with Low Operation Voltage and Five Orders of Magnitude 

Switching Range for Neuromorphic Systems,” Nano Lett. 22, 973-978 (2022). 
53 S. Dai, Y. Zhao, Y. Wang, J. Zhang, L. Fang, S. Jin, Y. Shao, J. Huang, “Recent Advances in 

Transistor‐Based Artificial Synapses,” Adv. Funct. Mater. 29, 1903700 (2019). 
54 S. Dai, X. Liu, Y. Liu, Y. Xu, J. Zhang, Y. Wu, P. Cheng, L. Xiong, J. Huang, “Emerging 

Iontronic Neural Devices for Neuromorphic Sensory Computing,” Adv. Mater. 35, 2300329 

(2023). 
55 Z. Shen, C. Zhao, Y. Qi, W. Xu, Y. Liu, I. Z. Mitrovic, L. Yang, C. Zhao, “Advances of 

RRAM Devices: Resistive Switching Mechanisms, Materials and Bionic Synaptic 

Application,” Nanomaterials 10, 1437 (2020). 
56 H. Bian, Y. Y. Goh, Y. Liu, H. Ling, L. Xie, X. Liu, “Stimuli-Responsive Memristive 

Materials for Artificial Synapses and Neuromorphic Computing,” Adv. Mater. 33, 2006469 

T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/5

.0
2
4
8
8
2
4



37 

 

(2021). 
57 Z. Huang, Y. Li, Y. Zhang, J. Chen, J. He, J. Jiang, “2D multifunctional devices: from 

material preparation to device fabrication and neuromorphic applications,” Int. J. Extreme 

Manuf. 6, 032003 (2024). 
58 H. Ling, D. A. Koutsouras, S. Kazemzadeh, Y. van de Burgt, F. Yan, P. Gkoupidenis, 

“Electrolyte-gated transistors for synaptic electronics, neuromorphic computing, and 

adaptable biointerfacing,” Appl. Phys. Rev. 7, 011307 (2020). 
59 Y. He, R. Liu, S. Jiang, C. Chen, L. Zhu, Y. Shi, Q. Wan, “IGZO-based floating-gate synaptic 

transistors for neuromorphic computing,” J. Phys. D-Appl. Phys. 53, 215106 (2020). 
60 D. Shang, Y. Li, P. Zhang, F. Wang, W. Zhang, H. Xu, Z. Guo, K. Ren, R. Fang, “Associative 

Learning with Oxide-based Electrolyte-gated Transistor Synapses,” J. Inorg. Mater. 38, 

399-405 (2023). 
61 C. Han, X. Han, J. Han, M. He, S. Peng, C. Zhang, X. Liu, J. Gou, J. Wang, “Light‐

Stimulated Synaptic Transistor with High PPF Feature for Artificial Visual Perception 

System Application,” Adv. Funct. Mater. 32, 2113053 (2022). 
62 T. J. Yang, J. R. Cho, H. Lee, H. J. Lee, S. J. Myoung, D. Y. Lee, S.-J. Choi, J.-H. Bae, D. 

M. Kim, C. Kim, J. Woo, D. H. Kim, “Improvement of the Symmetry and Linearity of 

Synaptic Weight Update by Combining the InGaZnO Synaptic Transistor and Memristor,” 

IEEE Access 12, 28531-28537 (2024). 
63 R. D. Nikam, M. Kwak, J. Lee, K. G. Rajput, W. Banerjee, H. Hwang, “Near ideal synaptic 

functionalities in Li ion synaptic transistor using Li3POxSex electrolyte with high ionic 

conductivity,” Sci Rep 9, 18883 (2019). 
64 J. Lee, R. D. Nikam, S. Lim, M. Kwak, H. Hwang, “Excellent synaptic behavior of lithium-

based nano-ionic transistor based on optimal WO2.7 stoichiometry with high ion diffusivity,” 

Nanotechnology 31, 235203 (2020). 
65 Y. Zhu, B. Peng, L. Zhu, C. Chen, X. Wang, H. Mao, Y. Zhu, C. Fu, S. Ke, C. Wan, Q. Wan, 

“IGZO nanofiber photoelectric neuromorphic transistors with indium ratio tuned synaptic 

plasticity,” Appl. Phys. Lett. 121, 133502 (2022). 
66 J. Lee, R. D. Nikam, M. Kwak, H. Hwang, “Strategies to Improve the Synaptic 

Characteristics of Oxygen-Based Electrochemical Random-Access Memory Based on 

Material Parameters Optimization,” ACS Appl. Mater. Interfaces 14, 13450-13457 (2022). 
67 D. G. Jin, S. H. Kim, S. G. Kim, J. Park, E. Park, H. Y. Yu, “Enhancement of Synaptic 

Characteristics Achieved by the Optimization of Proton-Electron Coupling Effect in a 

Solid-State Electrolyte-Gated Transistor,” Small 17, 2100242 (2021). 

T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/5

.0
2
4
8
8
2
4



38 

 

68 R. D. Nikam, M. Kwak, J. Lee, K. G. Rajput, H. Hwang, “Controlled Ionic Tunneling in 

Lithium Nanoionic Synaptic Transistor through Atomically Thin Graphene Layer for 

Neuromorphic Computing,” Adv. Electron. Mater. 6, 1901100 (2020). 
69 K. Lee, J. Lee, R. D. Nikam, S. Heo, H. Hwang, “Sodium-based nano-ionic synaptic 

transistor with improved retention characteristics,” Nanotechnology 31, 455204 (2020). 
70 Y. Li, E. J. Fuller, S. Asapu, S. Agarwal, T. Kurita, J. J. Yang, A. A. Talin, “Low-Voltage, 

CMOS-Free Synaptic Memory Based on LiXTiO2 Redox Transistors,” ACS Appl. Mater. 

Interfaces 11, 38982-38992 (2019). 
71 J. Shi, J. Jie, W. Deng, G. Luo, X. Fang, Y. Xiao, Y. Zhang, X. Zhang, X. Zhang, “A Fully 

Solution-Printed Photosynaptic Transistor Array with Ultralow Energy Consumption for 

Artificial-Vision Neural Networks,” Adv. Mater. 34, 2200380 (2022). 
72 Y. Liu, Y. Wang, X. Li, Z. Hu, “A thermally crosslinked ion-gel gated artificial synapse,” 

Chin. Chem. Lett. 34, 107842 (2023). 
73 E. J. Fuller, S. T. Keene, A. Melianas, Z. R. Wang, S. Agarwal, Y. Y. Li, Y. Tuchman, C. D. 

James, M. J. Marinella, J. J. Yang, A. Salleo, A. A. Talin, “Parallel programming of an ionic 

floating-gate memory array for scalable neuromorphic computing,” Science 364, 570-574 

(2019). 
74 S. Seo, B. Kim, D. Kim, S. Park, T. R. Kim, J. Park, H. Jeong, S. O. Park, T. Park, H. Shin, 

M. S. Kim, Y. K. Choi, S. Choi, “The gate injection-based field-effect synapse transistor 

with linear conductance update for online training,” Nat. Commun. 13, 6431 (2022). 
75 P. Balakrishna Pillai, A. Kumar, X. Song, M. M. De Souza, “Diffusion-Controlled Faradaic 

Charge Storage in High-Performance Solid Electrolyte-Gated Zinc Oxide Thin-Film 

Transistors,” ACS Appl. Mater. Interfaces 10, 9782-9791 (2018). 
76 M. Onen, N. Emond, J. Li, B. Yildiz, J. A. Del Alamo, “CMOS-Compatible Protonic 

Programmable Resistor Based on Phosphosilicate Glass Electrolyte for Analog Deep 

Learning,” Nano Lett. 21, 6111-6116 (2021). 
77 Y. Jeong, H. Lee, D. G. Ryu, S. H. Cho, G. Lee, S. Kim, S. Kim, Y. S. Lee, “Elucidating 

Ionic Programming Dynamics of Metal‐Oxide Electrochemical Memory for Neuromorphic 

Computing,” Adv. Electron. Mater. 7, 2100185 (2021). 
78 Y. He, Y. Zhu, Q. Wan, “Oxide Ionic Neuro-Transistors for Bio-inspired Computing,” 

Nanomaterials 14, 584 (2024). 
79 H. Zhong, Q.-C. Sun, G. Li, J.-Y. Du, H.-Y. Huang, E.-J. Guo, M. He, C. Wang, G.-Z. Yang, 

C. Ge, K.-J. Jin, “High-performance synaptic transistors for neuromorphic computing,” 

Chin. Phys. B 29, 040703 (2020). 

T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/5

.0
2
4
8
8
2
4



39 

 

80 X. Yao, K. Klyukin, W. Lu, M. Onen, S. Ryu, D. Kim, N. Emond, I. Waluyo, A. Hunt, J. A. 

Del Alamo, J. Li, B. Yildiz, “Protonic solid-state electrochemical synapse for physical 

neural networks,” Nat. Commun. 11, 3134 (2020). 
81 H. Y. Huang, C. Ge, Q. H. Zhang, C. X. Liu, J. Y. Du, J. K. Li, C. Wang, L. Gu, G. Z. Yang, 

K. J. Jin, “Electrolyte‐Gated Synaptic Transistor with Oxygen Ions,” Adv. Funct. Mater. 29, 

1902702 (2019). 
82 J. Li, D. Jiang, Y. Yang, Y. Zhou, Q. Chen, J. Zhang, “Li‐Ion Doping as a Strategy to 

Modulate the Electrical‐Double‐Layer for Improved Memory and Learning Behavior of 

Synapse Transistor Based on Fully Aqueous‐Solution‐Processed In2O3/AlLiO Film,” Adv. 

Electron. Mater. 6, 1901363 (2020). 
83 L. Zhang, C. Wu, J. Liu, X. Zhao, Z. Wang, H. Xu, L. Wang, Y. Liu, “The Nature of Lithium‐

Ion Transport in Low Power Consumption LiFePO4 Resistive Memory with Graphite as 

Electrode,” Phys. Status Solidi-Rapid Res. Lett. 12, 1800320 (2018). 
84 M. Jin, H. Lee, C. Im, H. J. Na, J. H. Lee, W. H. Lee, J. Han, E. Lee, J. Park, Y. S. Kim, 

“Interfacial Ion‐Trapping Electrolyte‐Gated Transistors for High‐Fidelity Neuromorphic 

Computing,” Adv. Funct. Mater. 32, 2201048 (2022). 
85 M. Jin, H. Lee, J. H. Lee, D. Han, C. Im, J. Kim, M. Jeon, E. Lee, Y. S. Kim, 

“Ferroelectrically modulated ion dynamics in Li+ electrolyte-gated transistors for 

neuromorphic computing,” Appl. Phys. Rev. 10, 011407 (2023). 
86 B. Wang, X. Wang, E. Wang, C. Li, R. Peng, Y. Wu, Z. Xin, Y. Sun, J. Guo, S. Fan, C. Wang, 

J. Tang, K. Liu, “Monolayer MoS2 Synaptic Transistors for High-Temperature 

Neuromorphic Applications,” Nano Lett. 21, 10400-10408 (2021). 
87 Y. Cao, T. Zhao, C. Zhao, Y. Liu, P. Song, H. Gao, C. Z. Zhao, “Advanced artificial synaptic 

thin-film transistor based on doped potassium ions for neuromorphic computing via third-

generation neural network,” J. Mater. Chem. C 10, 3196-3206 (2022). 
88 P. Shi, R. Xing, Z. Wu, D. Wang, Y. Xing, Y. Ge, H. Song, C. Qi, L. Wei, S. Yan, Y. Tian, Y. 

Chen, “Solid‐State Optoelectronic Synapse Transistor Using a LaF3 Gate Dielectric,” Phys. 

Status Solidi-Rapid Res. Lett. 16, 2200173 (2022). 
89 M. Schwacke, P. Žguns, J. del Alamo, J. Li, B. Yildiz, “Electrochemical Ionic Synapses 

with Mg2+ as the Working Ion,” Adv. Electron. Mater. 10, 2300577 (2024). 
90 N. Lu, P. Zhang, Q. Zhang, R. Qiao, Q. He, H. B. Li, Y. Wang, J. Guo, D. Zhang, Z. Duan, 

Z. Li, M. Wang, S. Yang, M. Yan, E. Arenholz, S. Zhou, W. Yang, L. Gu, C. W. Nan, J. Wu, 

Y. Tokura, P. Yu, “Electric-field control of tri-state phase transformation with a selective 

T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/5

.0
2
4
8
8
2
4



40 

 

dual-ion switch,” Nature 546, 124-128 (2017). 
91 J.-S. Ro, H.-M. An, H.-L. Park, “Electrolyte-gated synaptic transistors for brain-inspired 

computing,” Jpn. J. Appl. Phys. 62, SE0801 (2023). 
92 J. Shi, B. Li, J. Xi, D. Liu, S. Liu, G. Wang, “A Review of Using Ionic Liquids to Control 

Materials Properties,” Materials Reports 37, 21050195 (2023). 
93 J. Zhu, Y. Yang, R. Jia, Z. Liang, W. Zhu, Z. U. Rehman, L. Bao, X. Zhang, Y. Cai, L. Song, 

R. Huang, “Ion Gated Synaptic Transistors Based on 2D van der Waals Crystals with 

Tunable Diffusive Dynamics,” Adv. Mater. 30, 1800195 (2018). 
94 E. Anouchi, T. Yamin, A. Sharoni, “Three-Terminal VO2-Based Device with Internal Read-

Write Switching,” Phys. Rev. Appl. 19, 034057 (2023). 
95 C. S. Yang, D. S. Shang, N. Liu, G. Shi, X. Shen, R. C. Yu, Y. Q. Li, Y. Sun, “A Synaptic 

Transistor based on Quasi-2D Molybdenum Oxide,” Adv. Mater. 29, 1700906 (2017). 
96 C. Lee, K. G. Rajput, W. Choi, M. Kwak, R. D. Nikam, S. Kim, H. Hwang, 

“Pr0.7Ca0.3MnO3-Based Three-Terminal Synapse for Neuromorphic Computing,” IEEE 

Electron Device Lett. 41, 1500-1503 (2020). 
97 A. López, J. Tornos, A. Peralta, I. Barbero, F. Fernandez‐Canizares, G. Sanchez‐Santolino, 

M. Varela, A. Rivera, J. Camarero, C. León, J. Santamaría, M. Romera, “Electrolyte Gated 

Synaptic Transistor based on an Ultra‐Thin Film of La0.7Sr0.3MnO3,” Adv. Electron. 

Mater. 9, 2300007 (2023). 
98 J. Shi, S. D. Ha, Y. Zhou, F. Schoofs, S. Ramanathan, “A correlated nickelate synaptic 

transistor,” Nat. Commun. 4, 2676 (2013). 
99 K. H. Lee, M. S. Kang, S. Zhang, Y. Gu, T. P. Lodge, C. D. Frisbie, “"Cut and stick" rubbery 

ion gels as high capacitance gate dielectrics,” Adv. Mater. 24, 4457-4462 (2012). 
100 J. H. Cho, J. Lee, Y. Xia, B. Kim, Y. He, M. J. Renn, T. P. Lodge, C. D. Frisbie, “Printable 

ion-gel gate dielectrics for low-voltage polymer thin-film transistors on plastic,” Nat. Mater. 

7, 900-906 (2008). 
101 X. Deng, S. Q. Wang, Y. X. Liu, N. Zhong, Y. H. He, H. Peng, P. H. Xiang, C. G. Duan, “A 

Flexible Mott Synaptic Transistor for Nociceptor Simulation and Neuromorphic 

Computing,” Adv. Funct. Mater. 31, 2101099 (2021). 
102 S. Oh, J. I. Cho, B. H. Lee, S. Seo, J. H. Lee, H. Choo, K. Heo, S. Y. Lee, J. H. Park, 

“Flexible artificial Si-In-Zn-O/ion gel synapse and its application to sensory-neuromorphic 

system for sign language translation,” Sci. Adv. 7, eabg9450 (2021). 
103 Y. Fu, L. A. Kong, Y. Chen, J. Wang, C. Qian, Y. Yuan, J. Sun, Y. Gao, Q. Wan, “Flexible 

Neuromorphic Architectures Based on Self-Supported Multiterminal Organic Transistors,” 

T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/5

.0
2
4
8
8
2
4



41 

 

ACS Appl. Mater. Interfaces 10, 26443-26450 (2018). 
104 J. Lee, L. G. Kaake, J. H. Cho, X. Y. Zhu, T. P. Lodge, C. D. Frisbie, “Ion Gel-Gated Polymer 

Thin-Film Transistors: Operating Mechanism and Characterization of Gate Dielectric 

Capacitance, Switching Speed, and Stability,” J. Phys. Chem. C 113, 8972-8981 (2009). 
105 J. Koo, J. Yang, B. Cho, H. Jo, K. H. Lee, M. S. Kang, “Nonvolatile Electric Double-Layer 

Transistor Memory Devices Embedded with Au Nanoparticles,” ACS Appl. Mater. 

Interfaces 10, 9563-9570 (2018). 
106 F. Zare Bidoky, B. Tang, R. Ma, K. S. Jochem, W. J. Hyun, D. Song, S. J. Koester, T. P. 

Lodge, C. D. Frisbie, “Sub‐3 V ZnO Electrolyte‐Gated Transistors and Circuits with 

Screen‐Printed and Photo‐Crosslinked Ion Gel Gate Dielectrics: New Routes to Improved 

Performance,” Adv. Funct. Mater. 30, 1902028 (2020). 
107 W. Alquraishi, Y. Fu, W. Qiu, J. Wang, Y. Chen, L.-A. Kong, J. Sun, Y. Gao, “Hybrid 

optoelectronic synaptic functionality realized with ion gel-modulated In2O3 

phototransistors,” Org. Electron. 71, 72-78 (2019). 
108 J. Wang, Y. Chen, L.-A. Kong, Y. Fu, Y. Gao, J. Sun, “Deep-ultraviolet-triggered 

neuromorphic functions in In-Zn-O phototransistors,” Appl. Phys. Lett. 113, 151101 (2018). 
109 C. Jin, W. Liu, Y. Huang, Y. Xu, Y. Nie, G. Zhang, P. He, J. Sun, J. Yang, “Printable ion-gel-

gated In2O3 synaptic transistor array for neuro-inspired memory,” Appl. Phys. Lett. 120, 

233701 (2022). 
110 C. Qian, L.-a. Kong, J. Yang, Y. Gao, J. Sun, “Multi-gate organic neuron transistors for 

spatiotemporal information processing,” Appl. Phys. Lett. 110, 083302 (2017). 
111 Y. H. Liu, L. Q. Zhu, P. Feng, Y. Shi, Q. Wan, “Freestanding Artificial Synapses Based on 

Laterally Proton-Coupled Transistors on Chitosan Membranes,” Adv. Mater. 27, 5599-5604 

(2015). 
112 J. Sun, S. Oh, Y. Choi, S. Seo, M. J. Oh, M. Lee, W. B. Lee, P. J. Yoo, J. H. Cho, J. H. Park, 

“Optoelectronic Synapse Based on IGZO‐Alkylated Graphene Oxide Hybrid Structure,” 

Adv. Funct. Mater. 28, 1804397 (2018). 
113 F. Yu, L. Q. Zhu, W. T. Gao, Y. M. Fu, H. Xiao, J. Tao, J. M. Zhou, “Chitosan-Based 

Polysaccharide-Gated Flexible Indium Tin Oxide Synaptic Transistor with Learning 

Abilities,” ACS Appl. Mater. Interfaces 10, 16881-16886 (2018). 
114 Y. Li, K. Yin, Y. Diao, M. Fang, J. Yang, J. Zhang, H. Cao, X. Liu, J. Jiang, “A biopolymer-

gated ionotronic junctionless oxide transistor array for spatiotemporal pain-perception 

emulation in nociceptor network,” Nanoscale 14, 2316-2326 (2022). 
115 C. Wan, L. Zhu, Y. Liu, Y. Shi, Q. Wan, “Laterally Coupled Synaptic Transistors Gated by 

T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/5

.0
2
4
8
8
2
4



42 

 

Proton Conducting Sodium Alginate Films,” IEEE Electron Device Lett. 35, 672-674 

(2014). 
116 L. Q. Guo, J. Tao, W. T. Gao, F. Yu, H. Xiao, J. N. Ding, L. Q. Zhu, “Activity dependent 

post-tetanic potentiation of starch-based biopolymer electrolyte gated oxide synaptic 

transistors,” J. Phys. D-Appl. Phys. 51, 495401 (2018). 
117 K.-W. Huang, L. Zhu, L.-Y. Ying, B.-P. Zhang, Z.-W. Zheng, “Artificial Synaptic 

Transistors Based on Konjac Glucomannan for Brain-Inspired Neuromorphic Applications,” 

ACS Appl. Electron. Mater. 6, 1521-1528 (2024). 
118 Z. Chen, G. He, B. Yang, M. Zhu, S. Jiang, “Li-doping-modulated gelatin electrolyte for 

biodegradable electric-double-layer synaptic transistors,” AIP Adv. 14, 025317 (2024). 
119 R. Liu, L. Q. Zhu, W. Wang, X. Hui, Z. P. Liu, Q. Wan, “Biodegradable oxide synaptic 

transistors gated by a biopolymer electrolyte,” J. Mater. Chem. C 4, 7744-7750 (2016). 
120 Y. Li, X.-L. Chen, W.-S. Wang, Z.-W. Shi, L.-Q. Zhu, “Egg shell membrane based 

electrolyte gated oxide neuromorphic transistor,” Acta Phys. Sin. 72, 157302 (2023). 
121 Y.-X. Ding, K.-W. Huang, J.-W. Chen, H.-H. Hsu, L.-Y. Ying, B.-P. Zhang, Z.-W. Zheng, 

“Oxide-based synaptic transistors gated by solid biopolymer electrolytes,” J. Mater. Sci. 58, 

11740-11747 (2023). 
122 Y. Li, Y. J. Huang, X. L. Chen, W. S. Wang, X. Huang, H. Xiao, L. Q. Zhu, “Multi-terminal 

pectin/chitosan hybrid electrolyte gated oxide neuromorphic transistor with multi-mode 

cognitive activities,” Front. Phys. 19, 53204 (2024). 
123 J. Li, W.-H. Fu, L.-K. Li, D.-L. Jiang, L.-C. He, W.-Q. Zhu, J.-H. Zhang, “Recent advances 

in solid electrolytes for synaptic transistors,” Org. Electron. 95, 106196 (2021). 
124 M. H. Alam, S. Chowdhury, A. Roy, M. H. Braga, S. K. Banerjee, D. Akinwande, “Direct 

growth of MoS2 on electrolytic substrate and realization of high-mobility transistors,” Phys. 

Rev. Mater. 5, 054003 (2021). 
125 Y. Li, E. J. Fuller, J. D. Sugar, S. Yoo, D. S. Ashby, C. H. Bennett, R. D. Horton, M. S. 

Bartsch, M. J. Marinella, W. D. Lu, A. A. Talin, “Filament-Free Bulk Resistive Memory 

Enables Deterministic Analogue Switching,” Adv. Mater. 32, 2003984 (2020). 
126 R. D. Nikam, M. Kwak, H. Hwang, “All‐Solid‐State Oxygen Ion Electrochemical 

Random‐Access Memory for Neuromorphic Computing,” Adv. Electron. Mater. 7, 2100142 

(2021). 
127 P. Langner, F. Chiabrera, N. Alayo, P. Nizet, L. Morrone, C. Bozal-Ginesta, A. Morata, A. 

Tarancon, “Solid-State Oxide-Ion Synaptic Transistor for Neuromorphic Computing,” Adv. 

Mater. 2415743 (2024). 

T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/5

.0
2
4
8
8
2
4



43 

 

128 C. Oh, M. Jo, J. Son, “All-Solid-State Synaptic Transistors with High-Temperature Stability 

Using Proton Pump Gating of Strongly Correlated Materials,” ACS Appl. Mater. Interfaces 

11, 15733-15740 (2019). 
129 Z. Luo, Z. Jiang, K. Liu, P. Jiao, Y. Liu, “Lithium Solid Electrolyte-Gated Oxide Transistors-

Based Schmitt Trigger With High Thermal Resistance,” IEEE Electron Device Lett. 45, 

1855-1858 (2024). 
130 N. A. Nguyen, O. Schneegans, R. Salot, Y. Lamy, J. Giapintzakis, V. H. Mai, S. Oukassi, 

“An Ultralow Power LixTiO2‐Based Synaptic Transistor for Scalable Neuromorphic 

Computing,” Adv. Electron. Mater. 8, 2200607 (2022). 
131 J. M. Park, H. Hwang, M. S. Song, S. C. Jang, J. H. Kim, H. Kim, H. S. Kim, “All-Solid-

State Synaptic Transistors with Lithium-Ion-Based Electrolytes for Linear Weight Mapping 

and Update in Neuromorphic Computing Systems,” ACS Appl. Mater. Interfaces 15, 47229-

47237 (2023). 
132 Z. Wu, P. Shi, R. Xing, Y. Xing, Y. Ge, L. Wei, D. Wang, L. Zhao, S. Yan, Y. Chen, “Quasi-

two-dimensional alpha-molybdenum oxide thin film prepared by magnetron sputtering for 

neuromorphic computing,” RSC Adv. 12, 17706-17714 (2022). 
133 D.-H. Kim, S.-M. Yoon, “Improvement in energy consumption and operational stability of 

electrolyte-gated synapse transistors using atomic-layer-deposited HfO2 thin films,” Mater. 

Sci. Semicond. Process 153, 107182 (2023). 
134 H. H. Hsieh, C. H. Wu, C. W. Chien, C. K. Chen, C. S. Yang, C. C. Wu, “Influence of 

channel‐deposition conditions and gate insulators on performance and stability of top‐gate 

IGZO transparent thin‐film transistors,” J. Soc. Inf. Disp. 18, 796-801 (2012). 
135 N. On, B. K. Kim, Y. Kim, E. H. Kim, J. H. Lim, H. Hosono, J. Kim, H. Yang, J. K. Jeong, 

“Boosting carrier mobility and stability in indium-zinc-tin oxide thin-film transistors 

through controlled crystallization,” Sci Rep 10, 18868 (2020). 
136 M. Hu, L. Xu, X. Zhang, H. Hao, S. Zong, H. Chen, Z. Song, S. Luo, Z. Zhu, “High mobility 

amorphous InSnO thin film transistors via low-temperature annealing,” Appl. Phys. Lett. 

122, 033503 (2023). 
137 T. Tsuruoka, T. Hasegawa, K. Terabe, M. Aono, “Operating mechanism and resistive 

switching characteristics of two- and three-terminal atomic switches using a thin metal 

oxide layer,” J. Electroceram. 39, 143-156 (2017). 
138 Y. Zhou, J. Li, Y. Yang, Q. Chen, J. Zhang, “Artificial Synapse Emulated through Fully 

Aqueous Solution-Processed Low-Voltage In2O3 Thin-Film Transistor with Gd2O3 Solid 

Electrolyte,” ACS Appl. Mater. Interfaces 12, 980-988 (2020). 

T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/5

.0
2
4
8
8
2
4



44 

 

139 Y. Zhu, G. Liu, Z. Xin, C. Fu, Q. Wan, F. Shan, “Solution-Processed, Electrolyte-Gated 

In2O3 Flexible Synaptic Transistors for Brain-Inspired Neuromorphic Applications,” ACS 

Appl. Mater. Interfaces 12, 1061-1068 (2020). 
140 X. Liang, Z. Li, L. Liu, S. Chen, X. Wang, Y. Pei, “Artificial synaptic transistor with solution 

processed InOx channel and AlOx solid electrolyte gate,” Appl. Phys. Lett. 116, 012102 

(2020). 
141 W. Cai, M. Li, H. Li, Q. Qian, Z. Zang, “Significant performance and stability improvement 

of low-voltage InZnO thin-film transistors by slight La doping,” Appl. Phys. Lett. 121, 

062108 (2022). 
142 S. H. Kim, D. G. Jin, J. H. Kim, D. Baek, H. J. Kim, H. Y. Yu, “Enhancement of the Proton-

Electron Coupling Effect by an Ionic Oxide-Based Proton Reservoir for High-Performance 

Artificial Synaptic Transistors,” ACS Nano 19, 535-545 (2025). 
143 J. Dong-Gyu, Y. Hyun-Yong, “First Demonstration of Yttria-Stabilized Hafnia-Based Long-

Retention Solid-State Electrolyte-Gated Transistor for Human-Like Neuromorphic 

Computing,” Small 20, 2309467 (2024). 
144 W. Zhang, Y. Chen, C. Xu, C. Lin, J. Tao, Y. Lin, J. Li, O. V. Kolosov, Z. Huang, “Tunable 

electrical field-induced metal-insulator phase separation in LiCoO2 synaptic transistor 

operating in post-percolation region,” Nano Energy 108, 108199 (2023). 
145 M. Huang, A. J. Tan, M. Mann, U. Bauer, R. Ouedraogo, G. S. D. Beach, “Three-terminal 

resistive switch based on metal/metal oxide redox reactions,” Sci Rep 7, 7452 (2017). 
146 S. Li, M. Tian, Q. Gao, M. Wang, T. Li, Q. Hu, X. Li, Y. Wu, “Nanometre-thin indium tin 

oxide for advanced high-performance electronics,” Nat. Mater. 18, 1091-1097 (2019). 
147 A. Charnas, Z. Lin, Z. Zhang, P. D. Ye, “Atomically thin In2O3 field-effect transistors with 

1017 current on/off ratio,” Appl. Phys. Lett. 119, 263503 (2021). 
148 J. Lenz, F. Del Giudice, F. R. Geisenhof, F. Winterer, R. T. Weitz, “Vertical, electrolyte-

gated organic transistors show continuous operation in the MA cm(-2) regime and artificial 

synaptic behaviour,” Nat. Nanotechnol. 14, 579-585 (2019). 
149 M. Si, Z. Lin, Z. Chen, X. Sun, H. Wang, P. D. Ye, “Scaled indium oxide transistors 

fabricated using atomic layer deposition,” Nat. Electron. 5, 164-170 (2022). 
150 Y. Zhao, Z. Wang, G. Xu, L. Cai, T. H. Han, A. Zhang, Q. Wu, R. Wang, T. Huang, P. Cheng, 

S. Y. Chang, D. Bao, Z. Zhao, M. Wang, Y. Huang, Y. Yang, “High Performance Indium‐

Gallium‐Zinc Oxide Thin Film Transistor via Interface Engineering,” Adv. Funct. Mater. 

30, 2003285 (2020). 
151 G. Liu, Q. Li, W. Shi, Y. Liu, K. Liu, X. Yang, M. Shao, A. Guo, X. Huang, F. Zhang, Z. 

T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/5

.0
2
4
8
8
2
4



45 

 

Zhao, Y. Guo, Y. Liu, “Ultralow‐Power and Multisensory Artificial Synapse Based on 

Electrolyte‐Gated Vertical Organic Transistors,” Adv. Funct. Mater. 32, 2200959 (2022). 
152 W. Huang, H. Zhu, Y. Zhang, J. Xiang, J. Li, H. Yang, K. Jia, Z. Wu, “HfO2-based 

Ferroelectric Field-Effect-Transistor with Large Memory Window and Good Synaptic 

Behavior,” ECS J. Solid State Sci. Technol. 10, 065012 (2021). 
153 L.-Q. Guo, J. Tao, J. Wen, G.-G. Cheng, N.-Y. Yuan, J.-N. Ding, “Corn starch solid 

electrolyte gated proton/electron hybrid synaptic transistor,” Acta Phys. Sin. 66, 168501 

(2017). 
154 J. Wang, Y. Li, Y. Yang, T.-L. Ren, “Top-Gate Electric-Double-Layer IZO-Based Synaptic 

Transistors for Neuron Networks,” IEEE Electron Device Lett. 38, 588-591 (2017). 
155 P. Monalisha, S. Li, T. Jin, P. S. A. Kumar, S. N. Piramanayagam, “A multilevel electrolyte-

gated artificial synapse based on ruthenium-doped cobalt ferrite,” Nanotechnology 34, 

165201 (2023). 
156 E. J. Fuller, F. E. Gabaly, F. Leonard, S. Agarwal, S. J. Plimpton, R. B. Jacobs-Gedrim, C. 

D. James, M. J. Marinella, A. A. Talin, “Li-Ion Synaptic Transistor for Low Power Analog 

Computing,” Adv. Mater. 29, 1604310 (2017). 
157 H. Wei, R. Shi, L. Sun, H. Yu, J. Gong, C. Liu, Z. Xu, Y. Ni, J. Xu, W. Xu, “Mimicking 

efferent nerves using a graphdiyne-based artificial synapse with multiple ion diffusion 

dynamics,” Nat. Commun. 12, 1068 (2021). 
158 X. Han, Z. Xu, W. Wu, X. Liu, P. Yan, C. Pan, “Recent Progress in Optoelectronic Synapses 

for Artificial Visual‐Perception System,” Small Struct. 1, 2000029 (2020). 
159 Q. Liu, L. Yin, C. Zhao, Z. Wu, J. Wang, X. Yu, Z. Wang, W. Wei, Y. Liu, I. Z. Mitrovic, L. 

Yang, E. G. Lim, C. Z. Zhao, “All-in-one metal-oxide heterojunction artificial synapses for 

visual sensory and neuromorphic computing systems,” Nano Energy 97, 107171 (2022). 
160 D. Li, H. Ren, Y. Chen, Y. Tang, K. Liang, Y. Wang, F. Li, G. Liu, L. Meng, B. Zhu, 

“Bidirectionally Photoresponsive Optoelectronic Transistors with Dual Photogates for All‐

Optical‐Configured Neuromorphic Vision,” Adv. Funct. Mater. 33, 2303198 (2023). 
161 W. Qiu, Y. Huang, L. A. Kong, Y. Chen, W. Liu, Z. Wang, J. Sun, Q. Wan, J. H. Cho, J. 

Yang, Y. Gao, “Optoelectronic In‐Ga‐Zn‐O Memtransistors for Artificial Vision System,” 

Adv. Funct. Mater. 30, 2002325 (2020). 
162 Z. Gao, X. Ju, H. Zhang, X. Liu, H. Chen, W. Li, H. Zhang, L. Liang, H. Cao, “InP Quantum 

Dots Tailored Oxide Thin Film Phototransistor for Bioinspired Visual Adaptation,” Adv. 

Funct. Mater. 33, 2305959 (2023). 

T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/5

.0
2
4
8
8
2
4



46 

 

163 B. Peng, Q. Sun, H. Long, K. Xu, L. Qiao, Z. Hu, C. Wan, Q. Wan, “A Fourier neuromorphic 

visual system based on InGaZnO synaptic transistor,” Appl. Phys. Lett. 124, 032103 (2024). 
164 S. Chen, Z. Lou, D. Chen, G. Shen, “An Artificial Flexible Visual Memory System Based 

on an UV-Motivated Memristor,” Adv. Mater. 30, 1705400 (2018). 
165 R. A. John, J. Ko, M. R. Kulkarni, N. Tiwari, N. A. Chien, N. G. Ing, W. L. Leong, N. 

Mathews, “Flexible Ionic-Electronic Hybrid Oxide Synaptic TFTs with Programmable 

Dynamic Plasticity for Brain-Inspired Neuromorphic Computing,” Small 13, 1701193 

(2017). 
166 Y. Cao, T. Bu, C. Fang, C. Zhang, X. Huang, C. Zhang, “High‐Resolution Monolithic 

Integrated Tribotronic InGaZnO Thin‐Film Transistor Array for Tactile Detection,” Adv. 

Funct. Mater. 30, 2002613 (2020). 
167 G. Zhang, H. Yu, Y. Shi, W. Liu, X. Shi, C. Jin, Y. Xu, Z. Li, S. Huang, J. Sun, J. Yang, 

“Flexible and low-voltage ITO synaptic transistors for biotic tactile sensing,” Appl. Phys. 

Lett. 123, 023702 (2023). 
168 Y. Li, J. Lu, D. Shang, Q. Liu, S. Wu, Z. Wu, X. Zhang, J. Yang, Z. Wang, H. Lv, M. Liu, 

“Oxide-Based Electrolyte-Gated Transistors for Spatiotemporal Information Processing,” 

Adv. Mater. 32, 2003018 (2020). 
169 S. Ke, F. Wang, C. Fu, H. Mao, Y. Zhu, X. Wang, C. Wan, Q. Wan, “Artificial fear neural 

circuit based on noise triboelectric nanogenerator and photoelectronic neuromorphic 

transistor,” Appl. Phys. Lett. 123, 123501 (2023). 
170 Y. He, S. Nie, R. Liu, S. Jiang, Y. Shi, Q. Wan, “Spatiotemporal Information Processing 

Emulated by Multiterminal Neuro-Transistor Networks,” Adv. Mater. 31, 1900903 (2019). 
171 S. Bolat, G. Torres Sevilla, A. Mancinelli, E. Gilshtein, J. Sastre, A. Cabas Vidani, D. 

Bachmann, I. Shorubalko, D. Briand, A. N. Tiwari, Y. E. Romanyuk, “Synaptic transistors 

with aluminum oxide dielectrics enabling full audio frequency range signal processing,” Sci 

Rep 10, 16664 (2020). 
172 J. K. Han, M. Kang, J. Jeong, I. Cho, J. M. Yu, K. J. Yoon, I. Park, Y. K. Choi, “Artificial 

Olfactory Neuron for an In-Sensor Neuromorphic Nose,” Adv. Sci. 9, 2106017 (2022). 
173 J. K. Han, S. C. Park, J. M. Yu, J. H. Ahn, Y. K. Choi, “A Bioinspired Artificial Gustatory 

Neuron for a Neuromorphic Based Electronic Tongue,” Nano Lett. 22, 5244-5251 (2022). 
174 J. Tang, F. Yuan, X. Shen, Z. Wang, M. Rao, Y. He, Y. Sun, X. Li, W. Zhang, Y. Li, B. Gao, 

H. Qian, G. Bi, S. Song, J. J. Yang, H. Wu, “Bridging Biological and Artificial Neural 

Networks with Emerging Neuromorphic Devices: Fundamentals, Progress, and Challenges,” 

Adv. Mater. 31, 1902761 (2019). 

T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/5

.0
2
4
8
8
2
4



47 

 

175 Q. N. Wang, C. Zhao, W. Liu, I. Z. Mitrovic, H. van Zalinge, Y. N. Liu, C. Z. Zhao, 

“Synaptic transistors based on transparent oxide for neural image recognition,” Solid-State 

Electron. 194, 108342 (2022). 
176 C. S. Yang, D. S. Shang, N. Liu, E. J. Fuller, S. Agrawal, A. A. Talin, Y. Q. Li, B. G. Shen, 

Y. Sun, “All‐Solid‐State Synaptic Transistor with Ultralow Conductance for Neuromorphic 

Computing,” Adv. Funct. Mater. 28, 1804170 (2018). 
177 Y. Li, Z. Xuan, J. Lu, Z. Wang, X. Zhang, Z. Wu, Y. Wang, H. Xu, C. Dou, Y. Kang, Q. Liu, 

H. Lv, D. Shang, “One Transistor One Electrolyte‐Gated Transistor Based Spiking Neural 

Network for Power‐Efficient Neuromorphic Computing System,” Adv. Funct. Mater. 31, 

2100042 (2021). 
178 Y. J. Huang, W. S. Wang, X. Huang, J. K. Di, H. Xiao, L. Q. Zhu, “Oxide dendrite transistors 

gated with polyvinyl alcohol/chitosan hybrid electrolyte for spatiotemporal integration,” J. 

Alloy. Compd. 1010, 177938 (2025). 
179 Y. Du, W. Xiao, G. Miao, Z. Yin, R. Ci, G. Liu, F. Shan, “Solution-processed LiGdO solid 

electrolyte for an In2O3 synaptic transistor and its application in neuromorphic computing,” 

J. Mater. Chem. C 13, 1318-1324 (2025). 
180 D. Nishioka, T. Tsuchiya, W. Namiki, M. Takayanagi, M. Imura, Y. Koide, T. Higuchi, K. 

Terabe, “Edge-of-chaos learning achieved by ion-electron–coupled dynamics in an ion-

gating reservoir,” Sci. Adv. 8, eade1156 (2022). 
181 L. Zhu, X. Wan, J. Lin, P. Chen, Z. Luo, H. Sun, S. Yan, C. L. Tan, Z. Yu, Y. Xu, “Reservoir 

computing for image processing based on ion-gated flexible organic transistors with 

nonlinear synaptic dynamics,” Org. Electron. 139, 107199 (2025). 
182 T. Wada, D. Nishioka, W. Namiki, T. Tsuchiya, T. Higuchi, K. Terabe, “A Redox‐Based 

Ion‐Gating Reservoir, Utilizing Double Reservoir States in Drain and Gate Nonlinear 

Responses,” Adv. Intell. Syst. 5, 2300123 (2023). 
183 X. Liang, J. Tang, Y. Zhong, B. Gao, H. Qian, H. Wu, “Physical reservoir computing with 

emerging electronics,” Nat. Electron. 7, 193-206 (2024). 
184 Y. Zhong, J. Tang, X. Li, B. Gao, H. Qian, H. Wu, “Dynamic memristor-based reservoir 

computing for high-efficiency temporal signal processing,” Nat. Commun. 12, 408 (2021). 
185 Y. Yang, H. Cui, S. Ke, M. Pei, K. Shi, C. Wan, Q. Wan, “Reservoir computing based on 

electric-double-layer coupled InGaZnO artificial synapse,” Appl. Phys. Lett. 122, 043508 

(2023). 
186 K. Liu, J. Li, F. Li, Y. Lin, H. Liu, L. Liang, Z. Luo, W. Liu, M. Wang, F. Zhou, Y. Liu, “A 

T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/5

.0
2
4
8
8
2
4



48 

 

multi-terminal ion-controlled transistor with multifunctionality and wide temporal 

dynamics for reservoir computing,” Nano Res. 17, 4444-4453 (2024). 
187 R. Fang, X. Li, K. Ren, W. Zhang, H. Xu, L. Wang, D. Shang, “Improved dynamic 

characteristics of oxide electrolyte-gated transistor for time-delayed reservoir computing,” 

Appl. Phys. Lett. 124, 053305 (2024). 
188 R. Fang, S. Wang, W. Zhang, K. Ren, W. Sun, F. Wang, J. Lai, P. Zhang, X. Xu, Q. Luo, L. 

Li, Z. Wang, D. Shang, “Oxide‐Based Electrolyte‐Gated Transistors with Stable and 

Tunable Relaxation Responses for Deep Time‐Delayed Reservoir Computing,” Adv. 

Electron. Mater. 10, 2300652 (2024). 
189 G. Ou, Y. Xu, B. Wen, R. Lin, B. Ge, Y. Tang, Y. Liang, C. Yang, K. Huang, D. Zu, R. Yu, 

W. Chen, J. Li, H. Wu, L. M. Liu, Y. Li, “Tuning defects in oxides at room temperature by 

lithium reduction,” Nat. Commun. 9, 1302 (2018). 
190 M. Samizadeh Nikoo, A. Jafari, N. Perera, M. Zhu, G. Santoruvo, E. Matioli, “Nanoplasma-

enabled picosecond switches for ultrafast electronics,” Nature 579, 534-539 (2020). 
191 S. S. Teja Nibhanupudi, A. Roy, D. Veksler, M. Coupin, K. C. Matthews, M. Disiena, Ansh, 

J. V. Singh, I. R. Gearba-Dolocan, J. Warner, J. P. Kulkarni, G. Bersuker, S. K. Banerjee, 

“Ultra-fast switching memristors based on two-dimensional materials,” Nat. Commun. 15, 

2334 (2024). 
192 J. Noh, H. Bae, J. Li, Y. Luo, Y. Qu, T. J. Park, M. Si, X. Chen, A. R. Charnas, W. Chung, 

X. Peng, S. Ramanathan, S. Yu, P. D. Ye, “First Experimental Demonstration of Robust 

HZO/β-Ga₂O₃ Ferroelectric Field-Effect Transistors as Synaptic Devices for Artificial 

Intelligence Applications in a High-Temperature Environment,” IEEE Trans. Electron 

Devices 68, 2515-2521 (2021). 
193 D. w. Cao, Y. Yan, M. n. Wang, G. l. Luo, J. r. Zhao, J. k. Zhi, C. x. Xia, Y. f. Liu, “Layered 

Wide Bandgap Semiconductor GaPS4 as a Charge‐Trapping Medium for Use in High‐

Temperature Artificial Synaptic Applications,” Adv. Funct. Mater. 34, 2314649 (2024). 
194 P. A. Merolla, J. V. Arthur, R. Alvarez-Icaza, A. S. Cassidy, J. Sawada, F. Akopyan, B. L. 

Jackson, N. Imam, C. Guo, Y. Nakamura, B. Brezzo, I. Vo, S. K. Esser, R. Appuswamy, B. 

Taba, A. Amir, M. D. Flickner, W. P. Risk, R. Manohar, D. S. Modha, “Artificial brains. A 

million spiking-neuron integrated circuit with a scalable communication network and 

interface,” Science 345, 668-673 (2014). 
195 T. Mei, W. Liu, G. Xu, Y. Chen, M. Wu, L. Wang, K. Xiao, “Ionic Transistors,” ACS Nano 

18, 4624-4650 (2024). 
 

T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/5

.0
2
4
8
8
2
4


