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ABSTRACT

Functional emulation of biological synapses using electronic devices is regarded as the first step toward neuromorphic engineering and
artificial neural networks (ANNs). Electrolyte-gated transistors (EGTs) are mixed ionic—electronic conductivity devices capable of efficient
gate-channel capacitance coupling, biocompatibility, and flexible architectures. Electrolyte gating offers significant advantages for the real-
ization of neuromorphic devices/architectures, including ultralow-voltage operation and the ability to form parallel-interconnected net-
works with minimal hardwired connectivity. In this review, the most recent developments in EGT-based electronics are introduced with
their synaptic behaviors and detailed mechanisms, including short-/long-term plasticity, global regulation phenomena, lateral coupling
between device terminals, and spatiotemporal correlated functions. Analog memory phenomena allow for the implementation of
perceptron-based ANNs. Due to their mixed-conductivity phenomena, neuromorphic circuits based on EGTs allow for facile interfacing
with biological environments. We also discuss the future challenges in implementing low power, high speed, and reliable neuromorphic
computing for large-scale ANNs with these neuromorphic devices. The advancement of neuromorphic devices that rely on EGTs high-
lights the importance of this field for neuromorphic computing and for novel healthcare technologies in the form of adaptable or trainable
biointerfacing.
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combines processing and memory together with a very low power
consumption of ~20 W. Neuromorphic devices, which aim to emulate
functions of biological neurons and synapses, may provide new build-
ing blocks for the post-Moore law era. In this scenario, neuromorphic
computing is regarded as a promising computing paradigm for future
artificial intelligence (AI), big data analysis, Internet of Things (IoT),
etc.”" Since the European Union and the United States took the lead
in launching their Human Brain Project (HBP) and Brain Research
through Advancing Innovative Neurotechnologies (BRAIN) in 2013,
more and more countries and research institutes have been accelerat-
ing investments in brain-inspired technology worldwide. Another
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purpose of the brain-related research projects is to enable a better
understanding of the principles of information processing in the brain,
with an ultimate goal to understand malfunctions and find new ways
to cure brain diseases.

Neurons and synapses in the brain are the smallest unit of learn-
ing and memory. As shown in Fig. 1(a), a synapse is the nanogap
(~3.5nm) that connects two neurons, which can receive and process
massive presynaptic inputs to determine the postsynaptic outputs.’
The synaptic weight (W), i.e.,, the connection strength between neu-
rons, depends on the concentrations of ionic species (e.g., Ca*", Na™,
and K) upon presynaptic action potentials (APs), which modulate
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FIG. 1. Schematic illustration of (a) a biological synapse and (b) the EGT-based artificial synapse. (c) lonic circuits used to model EGTs. (d) The circuits for a voltage-
controlled crossbar array. Synaptic EGTs that encode the synaptic weights are present at each cross point. Diagrams indicated in the dashed frame are two typical device
structures of EGTs. (e) Schematics of a single-layer perceptron (SLP)-based network. Artificial neural networks connect an input layer to an output layer using hidden layers
(synaptic weights, W). The synaptic weight (Wp, ) between each input (X;;,) node and output (Y;,) node can be modulated to train the network to perform the desired operation.
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the release of neurotransmitters. The synaptic weight permits the cou-
pling between neurons, conveying electrical or chemical signals and
influencing the spiking behavior of neighboring neurons, giving thus
rise to the neuronal development. Changes in synaptic strength are
known as synaptic plasticity. In neurology, synaptic plasticity is activ-
ity dependent at either or both sides of the synapse.” Generally, synap-
tic plasticity can be classified into short-term plasticity (STP) and
long-term plasticity (LTP), respectively. STP corresponds to the tran-
sient modification of synaptic strength after stimulation, which lasts
for tens of milliseconds to a few minutes, while LTP is a persistent
modification of synaptic strength, which can last from hours to years.
In biological systems, STP is required for short-term memory (STM)
and allows synapses to perform critical computational functions in
neural circuits such as transmission, encoding, and filtering of neuro-
nal signals.” However, LTP is obviously needed for storing the proc-
essed information, i.e., the long-term memory (LTM), and is thought
to underpin learning and memory.” STP can be converted to LTP after
sufficient training or persistent neuronal activities. A putative neuronal
mechanism of learning and memory is Hebbian synaptic plasticity,
i.e.,, the synaptic strength between the pre- and postsynaptic neurons
depends on the time-correlation of their activity.”'” Two classic para-
digms for the induction of Hebbian plasticity is spike-timing-depen-
dent plasticity (STDP) and spike-rate-dependent plasticity (SRDP)."’
STDP is the refinement of the Hebbian rule, where the synaptic modi-
fication relies on the relative timing of activity between the pre- and
postsynaptic neurons.'> STDP is considered to be the main learning
and memory mechanism of the brain and also forms the basis for
autonomous, unsupervised learning in neuromorphic computing."”
SRDP is another widely observed learning rule, which reflects the
influence of the activity frequency of presynaptic inputs on synaptic
modification."*

Hardware implementation of synaptic functionalities using
microelectronic devices is regarded as the footstone for neuromorphic
engineering. Multiple and nonvolatile conductance levels of electronic
devices are needed to mimic the basic functions of synaptic plasticity.
Presently, there are two possible ways of synapse realization: the tradi-
tional silicon hardware and the emerging memory devices. The main
advantage of the former is the matureness of silicon and its full inte-
gration with the standard CMOS technology. Mead et al. coined the
term “neuromorphic” in the 1980s and proposed the concept of a sin-
gle transistor learning synapse in 1995."'* The silicon approach relies
on charge-based mechanisms as in conventional flash memory and
random access memory (RAM), such as static and dynamic RAM
(SRAM and DRAM). Several MOS transistors are usually needed to
build a silicon neuron.'” With the development of semiconductor
manufacturing technologies over the past two decades, nonbiomimetic
CMOS chips have been the advanced electronic implementation of
neuron circuitry. Brain-like circuits are now commercially available,
by integrating billions of transistors on a square centimeter.® *’
However, the need for high speed and design complexity for CMOS
architectures complicate the path to achieve the interconnectivity,
information density, and energy efficiency of the brain. Unlike the “0”
and “1”-based digital transistors that make up modern computer
chips, alternative analog devices with nonlinear transmission charac-
teristics and slow ion motions are closer to the biophysical properties
of neurons and synapses. In addition, analog computing without using
analog-to-digital or digital-to-analog (ADC/DAC) conversion is not

REVIEW scitation.org/journal/are

only energy efficient but has great potential in a mixed-signal neural
network.”" Although the appropriate candidates for artificial synapses
and neurons is still under debate, tunable memory devices including
two-terminal memristors and three-terminal neuromorphic transis-
tors are promising.””” The operation principles of these devices are
based on coupled ionic-electronic features.” The original definition
for memristor (“memory resistor”) was predicted from symmetry
arguments by Chua in 1971.°" In 1976, Chua et al. generalized the
memristor concept to a much broader class of nonlinear dynamical
systems they called memristive systems.”” In 2008, Strukov et al.
correlated the resistive switching devices with memristors, in which
memresistance was experimentally observed in Pt/TiO,/Pt memo-
ries.”*”” The resistance of the devices depends on the history of cur-
rent that has flowed through it under an external bias voltage. Note
that the roots of resistive switching phenomena date back to the
1960s,”*” while resistive switching devices were proposed as a new
generation of nonvolatile memories even before the experimental evi-
dence of memristors.”’ The pinched hysteresis loop has been identified
as the fingerprint of memristive systems,”"”* thereby unifying a broad
class of two-terminal nonvolatile memories as memristors. These devi-
ces include resistive switching RAM (RRAM),” *” magnetic RAM
(MRAM),”® and phase-change memory (PCM).” Over the last
decade, memristors were intended for applications in data storage,
logic circuits, and neuromorphic computing. In particular, for neuro-
morphic applications, abrupt switching that is present in conventional
binary memristors (ie., digital-type memories) is unfavorable, and
analog memory phenomena are desirable for the training of neural
networks with high accuracy/speed.”*”” The gradual switching can be
engineered by redox reactions (e.g., electrochemical metallization, and
valence change),” the current-induced Joule heating effect,”" the spin-
transfer torque effect,”” and even ferroelectric polarization.”” For the
redox-based resistive switching memristors that are coupled by ionic
and electronic transport dynamics, aspects such as electrolyte materi-
als,”** electrode activity,% filament nucleation,”*® and ambient™’
have been extensively studied to achieve controllable switching charac-
teristics. Nowadays, memristors have attracted great interest for single
synaptic units with high scalability (<2 nm), 3D integration capability,
and fast switching speed (~nanosecond).”” Large area arrays of mem-
ristors could be easily integrated in a crossbar architecture to perform
vector-matrix multiplication directly utilizing Ohm’s law and
Kirchhoffs law.”" Complex computational tasks and artificial neural
networks (ANN) have been implemented with such post-CMOS
device arrays.”"

On the other hand, neuromorphic transistors could provide an
alternative platform for synaptic electronics because of their structural
nature, with physically separated input and output terminals.”* *°
Hysteresis in the transfer curves of transistors with gradually changed
conductance presents a history-dependent memory behavior. Hence,
the synaptic weight (i.e, channel conductance, G) can be precisely
controlled in a tightly coupled fashion between the control terminal
(gate electrode) and the transduction terminals (source-drain electro-
des). Meanwhile, the training or “write” operation is on the gate that is
spatially separated from the signal transmission or the “read” process
on the channel. This endows synaptic circuits with concurrent actuali-
zation of inference and learning, hence facilitating the implementation
of more complex neuromorphic functions.” Besides, the write current
(ie., gate current) could be much lower than the read current (drain
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current) so that this three-terminal configuration results in improved
state retention and energy efficiency.” From the mechanism perspec-
tive, neuromorphic transistors are desirable for the decoupling of STP
and LTP through the use of different functional regions and physical
mechanisms,”” °' thus being a naturally suitable medium in which
STP and LTP can be induced concomitantly and expressed indepen-
dently.”” From other performance and functionality viewpoints, neu-
romorphic transistors offer advantages of multimodal control (e.g.,
electrical, optical, mechanical stimuli, and physicochemical responses
such as gas and ion/molecular sensing” °), thereby allowing the
implementation of artificial synapses that mimic biological sensory
(afferent) and motor (efferent) neurons.””*"

Among all kinds of neuromorphic transistors, electrolyte-gated
transistors (EGTs), in which the semiconducting channel is in contact
with a gate electrode via an electrolyte [Fig. 1(b)], have shown to be
very promising for the implementation of artificial synapses. The elec-
trolyte is an ionic conductor but an electronic insulator dielectric.””
An electrolyte could be either in a liquid or a solid state, having ions
(anions and cations) displaced in opposite charges at the electrolyte/
electrode interfaces in response to an electric field. Typically, two
major categories of EGTs have been employed for synaptic electronics
depending on the permeability of the semiconductor channel to the
ions of the electrolyte. Specifically, the impermeable one is the
electrolyte-gated field-effect transistor (EG-FET) with the channel cur-
rent modulated by the gate voltage via a capacitive field-effect mecha-
nism at the channel/electrolyte interface. Due to the ultrathin
“electrical double layers” (EDLs, ~1.0 nm) formed at the gate/electro-
lyte and electrolyte/semiconductor interfaces, EG-FET is often known
as electrical double layer transistors (EDLTs). The other type is called
an electrochemical transistor (ECT), which is based on electrochemical
doping/dedoping processes upon the bulk injection of ionic species to
the redox-active channel material. Previously, EGTs have been widely
used in chemical and biological sensing, which was enabled by their
high transconductance and compatibility with aqueous solutions and
biological systems.””"* The interest in EGTs dramatically increased in
recent years after being associated with the concept of neuromorphic
transistors. Compared to dielectric thickness-dependent field-effect
transistors (FETs, nF/cm?®), EGTs employ a high parallel plate capaci-
tance (~1-10 yF/cm?) and/or volumetric capacitance (~370 F/cm?® or
~500 pF/cm® equivalent capacitance/unit area) to realize the high
coupling efficiency of the gate to the channel.”” This feature endows
synaptic EGTs with the ability to alter conductance at ultralow vol-
tages (~millivolt), leading to an attractive alternative in energy-
efficient neuromorphic circuits.”* Moreover, coupled and tunable ionic
and electronic conductances make EGTs valuable for electronic synap-
ses [Fig. 1(c)] since their operation mode approaches the biological
counterparts when compared to other technologies. For these reasons,
EGTs can be exploited for the realization of electronic prostheses to
directly interface with living neurons that have signals of low ampli-
tude.”” Another benefit of the synaptic EGTs is their structural flexibil-
ity in constructing the synaptic networks. A shared electrolyte would
be an interesting feature to provide a global control mechanism (one-
input to multioutputs).”” On the other hand, an electrolyte is particu-
larly suitable for the lateral-gated transistor configuration [Fig. 1(d)],
enabling multi-inputs to one-output.”” In this regard and given the
specific characteristics of EGTs (e.g., ion/electron interaction, high spe-
cific capacitance, physiological environmental compatibility, and
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architectural flexibility), a unique opportunity arises to explore these
devices as candidates for neuromorphic building blocks with new and
unconventional form factors [Fig. 1(e)].2>5878

In this review, the recent advances in EGT-based synaptic elec-
tronics, from a single device to neural networks, are comprehensively
summarized and discussed. A brief theoretical background of static
and transient characteristics for EGTs is introduced in Sec. II. In Sec.
111, recent developments of synaptic responses and artificial perception
neurons are reviewed based on the electrolyte gating of metal oxides,
organic materials, and 2D materials. Finally, challenges and perspec-
tives for future research of synaptic electronics and neuromorphic sys-
tems based on electrolyte-gated transistors are discussed in Sec. IV.

Il. ION TRANSPORT IN NEUROMORPHICS

In biological synapses, signals are carried via the exchange of var-
ious ionic or molecular species. The action potential opens the
voltage-gated calcium channels of the presynaptic membrane, leading
to the secretion of neurotransmitter vesicles at the synaptic cleft.”
Neurotransmitters are defused through the synaptic cleft and bind to
receptors of the postsynaptic membrane to activate ion channels. The
influx of ions at the postsynaptic membrane alters the polarization
state of the neuron, and action potentials are fired if a depolarization
threshold is exceeded.”’ Therefore, neuromorphic devices that involve
signals of ionic or molecular nature are desirable due to the their bio-
logical relevance during device operation.

There are different approaches to implement coupled ionic and
electronic conductivities in artificial synapses to emulate the biological
synaptic functionality. The concept of using electrolytes in contact
with semiconducting materials is not a new one. It dates back in the
‘50s when researchers at Bell labs were experimenting with germanium
electrodes interfacing the aqueous solution of potassium hydroxide,
potassium chloride, and hydrochloric acid.”" These experiments
showed that electrolytes can be efficiently used to modulate the semi-
conductor surface potential, validating the idea that they can also be
employed for transistor gating. The motivation behind that was to
take advantage of the large capacitance electrolytes can deliver, which
allows for extremely low operation voltages. In this part, as a case
study, we mainly focus on organic electrolyte-gated transistors, and
specifically, we are going to present their basic operation mechanism
and provide the main equations that govern their steady state and
transient response. To achieve this, we categorize electrolyte-gated
transistors in two major classes.”” The first one includes transistors the
semiconducting film of which is impermeable to the electrolyte ions
[Fig. 2(a)], while in the second class, these ions can penetrate the semi-
conductor, changing its redox state [Fig. 2(b)].

In the impermeable mode of operation, an applied gate voltage
forces ions to migrate to and pile up at the gate/electrolyte and electro-
lyte/semiconductor interfaces. These ions screen charges at the gate
and accumulate (or deplete) carriers in the semiconducting film. As a
result, EDLs are formed at both interfaces, which can be considered as
capacitors with a Debye screening length / at the nanometric scale. In
this case, the thickness of the dielectric is reduced to an interface level,
resulting in a high parallel plate capacitance. The specific capacitance
of these nanocapacitors can be estimated to 10 uF/cm?, a value signifi-
cantly larger than the typical 0.1 «F/cm® achieved by solid-state dielec-
tric capacitors.””* Tt is also worth noticing that for these devices, the
applied gate potential drops predominantly at the formed double layer
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FIG. 2. Typical architecture of EGTs. Accumulation-mode operation of an EGT for
(a) undoped ion-impermeable and (b) permeable semiconductors. Depletion-mode
operation for conducting polymers (e.g., PEDOT:PSS) (c) without and (d) with posi-
tive gate voltage.

capacitors, while the voltage remains constant in the bulk of the (electri-
cally neutral) electrolyte. The above fact implies that the operation of an
impermeable EDL transistor can be considered an extreme case of a FET.

Therefore, for the steady state regime, the channel current is
given by an equation similar to the one derived for FETs"*

2

IDS:¥,UC, (Vg — VTh)VD*% ) (1)
where W and L are the channel width and length, p is the charge car-
rier mobility, C' is the capacitance of the dielectric per unit area, Vry, is
the threshold voltage, V5, is the source drain bias, and Vj; is the voltage
applied at the gate electrode.

Regarding the transient analysis, the current can be expressed as
the sum of the initial and the charging currents.”” In this approach,
the Ward-Dutton model was adopted in an electrolyte-gated FET in
order for the terminal charges and capacitances to be calculated and
consequently the charging currents to be obtained. Finally, the tran-
sient drain and source currents are given as follows:

in(0) = Ion(t) + 22210 @
is(t) = Iso(t) — d%f )7 (3)

where Ing(t) and Igy(t) are the initial currents and Qp(t) and Qs(t)
the charges at the drain and source, respectively.

For the permeable mode, the electrolyte ions can penetrate the
semiconductor film, thereby modulating its conductivity, a process
called electrochemical reaction. The EDL at the gate/electrolyte
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interface in this case may or may not be formed depending on the gate
material employed (polarizable or nonpolarizable gate electrodes).
Transistors that work in this configuration are called electrochemical
transistors (ECTs), and the redox is a reversible process taking advan-
tage of the entire volume of the conducting film and delivering large
volumetric capacitance values.”” As a result, small changes in gate
biases result in large modulations in drain current, which is the reason
for ECTs to operate as efficient switches and powerful amplifiers.
Organic electrochemical transistors (OECTs) often employ a conduct-
ing polymer that is electrochemically active and ion permeable. With
the right choice of the channel material, the device can operate either
in the accumulation or the depletion mode [Fig. 2(0)]¥ Specifically,
for the latter mode, [poly(3,4-ethylenedioxythiophene) doped with
poly(styrene sulfonate) (PEDOT:PSS)], an archetypical conductive p-
type polymer blend consisting of hole conductive PEDOT oligomers
polymerizing in the ion conductive PSS template, has been widely
exploit in biosensing and neuromorphic applications. PEDOT:PSS can
undergo an oxidation/reduction reaction and switch between the con-
ducting (oxidized) PEDOT" and the insulating (neutral) PEDOT®
electrochemical states. The PSS chain is hydrophilic and ion permeable.
Applying a positive bias at the gate leads to the injection of cations into
the polymer blend [Fig. 2(d)]. Therefore, the positive bias at the gate
leads to the diffusion of cations into the PSS structure and the compen-
sation of the sulfonic acid groups of PSS. At the same time, PEDOT
charge carriers (polarons and bipolarons) hop between PEDOT
regions through 7-7 stacking. This mechanism thus provides both
ionic and electrical conductivities in the channel. The charge neutrality
of the PEDOT:PSS layer implies a reduction in the number of holes in
the polymer, which is similar to electrochemically dedoping. These
excess holes are extracted at the drain electrode, and since the drain
current is proportional to the quantity of mobile holes in the channel,
it probes the doping state of the organic polymer.”

The steady state current in a device like that is given by a formula
that bares similarities to (1)

2

Ve)Vp — V7 )
where W, L, and d are the channel width, length, and thickness,
respectively, 4 is the charge carrier mobility, C* is the capacitance per
unit volume of the channel, Vpy, is the threshold voltage, Vp, is the
source drain bias, and Vg is the voltage applied at the gate electrode.
The figure of merit of the conducting polymer can be defined by the
product of the charge-carrier mobility and volumetric capacitance
(u-C").” Equation (4) for ECTs is similar to Eq. (1) for EG-FETs, with
the difference that the product of channel thickness (d) and volumetric
capacitance (d-C*) replaces C'. This variation defines the difference
between the two devices.

Finally, when it comes to the transient response, a quasistatic
approximation ignores the spatial voltage and charge density varia-
tions and averages the ionic current and charge density. As a result,
the transient drain current is simplified to*®

I(t, Vi) = Is(Vg) + Al (1 _fr )exp( ‘:) (5)

W.d
Ips = THC (Vi —

where I (Vi) is the steady-state source-drain current at a gate voltage
Vi and Al is the difference between the current for gate voltage Vg
minus the current voltage for gate voltage Vi = 0 and fa proportionality
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constant to account for the spatial nonuniformity of the dedoping
process.

Various semiconducting materials have been actively examined in
synaptic EGTs. Note that the ionic dynamics in EGTs are complicated,
and ionic gating modes could be modulated by varying the stimulation
conditions on the gate terminal, such as the width, frequency, and
polarity of the gate pulses, which serve as the driving force of ion
migrations toward the rigid or soft channel materials. The most com-
mon classes of channel materials consist of rigid metal-oxide semicon-
ductors [indium-zinc-oxide (1Z0O),*””° indium gallium zinc oxide
(1GZ0),”"” and indium-strontium-zinc-oxide (ISZO)™*], binary
metal-oxides [zinc oxide (Zn0O)”], perovskite oxides [tungsten oxide
WO; (Ref. 61)], 2D materials [graphene,g(”% MoS,,” 71 -
MoO;,"""'%% WSe,,'" etc], 1D materials [carbon nanotubes
(CNTs),'**'% InP nanowires,'”® and polymer nanowires'”'"*], and
soft organic semiconductors [PEDOT:PSS,”*'"”  poly(3-hexylthio-
phene) (P3HT),"'*""! polyaniline (PANI), > 2,7-dioctyl[1]benzo-
thieno[3,2-b][1]benzothiophene (C8-BTBT),''* pentacene,''” etc.].
The large free volumes in the conjugated polymer (CP) bulk can also
transport ions, leading to an extremely high transconductance dictated
by the volumetric capacitance (C*).*° Amorphous oxide
semiconductor-based synaptic EGTs have a combination advantages of
high mobility, transparency, and inherent persistent photoconductivity
(PPC) by optimizing the metallic composition ratios.”* These inorganic
semiconductors could be deposited either by solution-processing or
magnetron sputtering with uniform properties in large scale produc-
tion. They can act as both an electrode and a channel,'® like the way
of conducting polymer PEDOT:PSS.""”

I1l. NEUROMORPHIC DEVICES AND FUNCTIONS

The biologically inspired neuromorphic systems are expected to
be capable of dealing with complex and intelligent tasks, where neuro-
morphic functionalities need to be implemented at the single device or
circuit level. Below, the basic principles of neuromorphic devices and
functions are presented.

A. Synaptic plasticity and global phenomena

Synaptic plasticity, i.e., the ability of synapses to modulate the
coupling between the pre- and the postsynaptic neurons, leads to the
dynamic development of the neuronal network. For synaptic plasticity,
there are two forms of synaptic responses, namely, potentiation and
depression, which are linked to the strengthening and weakening of
synaptic transmission, respectively.''® For STP, short-term potentia-
tion (STPo) and short-term depression (STD) in synapses act as high/
low-pass filtering that plays a significant role in the information proc-
essing of auditory and visual system.''” STP in the form of amplitude
encoding is also believed to enhance the bandwidth of neurons when-
ever saturation in their rate code is reached.'”’ For LTP, it is now clear
that long-term potentiation (LTPo) and long-term depression (LTD)
are used for multiple brain functions in addition to learning and mem-
ory, as it contributes to the neuronal development.'”"'** Fundamental
synaptic plasticity behaviors have been successfully mimicked in
electrolyte-gated synaptic transistors, such as excitatory/inhibitory
postsynaptic current (EPSC/IPSC), paired pulse facilitation/depression
(PPF/PPD), and high/low-pass filtering effects, and spike-timing-
dependent plasticity (STDP).
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The electrostatic coupling effect has been widely used to mimic the
STP functions in dense semiconductor-based EDLTs.'” Chen et al.
reported on a carbon nanotube (CNT) channel synapse with a
hydrogen-doped poly(ethylene glycol) (PEG) electrolyte.”>'** When
the presynaptic spike was low and short (5V, 1 ms), the dynamic change
of postsynaptic current (PSC, channel current) was induced by the
hydrogen ion accumulation at the electrolyte/channel interface, which in
turn modified the electron concentration in the CNT channel.”’ Such an
interfacial EDL electrostatic modulation process was reversible when the
gate voltage was removed, representing the temporal analog phenome-
non in biological synapses. The CNT synaptic device showed dynamic
signal processing and learning functions with an extremely low energy
of ~7.5 pJ/spike. In contrast to the two-terminal memristive devices in
which the energy consumption is mainly contributed by the write opera-
tion, the read energy of synaptic EGT is comparable or larger than the
write energy because the gate leakage current is generally much lower
than the channel current, and thus, the energy efficiency is read lim-
ited.'”"'*” The overall energy consumption scales with the channel
area.”* Channel materials with inherently low conductivity are more
suitable to construct energy-efficient synaptic EGTs.”

The STP functions based on the electrochemical doping concept
were initially demonstrated by Gkoupidenis et al in PEDOT:PSS
based organic electrochemical transistors (OECTs) gated with an
aqueous KCl electrolyte (0.1 M)."”” In this depletion-mode transistor,
synaptic functions were reproduced by applying positive presynaptic
voltage pulses (Vp,)