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A B S T R A C T

Today’s scientific and technological growth relies on rapid advances in electronic information technologies. 
Semiconductor devices such as transistors are essential to these technologies, and they are constantly being 
improved by being made smaller and more integrated. However, there is a concern that these improvements may 
slow down in the near future. Thus, creating new types of devices that can overcome the problems and/or 
enhance the capabilities of traditional semiconductor devices has become an important challenge. In particular, 
solid-state ionic devices can potentially meet this challenge. In this review, we describe the design of such devices 
using ionic nanoarchitectonics techniques that locally control ion conduction and electrochemical behavior in 
ion conductors and mixed conductors. In addition, we describe solid-state ionic devices developed for electronic 
information technology as well as the electrical, magnetic, optical, and brain-inspired neuromorphic function
alities of these devices.

1. Introduction

Electrical conduction in solids arises from the movement of charged 
particles in an applied electric field. The charged particles that move in a 
solid are called charge carriers and they include electrons, holes (va
cancies left by electrons), ions, and vacancies (vacancies left by ions). 
Electronics is a field that studies phenomena associated with the 
movement of electrons and holes in solids and applies their properties to 
the operation of devices. In particular, electronic information equipment 
consists of electronic devices based on semiconductors, in which the 
charge carriers are electrons or holes. Solid-state ionics, on the other 
hand, is a field that studies phenomena associated with the movement of 
ions and vacancies in solids and applies their properties to the operation 
of devices [1]. Solid-state ionic devices, such as fuel cells and all-solid- 
state batteries, are widely used in environmental and energy equip
ment. There is also a type of material called a mixed conductor in which 
both electrons and ions move. Mixed conductors are used in the 

electrodes of fuel cells and solid-state batteries and in electrochemical 
sensors.

Today’s electronic information technology depends heavily on 
semiconductor devices such as transistors. These devices enable the 
computing and memory functions that have improved every year by 
their being made smaller and more integrated - a trend known as 
Moore’s Law. However, as process sizes have decreased to the nanoscale 
and even to the atomic scale, there is concern that the performance of 
semiconductor devices will slow down in the near future. This concern is 
due to the inherent limitations of miniaturization and the physical 
operation of conventional semiconductor devices and has motivated 
interest in creating new devices that can be used in future electronic 
information technology. Here, solid-state ionic devices, which exploit 
the movement of ions in solids, may be potentially useful. These devices 
work on the basis of completely different principles than those of current 
semiconductor devices and are expected to not have their limitations.

In the 1970s, Sanyo Electric Co., Ltd. developed electrochemical 
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devices known as “memoriods” that used solid-state ionics technology to 
store moving ions as electrical potential [2,3]. They were used as timers 
in portable radios. However, as semiconductor devices improved, these 
ionic devices were phased out because they were large and slow, 
requiring many ions to move during use. Recent advances in nano
technology have overcome these limitations by making it possible to 
control the movement of ions at the nanoscale. [4]. As a result, nano
scale solid-state ionic devices (nanoionic devices) have re-emerged as a 
new generation of electronic information devices. This resurgence was 
triggered by the invention of nanoionic-based atomic switches and other 
resistive switches that work by controlling ion transport and electro
chemical reactions at the nanoscale [5–8]. Many resistive switches 
operate by causing nanoscale conductive filaments to form and disap
pear through the transport of metal or oxide ions and redox reactions in 
response to the application of a voltage [9,10]. Unlike the volatile 
resistive switching operation of semiconductor transistors, these resis
tive switches exhibit non-volatile switching operation, making them 
promising for low-power non-volatile memory applications. Inspired by 
the invention of these switches, researchers have started to develop 
various solid-state ionics based electronic information devices with 
diverse functions. These developments involve skillfully exploiting the 
properties arising from local ion transport and electrochemical phe
nomena in various ion conducting materials and mixed conducting 
materials. In recent years, with the rapid development of artificial in
telligence (AI) technology, the creation of neuromorphic devices that 
mimic brain functions has become active in the development of solid- 
state ionic devices in the field of electronic information [11]. Mean
while, the development of AI and other functional devices using soft 
materials and liquids with ionic conductivity, is also advancing rapidly. 
Ionic liquids, which can utilize a variety of ion species, demonstrate 
excellent bonding properties at heterogeneous interfaces with functional 
materials, enabling the realization of efficient functional performance. 
Soft materials such as ion-conductive gels and polymers are expected to 
be used in flexible devices suitable for parts that move or deform. 
Further detailed information on the development of devices using these 
ion-conductive liquids, gels, and polymers can be found elsewhere 
[12–15].

This review begins with an introduction to ionic nanoarchitectonics, 
a technique that controls local ion transport and electrochemical re
actions within solids. This technique is essential for creating solid-state 
ionic devices for enhancing electronic information technology. Building 
on this technique, we present the operating principles and performance 
evaluations of solid-state ionic devices, including non-volatile atomic 
switches, synapse devices, reservoir devices, and visual devices that 
mimic the functions of brain neurons. Furthermore, we also showcase 
numerous solid-state ionic devices with diverse properties and func
tions, including those exhibiting electrical, optical, and magnetic 

characteristics. Next, we will explain atomic layer deposition (ALD), a 
process that enables the production of high-quality, ultra-thin films 
essential for ionic nanoarchitectonics. Finally, we will discuss future 
prospects for solid-state ionic devices in the field of electronic 
information.

2. Solid-state ionic devices through ionic nanoarchitectonics

Solid-state ionic devices for electronic information technology work 
by controlling ion transport and electrochemical phenomena within 
solids on the nanoscale and atomic scale through the application of an 
external voltage [16]. By skillfully manipulating the structural, chemical 
and physical properties at interfaces between ion conductors and func
tional materials using ions of different sizes, valences and chemical af
finities, researchers have created interesting properties and functions 
that cannot be achieved in electronic devices that operate by electron 
transport. Here, we will collectively refer to the techniques that exploit 
localized ion transport and electrochemical phenomena to create 
various properties and functions as ionic nanoarchitectonics [17,18]. 
Fig. 1 illustrates the structure and operating principle of a typical solid- 
state ionic device, where an ion conductor or mixed conductor material 
is sandwiched between electrodes. By applying an appropriate voltage 
of the correct polarity and magnitude between the electrodes, it is 
possible to control the transport of cations, anions or electrons within 
the ion conductor or mixed conductor, as well as the associated elec
trochemical phenomena. These electrochemical phenomena include the 
formation and disappearance of conductive metal filaments between 
electrodes (metal and functional materials) through redox reactions of 
metal ions, the formation and disappearance of electric double layers at 
the interface between ion conductors and electrodes arising from the 
movement of cations or anions, and the insertion and desorption of 
cations or anions with the electrode. By exploiting the various properties 
derived from these electrochemical phenomena, solid-state ionic devices 
can be created with functions and levels of performance unattainable in 
conventional electronics devices.

Ionic nanoarchitectonics techniques have been used to develop 
several ionic devices that exploit various electrochemical phenomena in 
their operation. Representative device structures and operating princi
ples are illustrated in Fig. 2. The device shown in Fig. 2 (a) has a layered 
structure in which an ion conductor or mixed conductor is sandwiched 
between electrodes. When a voltage of positive or negative polarity is 
applied between the electrodes, ion transport and electrochemical re
actions occur, resulting in the formation and disappearance of a nano
scale conductive filament within the ion conductor or mixed conductor. 
By controlling the formation and disappearance of the conductive fila
ment, a resistance changing function is realized. This principle of 
operation has led to the development of quantized conductance (QC) 

Fig. 1. Creation of solid-state ionic devices by using ionic nanoarchitectonics to create various properties and functions by exploiting localized ion transport and 
electrochemical phenomena. Reprinted with permission from Ref. 18. Copyright (2022) Wiley-VCH GmbH.
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atomic switches, non-volatile memory, artificial synapses, and 
radiation-resistant switches. The device shown in Fig. 2 (b) has a layered 
structure consisting of a mixed conductor and inert electrodes made 
from, e.g., platinum (Pt). When a voltage of positive or negative polarity 
is applied between the electrodes, positively or negatively charged ions 
in the mixed conductor move towards the interface with the electrode, 
thereby modulating the Schottky-like barrier formed at the interface. By 
exploiting this sort of modulation, a variable diode can be created that 
changes its rectifying characteristics. The device shown in Fig. 2 (c) has a 
transistor structure with three electrodes (gate, drain and source) and an 
ion conductor laminated on a functional material. By applying a voltage 
of positive or negative polarity to the gate electrode, ions in the ion 
conductor move, causing an electrical double layer to form or disappear 
at the interface with the functional material. The properties of the 
functional material, such as its electrical resistance, superconducting 
transition temperature, and capacitance, can be modulated by control
ling the charge injected from the electrical double layer. The devices 
shown in Figs. 2 (d) and 2 (e) are also transistor structures, with three 
electrodes and an ion conductor stacked on a functional material. In the 
device shown in Fig. 2 (d), application of a gate voltage of appropriate 
polarity and magnitude induces an electrochemical reaction between 
the surface atoms of the functional material and ions moving through 
the ion conductor. By exploiting this electrochemical phenomenon, it is 
possible to desorb surface atoms of the functional material into the ion 
conductor or, conversely, to adsorb mobile ions from the ion conductor 
onto the surface of the functional material. In the device shown in Fig. 2
(e), the application of an appropriate gate voltage of the correct polarity 
and magnitude causes mobile ions to be inserted into or extracted from 
the functional material. The devices in Figs. 2 (c), (d) and (e) have the 
same three-terminal structure and operate by applying a gate voltage, 
but their functional materials, type of ion conductor, and the polarity 
and magnitude of the applied gate voltage differ. The device in Fig. 2 (f) 
has numerous inactive electrodes arranged on the surface of the ion 
conductor. By passing a current from a power source across the elec
trodes, the electrodes separate ions from the ion conductor material and 
the ions collect on their surfaces. This gives rise to a potential difference 
depending on the number of ions collected at each electrode, which in 

turn allows the collected ions to be counted by measuring the potential. 
This electrochemical phenomenon can be used to make memory func
tions for information learning and storage and decision-making func
tions. The solid-state ionic devices shown in Fig. 2 have layered 
structures similar to those of conventional semiconductor devices, so 
they can be fabricated with the same manufacturing processes and in
tegrated with semiconductor devices. The remainder of this paper will 
describe representative examples of the ionic devices illustrated in Fig. 2
(a more comprehensive review can be found elsewhere [18]). In addi
tion, Section 4.2.1 presents unique solid-state ionic devices with non- 
layered structures, for example, ionic devices that work by controlling 
ion transport and electrochemical reactions at many point contacts 
formed by nanoparticles or nanowires made from ion conductors or 
mixed conductors and deposited on a substrate.

3. Atomic switches

Atomic switches and resistive switches have been realized in the 
form of a layered structure sandwiching ion conductors or mixed con
ductors between electrodes, as shown in Fig. 2 (a). Both types of switch 
primarily use the transport of cations, such as metal ions, or anions, such 
as oxide ions, and redox reactions to control the formation and disap
pearance of conductive filaments [9,10]. In particular, atomic switches 
control the contact between the conductive filament and the electrode at 
the nanoscale or even at the atomic scale, where they exhibit not only 
resistance-change switching properties but also QC properties [19,20]. 
Fig. 3 shows two types of atomic switch that can be fabricated using 
silver sulfide (Ag₂S), a mixed conducting material in which silver (Ag) 
ions and electrons move, as the device material. The two device struc
tures are a simple layered gapless type (Fig. 3(a)) and a gap type with a 
tunnel-current gap between the electrode and the mixed conducting 
material (Fig. 3(b)). The electrode materials for the gapless switch are 
Ag and Pt. The Ag electrode acts as a reversible electrode where redox 
reactions take place on its surface and also acts as a source of Ag ions for 
the Ag₂S. The Pt electrode is an inert electrode. By applying a suitable 
voltage of the correct polarity and magnitude between the Ag and Pt 
electrodes, Ag ions from the Ag₂S move towards the Pt electrode and 

Fig. 2. Device structures and operating principles of ionic nanarchitectonics for controlling (a) a conductive filament, (b) a Schottky-like barrier, (c) an electronic 
double layer, (d) electrochemical reaction, (e) ion insertion, (f) electromotive force. Reprinted with permission from Ref. 18. Copyright (2022) Wiley-VCH GmbH.
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reduction reactions on the Pt electrode generate a cluster consisting of 
Ag atoms. Continued application of a voltage causes the Ag cluster to 
grow within the Ag₂S until it finally comes into contact with the Ag 
electrode. If the polarity of the applied voltage is then reversed, the 
oxidation reaction of the Ag filament breaks the contact between the Ag 
filament and the Ag electrode. By precisely controlling the applied 
voltage, the contact point between the Ag filament and the Ag electrode 
can be controlled from the nanoscale down to the atomic scale, thereby 
enabling not only on/off resistance-change switches but also QC 
switches with different electronic conduction states. The gap type of 

switch has a gap of about 1 nm between the Ag₂S and Pt electrodes. 
When a voltage is applied between the electrodes, a tunnel current flows 
through the gap. This tunnel current causes a cluster of Ag atoms to form 
within a very narrow region through the reduction reaction of the Ag 
ions in the Ag₂S. Therefore, the gap type of switch can relatively easily 
control the formation of atomic-scale point contact and the resulting QC.

The gap type of atomic switch was initially developed by using 
scanning tunneling microscopy (STM) in experiments to control ion 
motion and electrochemical reactions at the atomic scale [21]. Subse
quent devices not requiring STM rested upon the use of microfabrication 

Fig. 3. Illustration of (a) gapless-type and (b) gap-type atomic switches based on silver sulfide (Ag₂S), a mixed conductivity material in which silver (Ag) ions and 
electrons move.

Fig. 4. (a) SEM image of a gap-type atomic switch. Two switches are formed at the crossing points of the 150-nm-wide Ag2S wire and the two 100-nm-wide Pt wires. 
(b) Schematic diagrams of the atomic switch. As-formed switched-on state (top), switched-off state (middle) and switched-on state after the initial switching-off 
process (bottom). Reprinted with permission from Ref. 22. Copyright (2005) Springer Nature.
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techniques commonly used to make semiconductor devices [22]. A 
scanning electron microscope (SEM) image of such an atomic switch is 
shown in Fig. 4 (a), and schematic diagrams of the device structure and 
its switching operation are shown in Fig. 4 (b). Here, a crossbar structure 
is formed by stacking Ag wire (electrode), Ag₂S wire, Ag film, and Pt 
wire (electrode), where the Ag film has a thickness of about 1 nm. When 
a positive voltage is applied to the Pt electrode, the Ag film undergoes an 
oxidation reaction, converting Ag ions, which dissolve into the Ag2S 
matrix, and causing film to disappear. A 1-nm gap thus forms between 
the Pt electrode and the Ag2S wires. In that gap, a tunnel current flows 
and the electrical resistance is in the range of several tens of mega-ohms 
(off-state). Next, a negative voltage is applied to the Pt electrode, and 
tunneling electrons flow from the Pt electrode to the Ag₂S wire. Above 
certain threshold current and voltage conditions, Ag ions within the 
Ag₂S are reduced and a cluster of Ag atoms grows on the surface. In 
addition, the Ag cluster forms a bridge between the Pt electrode and the 
Ag₂S wire, resulting in a significant reduction in electrical resistance to 
several kilo-ohms to tens of ohms (on-state). When the polarity of the 
voltage applied to the Pt electrode is reversed, the Ag bridge breaks and 
disappears by oxidation, with the Ag ions dissolving back into the Ag₂S. 
In other words, the gap type works by controlling the formation and 
disappearance of the Ag bridge in the tunnel current gap through the 
polarity of the applied voltage. In addition to Ag₂S, atomic switches 
using Cu₂S, a mixed conductor of Cu ions and electrons, have also been 
confirmed. For non-volatile memories, the speed of switching is a critical 
issue. The atomic switch works solely through the movement of ions 
from the nanoscale to the atomic scale, enabling sufficiently fast oper
ation. Experiments have found that the speed increases exponentially 
with increasing applied voltage, with switching frequencies up to at 
least MHz order. Considering the speed of ion movement between 
crystal lattices, GHz-order operation is estimated to be possible.

Gapless atomic switches are currently being developed for integra
tion into field programmable gate arrays (FPGAs) [23–25]. FPGAs are 
cutting-edge semiconductor chips that allow users to freely reconfigure 
circuits, and they are attracting attention for role in the development of 
technologies such as the Internet of Things (IoT) and AI. Conventional 
FPGAs use semiconductor transistors to switch circuits. By comparison, 
FPGAs based on atomic switches, which are smaller in area than tran
sistors, would have a smaller chip area. In addition, because the wiring 
between logic cells would be shorter, it is estimated that the total power 
consumption of the chip could be reduced to about a quarter. Further
more, the atomic switch is non-volatile, so no power is needed for it to 
retain data. Therefore, intermittently used equipment, such as IoT de
vices, can be turned off when not in use to reduce power consumption. In 
addition, while conventional semiconductor devices may experience 
data corruption when exposed to radiation, an atomic switch, which 
operates by generating and extinguishing the metal filament, does not 
exhibit such malfunctions. As a result, FPGAs equipped with atomic 
switches are suitable for use in artificial satellites that operate in outer 
space and are directly exposed to strong radiation in that environment 
[26]. Furthermore, FPGAs equipped with atomic switches show low 
performance drift over a wide temperature range from − 55 ◦C to 150 ◦C 
and are highly resistant to supply voltage fluctuations [27]. Recently, 
there has been a growing demand for switches that can operate at 

extremely low temperatures for quantum computing circuits. Here, 
stable non-volatile resistance switching has been demonstrated at 4 K, 
making the atomic switch a promising candidate for controlling quan
tum bits at extremely low temperatures [28]. Table 1 shows a perfor
mance comparison between the gapless atomic switch (also known as 
nanobridge) and other types of switches, such as flash memory. In terms 
of operating voltage, durability, retention time, switching speed, and 
other characteristics, the atomic switch is equivalent to or superior to 
other switches [29].

3.1. Quantized Conduction (QC) in Atomic Switches

Atomic switches are not merely switches; they also have intriguing 
applications to QC, multivalued memory, logic gates, and even artificial 
synapses. Quantized conduction was discovered by using an STM to 
control ion movement and electrochemical reactions on the atomic scale 
through application of precise voltages with positive or negative polarity 
[21].

In a gap type of atomic switch with a Ag electrode/Ag₂S/tunnel gap/ 
Pt electrode structure, when a relatively small voltage is applied to the Pt 
electrode, a Ag protrusions grows slowly and forms an ultra-fine point 
contact with the Pt electrode. This atomic scale point contact enables QC 
to emerge and makes it possible to construct a multi-value memory [22]. 
As shown in Fig. 5, the memory consists of a 1 × 2 array of crossbar 
structures (Ag electrode/Ag₂S/tunnel gap/Pt electrode), with an atomic 
switch formed at each of the cross points. The two switches can be made 

Table 1 
A performance comparison between a gapless-type atomic switch and other types of switch.

Flash Memory ReRAM MRAM PCM FeRAM Atomic Switch (NanoBridge)

Scaling limit ~28 nm <10 nm <10 nm <10 nm <10 nm <10 nm
Operating temperature -40–150 ◦C -40–150 ◦C -40–150 ◦C 0–85 ◦C -40–125 ◦C − 269–150 ◦C
Retention >10 years >10 years >10 years >10 years >10 years >10 years
On/Off ratio ~104 10–104 1.5–2 102–104 102–103 104–105

On resistance 102–103 W 10–103 W <102 W 10–102 W – 102–103 W
Write voltage >5 V <3 V <1.5 V <3 V <3 V <2 V
Endurance 105 105–108 1015 106–109 1010 103

Operation time <15 ns <7 ns – – – <15 ns

Fig. 5. Changing the QC states of individual channels independently from N =
0 (× 2e2/h) to 3 (× 2e2/h). 50-ms-long pulsed bias voltages of 200mV (from 
0 to 1), 100mV (from 1 to 2), 80mV (from 2 to 3) and − 260mV (from 3 to 0) 
were applied. Reprinted with permission from Ref. 22. Copyright (2005) 
Springer Nature.
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to exhibit QC in different states by precisely controlling the applied 
voltage. Here, quantum conductance is represented by a quantum 
number that is obtained by dividing the electrical conduction by the 
fundamental unit of QC (G0 = 2e2/h), where e is the elementary charge 
and h is the Planck constant. In a state where QC is observed, applying a 
pulsed voltage of appropriate polarity causes the state of the point 
contact to change, thereby allowing the quantum number state to be 
switched arbitrarily. The experimental results in Fig. 5 show that 16 
possible states (4 × 4) can be obtained by connecting two atomic 
switches each with four states ranging in quantum number from 0 to 3. 
This functionality enables the development of multi-state memories.

To understand the fundamental physicochemical processes involved 
in constructing an atomic point contact exhibiting QC, it is important to 
see how fast an atomic switch can be operated by using ion transport in 
solid electrolytes and electrochemical reactions at the electrolyte sur
face/interface. Here, STM is a powerful tool for investigating the 
microscopic processes at the atomic scale and can also be part of an 
atomic switch. The switching time from the OFF state to the ON state 
was measured for an atomic switch consisting of Fe-doped RbAg4I5 film 
evaporated on a Ag substrate and a Pt tip of an STM [30]. RbAg4I5 is 
naturally a superionic conductor of Ag ions, but its electronic properties 
change to those of a mixed conductor of Ag ions and electrons when it is 
doped with Fe. Fig. 6 (a) shows the typical current-time characteristics 
measured under application of a constant small voltage to the Pt tip, 
which was initially set 1 nm from the RbAg4I5 surface. In time domain 
(1), no current appeared at a positive voltage of +100 mV, because no 
reduction of Ag ions took place on the surface. Then, a negative voltage 
of − 100 mV was applied to the Pt tip at t2, but the current remained at 
almost zero up to t3. In time domain (2), no Faradaic reaction occurred. 
After t3, the current increased rapidly in time domain (3), indicating that 
a Ag filament started to form through a reduction process induced by 
tunneling current. At t4, the filament short-circuited the tunnel gap (1 
nm) and the conductance reached the value of a single atomic point 
contact, 1G0. In time domain (4), the filament became larger so that the 
current further increased to above 2G0. Finally, in time domain (5), the 
current reached the maximum value limited by the external resistor that 
was inserted in series with the measurement system.

The switching time ts is defined as the time needed to make a single 

atomic point contact G0 after applying a negative voltage, that is, ts = t4 - 
t2. ts can further be equated as ts = tn + tg, where tn = t3 – t2 is the 
nucleation time and tg = t4 - t3 is the time of nucleus growth. Fig. 6 (a) 
clearly indicates that region (2) mainly contributes to ts, thereby 
implying the conclusion of ts ~ tn. Thus, critical nucleus formation of Ag 
on the RbAg4I5 surface is rate limiting. According to the atomistic model 
of electrocrystallization, for applied cathodic potentials Df (< 0) higher 
than kT/e, ts is given by: 

ts = t0exp
[
(Nc + α)eΔϕ

kT

]

(1) 

where t0 is a constant, Nc is the number of atoms constituting the critical 
nucleus, α is the transfer coefficient, k is Boltzmann constant, and T is 
temperature [31]. Fig. 6 (b) plots ts as a function of applied voltage on a 
semi-logarithmic scale. Here, ts decreases exponentially with increasing 
applied voltage, and its slope is clearly separated into two regions: 
voltage range (1) between − 75 and − 300 mV and voltage range (2) 
between − 300 and − 600 mV. The corresponding reciprocal slopes b1 
and b2 are calculated to be 21 and 125 mV, respectively. From Eq. 1 with 
the measurement temperature of kT/e = 25 mV, the parameter (Nc + a) 
is estimated to be 1.25 in voltage range (1) and 0.2 in voltage range (2). 
In voltage range (2), Df is sufficiently larger than kT/e and thus Nc =

0 and a = 0.2 are obtained. Using this value of a, Nc = 1 is obtained in 
voltage region (1). When Nc = 1 each Ag atom generated on the RbAg4I5 
surface is a nucleus of the new phase, while Nc = 0 indicates that the 
empty nucleation site acts as the critical nucleus and a single Ag atom 
generated represents the supercritical cluster of the new phase. These 
results indicate that the nucleation behavior of metal atoms on the solid 
electrolyte plays an important role in determining the switching 
characteristics.

Like the gap type, gapless atomic switches can also exhibit QC; here, 
the atomic point contact of a conducting filament is formed without 
using tunneling currents. These devices have simple structures consist
ing of solid electrolytes or mixed conductors sandwiched between 
electrochemically active and inert electrodes [32]. QC based on the 
transport of metal ions or oxygen ions has been observed in various 
inorganic materials, such as Ta2O5 [33,34], ZnO [35], HfO2 [36,37], 
SiO2 [38], GeS2 [39], AgI [40], and AgInSbTe [41]. Figs. 7 (a) and 7 (b) 

Fig. 6. (a) Relationship between filament formation process and current response in an experiment on Fe-doped RbAg4I5 film evaporated on a Ag substrate under 
application of a constant voltage by STM. The numbers (1–5) define five time domains in the current-time characteristic corresponding to the microscopic processes 
illustrated in the upper part of the figure. ti denotes the starting time of the ith process. The inset shows the current increase in time domain (3), where the current 
reached the value of a single atomic point contact. (b) Switching time plotted as a function of bias voltage. The measurement was carried out at room temperature on 
a STM Pt tip and RbAg4I5 surface. Reprinted with permission from Ref. 30. Copyright (2012) Springer Nature.
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show the QC behavior in a device with a Ag/Ta2O5/Pt structure under 
consecutive applications of positive and negative voltage pulses [33]. 
First, the device conductance increased in a stepwise fashion from 0G0 to 
9G0 by gradually increasing the amplitude of the positive pulses. During 
a voltage pulse was applied, a temporary increase in conductance was 
observed due to the formation of a relative thick filament. Due to the 
structural instability of the filament formed, some Ag atoms in the 
filament dissolved after pulse application and a thinner filament is sta
bilized maintaining some G0. By subsequently applying negative voltage 
pulses with gradually increased amplitudes, the device conductance 
decreased in a stepwise fashion from 9G0 to 0G0. Fig. 7 (c) shows a 
conductance-state histogram constructed from the conductance-time 
data. Here, the device conductance exhibits peaks at integer multiples 
of G0 with a small distribution around each integer, which indicates that 
an atomic point contact can be controlled within a thin oxide film.

The QC state can be controlled by applying a bias current [40]. 
Fig. 7b (d) shows QC behavior observed for a Ag/AgI/Pt device under a 
current sweep. The device conductance increased in a stepwise fashion 

from 0G0 to 7G0 with linearly increasing current amplitude. Fig. 7 (e) 
plots cumulative probability and the corresponding number of conduc
tance states obtained from the conductance-time data; it has peaks at 
integer multiples of G0, similar to the case of oxide-based atomic 
switches.

QC has also been observed in gapless atomic switches using organic 
solid electrolytes [42]. Figs. 7 (f) and 7 (g) show typical QC behavior 
measured in a switch based on poly (ethylene oxide) (PEO) under 
consecutive applications of positive and negative voltage pulses [18]. 
Although it was difficult to control the QC below 10G0, the conductance 
increased in a stepwise fashion, in units of G0, with increasing pulse 
amplitude. After reaching a certain QC value, applying negative voltage 
pulses with increased amplitudes resulted in a decrease in device 
conductance in a stepwise fashion back to 0G0. These experiments show 
that the formation of atomic point contacts is affected by ion transport in 
the matrix electrolytes and electrochemical reactions at metal/electro
lyte interfaces. Therefore, in order to control QC states precisely, it is 
important to find the optimal conditions for constructing atomic point 

Fig. 7. QC of gapless-type atomic switches based on various solid electrolytes. Stepwise increase (a) and decrease (b) in QC observed in a Ag/Ta2O5/Pt device under 
application of positive and negative voltage pulses. (c) Conductance-state histogram created from the measured data. (d) Stepwise increase in QC observed in a Ag/ 
AgI/Pt device under current sweep. (e) Conductance-state histogram created from the measured data. Stepwise increase (f) and decrease (g) in QC observed in a Ag/ 
Ag-PEO/Pt device under application of positive and negative voltage pulses. Reprinted with permission from Ref. 18, 33, 40, and. Copyright (2012) Institute of 
Physics and (2022) Wiley-VCH GmbH.
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contacts. This can be done by investigating combinations of aspects, 
such as the voltage-current application process, type of conducting ion, 
ion concentration and conductivity, composition and crystal structure of 
ion conductors, and impurities such as residual water molecules. Similar 
QC behaviors to those summarized above have been observed in various 
organic materials, including poly(3-hexylthiophene):[6,6]-phenyl-C61- 
butyric acid methyl ester [43], poly(1,3,5-trivinyl-1,3,5-trimethl cyclo
trisiloxane (pV3D3) [44], Ag salt-included polyvinylimidazole (PVI) 
[45], Ag or Cu salt-included polyaniline (PANI) [46], and triptycene- 
based azo polymer (TBAP) [47].

The relationship between QC and the atomic structure of the point 
contact of a Ag filament in an organic electrolyte (PEO) was investigated 
[48]. Fig. 8 (a) shows a typical I-V (black) curve and a corresponding 
conductance-voltage (red) curve for a Ag/PEO/Pt device with a 40-nm- 
thick PEO film. Under positive bias sweeping, the conductance curve 
increased in a stepwise fashion, as indicated by the dotted lines in the 
plot and reached a QC state that depends on the voltage sweep range. 
When the bias voltage was subsequently swept back, the device 
conductance showed a stepwise decrease. The stability of the QC states 
was investigated by measuring the retention times of different conduc
tance values, as shown in Fig. 8 (b). When the QC state was ≤1G0, the 
device conductance dropped to zero immediately and thus did not show 
any retention characteristics. In contrast, when the device conductance 
exceeded 2G0, the retention time became longer for higher conductance 
values, as shown in Fig. 8 (b). As conductance-state histogram was 
created by counting the conductance states appearing as plateaus in the 

conductance-voltage curves. As summarized in Fig. 8 (c), the devices 
exhibited large peaks at integer multiples of G0, clearly demonstrating 
QC behavior. In addition, distinct peaks appeared at half-integer mul
tiples of G0 with small fractional conductance variations.

Controllability of QC states is essential for designing and optimizing 
the characteristics of atomic-scale devices. Here, ab initio simulations 
were performed in an attempt to understand the correlation between QC 
states and the atomic point contact structure. QC originates from the 
narrowest region of a metal filament, i.e., region including the atoms 
(numbered n = 1, 2, 3, …) participating in the atomic point contact. It 
was observed that the metal filament is composed of small Ag clusters 
that precipitate through the PEO matrix [49]. Therefore, we modeled 
the atomic point contact structure as a chain consisting of Ag atoms 
attached to two Ag blocks, each with a face consisting of nine Ag atoms, 
as illustrated in Fig. 8 (d). The conductance states and their transmission 
eigenvalues and eigenstates of the entire structure were evaluated using 
first-principles density functional theory simulations. The Ag atoms in 
the blocks on both sides of the atomic chain were fixed, while Ag atoms 
in the atomic chain were relaxed so that their total energy was mini
mized. Fig. 8 (d) illustrates geometrically relaxed structures with 10-, 
11-, and 12-Ag atom chains in the center region. The 10-atom chain 
forms a single-atom point contact with a conductance of almost 1G0 at 
EF, while the 11- and 12-atom chains form approximately two-atom 
point contacts with conductance lower and higher than 2G0 at EF, 
respectively, as shown in Fig. 8 (e). Transmission channel analysis 
revealed that the 11-atom chain possesses eight conducting channels at 

Fig. 8. (a) I-V and corresponding conductance curves of a Ag/PEO/Pt device. (b) Spontaneous conductance decay behavior, measured as a function of time, after 
realizing each conductance value. (c) Conductance-state histogram evaluated from the conductance curves. (d) Geometrically optimized (relaxed) structures con
sisting of 10-, 11-, and 12-Ag atom chains linking two blocks with faces consisting of nine Ag atoms. (e) Energy-dependent conductance plot for structures with 
different numbers of Ag atoms in the center region shown in (d). (f) Transmission eigenstates of 11 Ag atom chains forming a two-atom contact, calculated for the 
four higher eigenstates at 0.12 eV, as indicated by the arrow in (e). Reprinted with permission from Ref. 48. Copyright (2017) Wiley-VCH GmbH.
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0.12 eV above EF (indicated by the arrow in Fig. 8 (e)). Of these chan
nels, three with eigenvalues higher than 0.1 display continuous wave 
functions between two blocks, whereas the remaining five with eigen
values lower than 0.001 do not span the two blocks, as shown in Fig. 8
(f). This means that three partial transmission channels dominate the 
total conductance. Overall, these simulations showed that the conduc
tance of an atomic point contact is significantly altered by the atomic 
configuration, resulting in half-integer multiples and fractional varia
tions of the conductance state. They also predicted that the atomic point 
contact is significantly affected by the presence of hydroxyl ions.

4. Neuromorphic devices

4.1. Synapse devices

With the rapid development of AI in recent years, there has been 
growing interest in using solid-state ionic devices as building blocks of 
neuromorphic computing such as artificial synapses [50–52] and phys
ical reservoirs. Neuromorphic devices are expected to be the basic ele
ments of next-generation AI hardware that operates with low power 
consumption, inspired by the functions of the human brain [53]. The 
latest supercomputers require 1000 kW⋅h of electricity to train natural 
language models. However, as the brain can only use the energy ob
tained and stored by living organisms, it can classify, predict, and think 
using very little electricity (about 20 W) [54].

The neural network in the human brain exhibits plasticity; it is 
constantly undergoing functional and structural changes in response to 
external stimuli, showing dendrite growth and enhanced chemical 
transmission at synapses involved in memory and learning. This syn
apse’s plasticity can be mimicked using conventional semiconductor 
devices, but a circuit containing ten or more transistors is required [55]. 
In contrast, synaptic plasticity can be realized with just one solid-state 

ionic device, such as an atomic switch or a resistive change device.
The operating principle of a gap type of atomic switch shown in 

Fig. 9 involves forming and growing a conductive filament and its 
subsequent bridging of electrodes. These features are similar to the 
plasticity observed in the human nervous system. One of the models of 
human memory distinguishes between short-term and long-term mem
ory. An artificial synapse based on an atomic switch has been proposed 
that mimics these short-term and long-term memory functions of the 
human brain. Fig. 9 (a) shows the structural changes caused by short- 
term plasticity (STP) and long-term plasticity (LTP) in the atomic 
switch when a pulsed voltage (learning signal) is applied. By repeatedly 
applying pulse voltages, Ag ions accumulate on the surface of the mixed 
conductor Ag₂S and a supersaturated state is reached, leading to Ag 
nucleation and growth. As this growth continues, the Ag cluster forms a 
bridge between the Ag electrode and the Ag₂S. By exploiting the 
conductance changes in the atomic switch associated with these struc
tural changes, short-term and long-term memory functions can be ach
ieved. The properties of the short-term memory induced by STP are 
shown in Fig. 9 (b). When relatively short pulse voltages are applied, the 
Ag nucleus forms and grows on the Ag₂S surface with continued pulse 
repetition, but the nucleus stay below the critical size required for 
thermodynamic stability. That is, once the pulse voltage stops, the Ag 
cluster contracts and disappears, causing the conductance to decay. 
However, this decay becomes less pronounced as the number of pulses 
increases. This phenomenon is similar to the nature of short-term 
memory, where information is quickly forgotten after a short period of 
time, but the time required to forget gradually increases with repeated 
learning.

The long-term memory induced by LTP is shown in Fig. 9 (c). Here, 
when a pulse voltage of relatively long duration is applied, a Ag nucleus 
forms and grows on the Ag₂S surface as the number of pulses increases, 
and the stable Ag cluster form a bridge once they exceed a critical size. 

Fig. 9. Mimicking synaptic properties by using a gap-type atomic switch based on Ag2S. (a) When an input pulse is applied, Ag atoms precipitate from the Ag2S 
electrode, forming an atom bridge between the Ag2S electrode and the opposing metal electrode. If the precipitated Ag atoms do not form a bridge, the system 
functions as an inorganic synapse with a short-term memory (STP). When a bridge is formed, it functions as a long-term memory (LTP). (b), (c), Changes in the 
conductivity of inorganic synapses when input pulses (V = 80 mV, W = 0.5 s) are applied at intervals of T = 20 s (b) and 2 s (c). Reprinted with permission from 
Ref. 52. Copyright (2011) Springer Nature.
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Therefore, increased conductance is maintained even after the pulse 
voltage stops. This phenomenon is similar to the property of long-term 
memory, where information is retained for a long time after repeated 
learning. Thus, by taking advantage of these properties of the atomic 
switch, artificial synaptic devices can potentially mimic synaptic 
functions.

The synaptic behavior can also be demonstrated with three-terminal 
ion-gated transistors (IGTs), in which the channel conductance is 
controlled by insertion and extraction of mobile ions between a mixed 
conductor channel and an electrolyte gate, as shown in Fig. 2(e). An 
ideal weight update in such synaptic transistors, in which conductance 
changes linearly with the gate voltage, is essential for applications in 
analog computing systems [56]. Protons with an ionic radius of 0.04 Å 
have a higher diffusion rate than other ions, which means that IGTs 
operating by proton insertion and extraction can operate faster without 
affecting the stability of the channel material [57,58]. Several research 
groups have reported IGTs that exhibit various synaptic behaviors, 
including a chitosan-based IGT with an ITO or an indium‑zinc-oxide 
(IZO) channel [57,59], Nafion-based IGT with a poly(3,4-ethylene- 
dioxythiophene):polystyrenesulfonate (PEDOT:PSS) or a WO3 channel 
[58,60,61], and a mesoporous silica-based IGT with an ITO channel 
[62].

A proton-gated transistor with an IZO channel and electron-beam 
lithography (EBL) patterned Nafion electrolytes is illustrated in Fig. 10
(a) [63]. EBL patterning of a spin-coated Nafion is potentially a versatile 
way to make proton-based neuromorphic devices [64]. The transistor 
illustrated in Fig. 10 (a) is analogous to a biological synapse; the gate 
electrode and the IZO channel correspond to the pre-synapse and post- 
synapse, respectively, as illustrated in Fig. 10 (b). The channel 
conductance is modulated by applying gate voltage in controlled way 
based on the insertion and extraction of protons between the IZO 
channel and the Nafion electrolyte. By applying gate voltage pulses, the 
device exhibited various short-term plasticities including paired-pulse 

facilitation/depression (PPF/PPD) and spike-timing-dependent plas
ticity (STDP) as well as long-term potentiation/depression (LTP/LTD). 
Fig. 10 (c) shows the change in the channel conductance when 10 gate 
voltage pulses with a fixed pulse amplitude and varied pulse widths and 
interval times were applied. The device exhibited short-term memory 
for shorter pulse widths, wherein the channel conductance decayed back 
to the initial state. As the pulse width became longer, the channel 
conductance decreased initially but maintained a constant level for 
more than 10 min., which is analogous to a long-term memory. It was 
found that the short-term memory behavior is mainly determined by 
proton diffusion in the IZO channel, whereas the long-term memory 
behavior is dominated by proton diffusion in the Nafion electrolyte.

Fig. 10 (d) shows typical PPF and PPD (inset) behaviors measured 
under application of two successive positive and negative voltage pulses. 
The PPF/PPD index was calculated from the ratio of the amplitude to the 
second peak to that of the first peaks and are plotted as a function of the 
time interval between pulses in Figs. 10 (e) and (f). Both indices increase 
with decreasing time interval, mimicking the human brain’s facilita
tion/depression of the second synaptic transmission relative to the first 
when the pre-synapse is successively stimulated.

Of the various IGTs available, those based on Li+ ions have emerged 
as promising candidates for making hardware neural networks for 
analog computing [65]. Several research groups have reported similar 
transistors, including a lithium phosphorus oxynitride (LiPON)-based 
IGT with a lithium cobalt oxide (LCO) channel [56], Li3PO4-based IGT 
with a WOx channel [66], Li3POxSey-based IGT with an LCO channel 
[67], and lithium silicate-based IGT with a MoS2 channel [68]. In gen
eral, LCO has shown high working potential, high volumetric capacity, 
and good endurance in electrochemical cycling in solid-state Li+ ion 
batteries [69]. Many cations have been investigated as substitutes for Co 
that could improve the reversibility and enhance the capacity of elec
trochemical Li/LCO cells. Among them, Mg2+ can substitute Co sites and 
replace Co3+, which significantly increases the electronic conductivity 

Fig. 10. Synaptic plasticity demonstrated in a Nafion-based IGT with IZO channel. (a) Schematic cross section of the device. (b) Signal transmission in a biological 
synapse explaining its similarity to the IGT. (c) Short-term memory and long-term memory operations in proton-gated transistor for different pulse widths. (d) 
Typical PPF and PPD behaviors under application of two successive positive and negative voltage pulses. The corresponding PPF (e) and PPD indices are plotted as a 
function of the interval time (Dt) between the pulses. Reprinted with permission from Ref. 63. Copyright (2023) American Chemical Society.
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of the LCO matrix through hole creation [70]. The effects of Mg doping 
to an LCO channel on the synaptic behavior of Li IGTs with a LiON 
electrolyte were investigated [71].

Figs. 11 (a) and (b) show the typical LTP/LTD characteristics of 
transistors with LCO and Mg doped LCO (MLCO) channels when 90 
consecutive negative pulses followed by 90 consecutive positive pulses 
were applied. Comparing these plots, it was found that the conductance 
level is almost one order of magnitude higher in the MLCO channel. On 
the other hand, the conductance of the transistor with the LCO channel 
exhibits saturation as the voltage pulses increase, whereas the one with 
the MLCO channel shows better linearity. The normalized conductance 
is plotted against the normalized number of pulses in Fig. 11 (c). It can 
be seen that the nonlinearity in conductance in the MLCO channel is 
significantly smaller than that of the LCO channel.

An artificial neural network (ANN) simulation was designed using 
the above experimental results. The network was made to perform an 
image recognition task on handwritten digits from the Modified Na
tional Institute of Standards and Technology (MNIST) data set. Fig. 11
(d) illustrates this fully connected neural network based on a multilayer 
perceptron model, consisting input, hidden, and output layers. The input 
consisted of 20 × 20 pixel images, and the NeuroSim+ program classi
fied the output into digits from 0 to 9 [72]. The simulation included 
cycle-to-cycle and device-to-device variations. Figs. 11 (e) and (f) plot 
the image recognition accuracy as a function of epoch number for the 
transistors with LCO and MLCO channels. The transistor with the LCO 
channel showed a relatively low accuracy, ~65 %, with large fluctua
tions, while the transistor with the MLCO channel exhibited a higher 
accuracy, ~80 %, with less fluctuations. It also found that Mg doping 
improves other synaptic plasticities, such as PPF/PPD and STDP. These 
results indicate that elemental doping of the channel of Li+ ion-gated 
synaptic transistors has great potential for the development of robust 
neuromorphic systems.

4.2. Physical reservoir computing

A reservoir network is a computational model designed to mimic the 
structure of biological neural networks. It comprises three layers: an 
input layer, a reservoir layer, and an output layer. (Fig. 12 (a)). The 

Fig. 11. Conductance of (a) LCO and (b) Mg-doped LCO (MLCO) channels under 90 consecutive negative and 90 consecutive positive gate voltage pulses. The insets 
illustrate the cross sections of the transistors. (c) Plots of normalized conductance versus normalized number of pulses. (d) Schematic diagram of ANN based on a 
multilayer perceptron model for recognizing handwritten digits in images. Image recognition accuracy of simulation models based on measured data from IGTs with 
(e) LCO and (f) MLCO channels. Reprinted with permission from Ref. 71. Copyright (2023) American Chemical Society.

Fig. 12. (a) Artificial neural network (ANN) for reservoir computing. (b) 
Reservoir operations based on movements of ions in an electrolyte.
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reservoir layer performs nonlinear transformation and short-term 
memorization of the input signals, while the readout layer optimizes 
the synaptic weights between the reservoir layer and the output layer by 
learning. Physical reservoir realizes the function of the reservoir layer 
such as by using solid-state devices [73] and materials exhibiting 
various physical [74] and chemical phenomena [75]. Using hardware 
for physical reservoir computing enables much faster data processing 
than using software for conventional reservoir computing and reduces 
power consumption [76].

4.2.1. Reservoir devices using nanowire- and nanoparticle-aggregates and 
polycrystalline film

Here, we focus on an ionic physical reservoir that can perform both 
of a nonlinear transformation and short-term memorization just by 
diffusing ions in a solid electrolyte. Applying a bias of Vin(t) moves the 
ions and their distribution in the solid electrolyte becomes non-uniform 
(Fig. 12 (b)). This biased distribution of ions gives rise to an internal 
electric field in a direction that cancels the electric field of the applied 
bias Vin(t). The output of the reservoir layer Vout(t) is expressed as 
follows. 

Vout(t) =
Rref (Vin(t) − Vion(t) )

Rreservoir + Rref
(2) 

Here, Vion(t) is the potential difference between the electrodes due to 
the internal electric field made by moved ions, Rreservoir is the resistance of 
the reservoir layer, Rref is the resistance of a reference resistor, and t is 
time. The reservoir output Vout(t) due to the potential made by ions 
Vion(t) is different from the input voltage Vin(t). Since the ions diffuse 
much more slowly than electrons, the distribution of ions depends on the 
past voltage input history much more than that of electrons. These 
characteristics enable a nonlinear transformation and a short-term 
memory to be realized.

Nonlinear transformation and short-term memory operations based 
on the above principle have been demonstrated in physical reservoirs 
based on ionic liquids [77]. These systems show good reproducibility, 
which is a key performance metric in reservoir computing, because a 
statistically large number of ions are involved in the operation. By uti
lizing redox reactions occurring at electrodes and grain boundaries, the 
resistance of the reservoir layer (Rreservoir) itself can be changed 
depending not only on the applied bias at the time but also on the history 
of the voltage inputs. This change in resistance can enlarge the nonlinear 
transformation and the short-term memory capacity larger than that of 
exploiting only ionic diffusion [78,79].

A reservoir layer formed from Ag2S can have various network 
structures (Fig. 13). The first such network to be demonstrated consisted 
of electrochemically grown Ag2S nanowires (Fig. 13 (a)) [80,81] Here, 

nonlinear transformation and short-term memory were realized by the 
growth and shrinkage of Ag clusters at the huge number of intersections 
between nanowires. Subsequently, similar operations were demon
strated using Ag2S nanoparticles (Fig. 13(b)) [82–84]. In these net
works, the changes in the local electric potential due to the growth and 
shrinkage of Ag clusters at some intersections induced growth and 
shrinkage of Ag clusters at other intersections. Thanks to this chain re
action, the nanowire and nanoparticle networks worked as recurrent 
ANNs.

As same with the conventional computers, reproducibility is a 
necessary requirement also for a reservoir computing. In Ag2S crystals, 
Ag atoms precipitate and dissolve in accordance with the difference in 
electrochemical potential between the silver ions inside the Ag2S and the 
Ag atoms on the surface. Since the electrochemical potential is a loga
rithmic function of the ions’ concentration, when small crystals, i.e., 
nanowires and nanoparticles, containing only a small number of Ag ions 
are used, the electrochemical potential significantly changes even when 
only a few Ag atoms are precipitated [85]. As a result, the precipitation 
and dissolution process of Ag atoms in response to changes in the electric 
potential is highly reproducible. Because of this mechanism and the 
large number of junctions, the computations performed with the above 
described networks had high reproducibility.

On the other hand, as the size of the Ag2S crystal increases, the 
reproducibility of the growth and shrinkage of the clusters decreases. 
This effect was demonstrated in a network of Ag2S islands [86]. Here, it 
was found that in islands 100 nm in size, which contains a large number 
of Ag ions, only the movements of ions had high enough reproducibility 
to be used as a basis for a device. On the other hand, it was found that a 
recurrent ANN could be realized from a polycrystalline Ag2S thin film 
[87]; in this case, the grain boundaries act as barriers to ion diffusion, 
and each grain of the film functions as an independent node of a network 
(Fig. 13 (c)). To make each grian act as an indenepned node, the voltage 
conditions for inhibiting diffusion across the grain boundaries must be 
kept.

Fig. 14 illustrates a nonlinear transformation performed in a physical 
reservoir made from polycrystalline Ag2S thin film [88]. For a rectan
gular wave voltage input, output voltage decays as a result of an internal 
electric field made by ions diffusing (Fig. 14 (a)). The time constant of 
this decay is 0.17 ms. As the input voltage is increased, precipitation and 
dissolution of silver atoms begin to occur. As the number of silver ions in 
the Ag2S crystal decreases due to precipitation, Vion(t) in eq. (2), even
tually cannot be large enough to cancel the electric field caused by the 
input voltage and the output increases (Fig. 14 (b)). When a voltage of 
opposite polarity is applied, the Ag ions return to the crystal and the 
output decays back to zero. The experimental results described below 
were obtained with a Ag2S polycrystalline film under voltage conditions 

Fig. 13. Various physical reservoirs made of (a) nanowires, (b) nanoparticles, and (c) polycrystalline film.
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that do not cause the precipitation and dissolution of Ag atoms observed 
in Fig. 14 (b).

Fig. 14 (c) shows an example of the output when a triangular wave is 
input. The triangular wave is nonlinearly transformed with a certain 
delay by the internal electric field made by moving Ag ions. The 
distortion of the output waveform from the triangular wave was largest 
at 200 Hz (Fig. 14 (d)). Similar behavior was observed in a copper sul
fide polycrystalline thin film [89] and co-evaporated amorphous thin 
films of Ag and tantalum oxide and copper and tantalum oxide [90].

Fig. 15 (a) shows the change in output voltage when a 4-bit pulse 
train (pulse width 0.1 ms) is input to a reservoir layer of a polycrystalline 
Ag2S thin film. In this measurement, a positive voltage triangular pulse 
was used as the input “1”, and a negative voltage triangular pulse was 
used as the input “0”. The output voltage was read out when half the 
pulse width had elapsed after the pulse of the final bit was input. The 
readout voltage was widely and discretely distributed depending on the 
input bit pulse train (Fig. 15 (b)). On the other hand, when the pulse 

width was set to 1 ms, the readout voltage was distributed only into two 
groups. This is because, when the pulse width is sufficiently larger than 
the time constant, the ions’ distribution depends only on the final input 
pulse.

Next, the experiment of the short-term memory task is introduced. In 
this measurement, 10 different bit-trains consisting of 1000 bits for each 
train generated by random numbers were prepared, and these were 
converted into positive and negative triangular voltage pulse trains to be 
used the input waveforms. The output voltage was measured at the time 
when the amplitude of the input triangular wave was at its maximum. In 
addition, the short-term memory task used the output voltage values 
before and after the maximum as output from virtual nodes [91].

Fig. 16 shows the results of a short-term memory task performed 
with a polycrystalline Ag2S thin film. The short-term memory capacity, 
calculated by summing the determination coefficients for each delay, 
was highest at a pulse width of 1 ms (Fig. 16 (a)). The dependence of the 
determination coefficient on the delay (Fig. 16 (b)) suggests that the 

Fig. 14. Nonlinear transformation using a Ag2S-based reservoir. Output measured with rectangular pulse input with an amplitude and period of (a) 0.5 V and 2.5 ms 
and (b) 7.5 V and 5 s. (c) Measured output for triangular pulse input (2.5 V, 0.05 ms). (d) Degree of nonlinear transformation of triangular pulse input. Reprinted with 
permission from Ref. [89]. Copyright 2024 The Japan Society of Vacuum and Surface Science.

Fig. 15. Experimental result on 4-bit pulse classification. (a) Change in output measured for an input consisting of a four-bit pulse train. The readout point is 
indicated. (b) Readout voltages for each four-bit pulse train. Reprinted from Ref. [98]. Copyright 2024 The Japan Society of Vacuum and Surface Science.
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input waveform for the last four pulses can be reproduced by the 
reservoir. The experimental result using a 4-bit pulse train as input 
(Fig. 15) suggests that the physical reservoir should be able to reproduce 
the input waveform, i.e., the determination coefficient can be 1, up to a 
delay of 3. However, it was found that the reservoir could not do so, 
possibly because the short-term memory task requires the reproduction 
of a randomly arranged bit sequence. When focusing on the distribution 
of output vectors (600 dimensions: 3 output electrodes × 200 nodes in 
this measurement), they were clearly separated depending on the values 
of the four consecutive bits (Fig. 16 (c)). Moreover, physical reservoirs 
made of co-evaporated film consisting of copper and tantalum oxide 
have shown clearly separated distributions of output vectors depending 
on six consecutive bits [89].

Solid-electrolyte physical reservoirs have several potential applica
tions. In particular, demonstrations have been carried out for edge-AI 
applications including voice recognition [92] and object recognition 
[93] because reservoir computing is suited to processing time-series 
data. Most of these studies used cameras or microphones to collect 
light and sound information and then converted that information into 
voltage signals to be input to the physical reservoir. Such a process can 
be a bottleneck to high-speed processing, so a physical reservoir that can 
accept input signals directly from the environment is considered to be a 
better approach. This approach, called “in-sensor computing”, has been 
taken in developing physical reservoirs that have a pressure sensing 
function [94].

Moreover, solid-electrolyte reservoirs have been used for in-sensor 
computing with directly input light [91,95]. For example, silver sul
fide is an n-type semiconductor with a band gap of about 1 eV [96] and 
has been used in optical sensing devices [97]. Fig. 17 (a) shows a 
schematic diagram of direct irradiation of light to a reservoir layer made 
of polycrystalline Ag2S thin film, where white light passes through a slit 
in the shape of an alphabetical character. At the same time, a sinusoidal 
voltage is input to one electrode to read the output as a voltage signal, 
and the output signals are measured with the remaining electrodes. 
Localized light irradiation changes the electrical conductivity of the 
irradiated area, which induces a different output change at each 
measuring output electrode. An example of such a change is shown in 

Fig. 17 (b). Interestingly, in this experiment, some electrodes showed an 
increase in their output upon irradiation, while others showed a 
decrease. In contrast, light irradiation causes only a decrease in the local 
resistance when conventional photoconductive material, resulting in an 
increase in output for all electrodes, following eq. (2). However, when 
using a solid electrolyte, both an increase and decrease happen, as can 
be seen in Figs. 17 (c) and (d). These various changes occurred because a 
local change in the electronic conductivity modified the electric po
tential over the whole reservoir layer, which in turn induced additional 
movement of the ions in the grains of other areas (Fig. 17 (d)). In this 
way, a solid electrolyte offers the large diversity of outputs required for a 
reservoir computing through the collaborative effects of photoconduc
tivity and ionic conductivity. This is the major advantage of using a solid 
electrolyte for classification of directly irradiated optical patterns.

A classification task was performed on patterns produced by irradi
ating three slits shaped as the alphabetical characters “H”, “E”, and “Y”. 
Even though each pattern was irradiated at three different positions on 
the reservoir layer, the three letters were recognized with an accuracy of 
96.6 % (Fig. 18 (a)). The output vectors obtained for “H” are distributed 
in separate groups for each irradiation position (Fig. 18 (b)). This means 
that the synaptic weights in the output layer had been optimized 
through learning to make them be recognizable as “H”. Although a clear 
dependence on the irradiated position cannot be seen for “E” and “Y”, 
they too could be classified like “H”. Directly irradiated optical patterns 
have also been classified with other solid electrolytes [90]. Moreover, a 
reservoir layer in a three-dimensional structure was used to classify two 
optical patterns irradiated simultaneously but on different sides of the 
structure, i.e., front and back sides [98]. Using short-term memory more 
effectively, sequentially input optical patterns can be classified simply 
by measuring outputs once all of the patterns have been input [90].

4.2.2. Reservoir devices using thin-film layer structures
The electrical double layer transistor (EDLT) shown in Fig. 2 (c) has 

been applied to physical reservoir computing (PRC) [99]. Fig. 19 (a) 
schematically illustrates an EDL ion-gating reservoir (IGR) utilizing Li+- 
ion conducting Li-Si-Zr-O (LSZO) amorphous thin film as the electrolyte 
layer and hydrogen-terminated diamond single crystal (100) as the 

Fig. 16. Results of short-term memory task with Ag2S-based reservoir. (a) Memory capacity measured as a function of pulse width. (b) Determination coefficient 
measured for a pulse width of 1 ms. (c) Distribution of output vectors visualized by t-distributed stochastic neighbor embedding (t-SNE). Reprinted with permission 
from Ref. [95]. Copyright 2024 The Japan Society of Vacuum and Surface Science.
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semiconducting channel. This EDLT has a two-dimensional hole gas 
(which has high hole mobility) on the hydrogen-terminated surface, 
enabling the electrical resistance to be tuned over four orders of 
magnitude through reversible EDL charging/discharging at the interface 
of the LSZO and the hydrogen-terminated surface. The surface p-type 
conduction of the diamond channel strongly affects Li+ ion transport 
because the channel resistance is in addition the electrical resistance of 
the LSZO thin film. Hence, the electrical response of EDL charging/ 

discharging is sensitive to the EDL charge at the location. This phe
nomenon, called ion-electron coupled dynamics, is responsible for the 
IGR having drain current outputs with various relaxation times and 
spike intensities (Fig. 19 (b)). The reservoir states obtained from such 
diverse drain currents have been used for hand-written digit recogni
tion. As shown in Fig. 19 (c), the EDL-based IGR showed excellent per
formance in spite of its network size being much smaller than a three- 
layer neural network. Furthermore, it was used to perform a second- 

Fig. 17. (a) Schematic diagram of experiment on direct optical signal input. (b) Change in output due to light irradiation. Schematic diagram of reservoir layer made 
of (c) photo-conductive film and (d) Ag2S polycrystalline film. Reprinted with permission from Ref. [95]. Copyright (2024) The Japan Society of Applied Physics.

Fig. 18. Classification of irradiated slit patterns in the shapes of alphabetical characters. (a) Confusion matrix of the results. (b) Distribution of output vectors 
visualized by t-SNE. Reprinted with permission from Ref. [95]. Copyright (2024) The Japan Society of Applied Physics.
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order nonlinear dynamic equation task, a more difficult benchmark than 
hand-written digit recognition. Fig. 19 (d) compares the target wave
form generated by the second-order nonlinear dynamic equation and the 
predicted waveform generated from the EDLT drain output. The pre
diction is obviously low in error. Fig. 19 (e) highlights the outstanding 
prediction accuracy of the EDL-IGR in comparison with other PRC de
vices (spin torque oscillator and memristor). Such a high level of 
computational performance is due to the EDL-IGR’s ability to exploit the 
complex and diverse features inherent in the ion-electron–coupled dy
namics of the IGR that can be exploited as reservoir states. Theoretical 
studies have predicted that dynamical systems in the edge-of-chaos state 
between order and chaos can function as high-performance physical 
reservoirs [100,101]. Fig. 19 (f) shows the Lyapunov spectrum of the 
IGR, which was obtained by the Jacobi matrix method. The maximum 
Lyapunov exponent (λMax) has a very low and negative value (− 6.3 ×
10− 3), which evidences that the IGR is in an edge of chaos state. Other 
types of electrolytes (Li+, H+, O2− ,) and semiconductors/semimetals 
(graphene, InGaZnO) have also been used to implement an EDL-IGR 
[102–107].

While EDLTs show relatively highspeed responses with time con
stants ranging from microseconds to seconds, redox transistors consist
ing of ion-electron mixed conducting channels tend to have much slower 
responses. Redox transistors would thus be useful for PRC of time-series 
data exhibiting slow dynamics. The LixWO3-based redox-IGR transistor 
illustrated in Fig. 20 (a) consists of Li+-ion and electron mixed con
ducting LixWO3 thin film as a semiconductor channel and a lithium-ion 

conducting glass ceramic (LICGC) substrate as an electrolyte [108]. The 
redox reaction occurring through Li+ ion and electron insertion and 
desertion enables reversible tuning of the channel conductance with a 
time constant of several tens of seconds. The LixWO3-based redox tran
sistor has a gate current that is comparable to the drain current. Here, 
the specific capacitance of the redox reaction is far larger than that of 
EDL charging because the reaction is a bulk one in the whole mixed 
conductor channel. Fig. 20 (b) shows a gate voltage pulse stream and the 
corresponding drain and gate responses of the redox-based IGR. The 
waveform drain current response is different from that of the gate 
voltage pulse stream, which is evidence that the redox transistor non
linearly transformed the pulse stream (i.e., the time series). These 
different behaviors mean that the IGR can provide reservoir states not 
only from the drain current response but also from the gate current 
response, as shown in Fig. 20 (c). The double reservoir states are helpful 
to gain high-dimensionality as a dynamical system of the redox tran
sistor since the number of physical nodes of transistors or any other 
electric devices.

PRC based on redox transistors was also demonstrated with LiCoO2, 
which is a typical channel material for ion-gating transistors [109,110]. 
Fig. 20 (d) includes a schematic illustration of the redox transistor 
consisting of a LiCoO2 channel and Li+-ion conducting Li3PO4 thin film 
electrolyte. In that study, a physical masking method was developed to 
enhance PRC performance, as shown in Fig. 20 (e). Usually, masking is 
used to sequentialize the input and maximize the system’s effective 
dimensionality. It is generally done by adding a mask waveform to the 

Fig. 19. (a) Illustration of ion-gating reservoir (IGR) operating in an electric double layer mechanism. (b) Drain current responses of the IGR for different channel 
lengths. (c) Image recognition accuracy achieved by IGR as a function of the number of training images. The dotted line shows the accuracy of a typical three-layer 
neural network (NN). (d) Target waveform and waveform predicted by 2nd-order nonlinear dynamic equation in the test phase. (e) Prediction errors of IGR and other 
physical reservoirs. (f) Lyapunov spectrum of the IGR, as calculated by the Jacobi matrix method. Reprinted with permission from Ref. [99]. Copyright (2024) the 
American Association for the Advancement of Science.
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Fig. 20. (a) Schematic image of a LixWO3-based redox-IGR. (b) Gate voltage pulse stream, drain current response, and gate current response during operation of the 
redox-IGR. Forty reservoir states Xi (i = 1, …, 40) are obtained as shown in the panels on the right. (c) General concept of a reservoir computing system with redox- 
IGRs. Wi denotes the readout weight. Reprinted with permission from Ref. [108]. Copyright (2023) Wiley-VCH GmbH. (d) Schematic and optical images of LiCoO2- 
based redox-ion gating reservoir (IGR), cross-sectional SEM micrograph of a LiCoO2 redox-IGR, and depiction of insertion (desertion) of Li+ ions in (104) oriented 
LiCoO2. (e) Reservoir computing with physical masking. (f) Reservoir state waveforms (X1, X2…, X20) w/o and w/ physical masking. Reprinted with permission from 
Ref. [110]. Copyright (2023) Springer Nature.

Fig. 21. (a) Schematic illustrations of (left) magnetization angle rotation ion-gating reservoir and (right) magnetic anisotropy and magnetization angle. φ is defined 
as the relative angle between the electric current ID and magnetization M. (b) Schematic illustration of VXY (magnetization) and VXX (drain conductance) responses to 
a pulsed voltage. (c) Target waveform of blood glucose level and waveform predicted with a magnetization angle rotation ion-gating reservoir. Black and blue solid 
lines denote target and predicted waveforms, respectively. Reprinted with permission from [114]. Copyright (2024) American Chemical Society. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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original input waveform to make a masked input waveform [111]. 
Although it can improve PRC performance, generating masked input 
requires the input waveform to be processed with computation re
sources. In contrast, as illustrated in Fig. 20 (e), the mask waveform is 
directly applied to the drain electrode as the drain voltage in the phys
ical masking, and additional information processing becomes unnec
essary. Fig. 20 (f) compares reservoir states with and without physical 
masking. As evidenced in the right panels which show measurements 
made under physical masking conditions, the method provides diverse 
outputs in spite of its simplicity. The normalized mean square error for 
the second-order dynamic equation was reduced by as much as 60 % 
from that without physical masking.

Redox-based ion-gating transistors with Li+ ion and electron mixed 
conducting Fe3O4 can manipulate magnetic properties, including the 
magnetization angle [112,113]. In particular, a redox transistor con
sisting of electron and Li+ ion mixed conducting Fe3O4 ferrimagnet and 
Li+ ion conducting Li-Si-Zr-O amorphous electrolyte thin film was 
applied to PRC. The transistor is schematically shown in Fig. 21 (a) 
[114]. Fe3O4 has an inverse spinel structure with two Fe sites (16d 
octahedral site and 8a tetrahedral site), of which the oxidation state is 
electrochemically reduced by Li+ ion and electron insertion through a 
topotactic reaction. It modulates magnetic anisotropy energy in Fe3O4, 
thereby manipulating the magnetic angle of Fe3O4, as shown in the right 
panels of Fig. 21 (a). The two dynamic behaviors were utilized as 
computing resources to obtain reservoir states since electric conductiv
ity modulation in Fe3O4 occurs in addition to the magnetic angle rota
tion, as shown in Fig. 21 (b). The transistor was used to predict blood 
glucose level fluctuations for a diabetic patient [114]. Fig. 21 (c) com
pares target and predicted 15-min-ahead fluctuations in blood glucose 
level; here, the redox transistor-based PRC accurately predicted blood 
glucose fluctuations with a root mean square error (RMSE) of 29.88 mg/ 
dl, which is lower than that of PRC based on carbon nanotubes (47.0 

mg/dl) [115]. Since nanoionic phenomena have diverse and complex 
dynamics, they have been used in combination with various physical 
and chemical systems for PRC [116–119].

4.3. Artificial vision device

Optical illusions caused by lateral inhibition play an important role 
in human visual information processing. The human eye can naturally 
correct the brightness, colour, and shape of the images it captures, which 
in turn helps the brain to process visual information efficiently [120]. Its 
ability to increase the edge contrast between darker and lighter areas is 
particularly important, because it facilitates clearer recognition of colors 
and shapes. Visual lateral inhibition takes place in the retina [121]. The 
retina is a multilayered structure containing hundreds of millions of 
neurons. Photoreceptors convert the incident light into electrical sig
nals, which are passed on to ganglion cells in the third retinal layer 
before traveling through the optic nerve to the brain. During this pro
cess, horizontal cells and bipolar cells in the second retinal layer produce 
lateral inhibition [122]. The horizontal cells strengthen or weaken the 
electrical signals received from the photoreceptors and transmit them to 
bipolar cells.

An artificial-vision device has been developed based on solid-state 
ionics that was capable of creating the optical illusion of enhanced 
edges and contrast [123]. The device consisted of a LiPON electrolyte 
with a series of LCO channels arranged on it at regular intervals, with the 
sides of each channel connected to Pt electrodes, as illustrated in Fig. 22
(a). This device structure mimics the structure of connections between 
photoreceptors, horizontal cells, and bipolar cells in the second retinal 
layer, as illustrated in Fig. 22 (b). A voltage pulse was applied to one 
electrode and the current was measured at the opposite electrode. The 
input voltage corresponded to the electrical signal from the photore
ceptors, and the output current corresponded to the response of the 

Fig. 22. Lateral inhibition in multi LiCoO2 channels arranged on a common LiPON electrolyte film. (a) Excitation of one channel and inhibition of a neighboring 
channel by applying voltage pulses. (b) Schematic diagram of an on-center/off-surround receptive field in the retina consisting of photoreceptors directly and 
indirectly connected via horizontal cells to a bipolar cell. (c) Implementation of the Mach band effect by a device with eight channels. Reprinted with permission from 
Ref. 123. Copyright (2021) American Chemical Society.
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bipolar cells. When positive voltage pulses were applied to one channel, 
they drove the positively charged Li+ ions out of the stimulated LCO 
channel, resulting in a decrease in the Li+ ion concentration in the 
channel and an increase in the channel conductance, as shown in the left 
graph of Fig. 22 (a). The increased conductance emulated the excitation 
of a bipolar cell when light illuminates the directly connected photo
receptor. On the other hand, the conductance of a neighboring channel 
decreased because Li+ ions were driven into the channel. This decreased 
conductance mimicked the inhibition of a bipolar cell when light illu
minates an indirectly connected photoreceptor, as shown in the right 
graph of Fig. 22 (a). After inputting voltage pulses, the conductance of 
the excited and inhibited channels returned slowly to the initial state in 
accordance with the chemical potential gradient. This action corre
sponded to the recovery process of cells after excitation and inhibition.

Fig. 22 (c) shows the results of applying 50 low voltage pulses to 
channels 1 to 4 and high voltage pulses to channels 5 to 8 of the device 
with eight channels shown in Fig. 22 (a). After the pulse applications, 
the channel current ratio increased at the boundary between channels 4 
and 5, giving rise to an enhancement of the edge contrast. Since the 
spatial response when the voltage pulses were input to each channel 
corresponds to the overlap of the on-center/off-surround receptive 
fields, the difference in channel current was large at the edge of the input 
voltage pattern. This contrast enhancement reproduces the Mach band 
effect, in which the boundary appears to be emphasized by a difference 
in brightness [124]. This result indicates that the developed ionic device 
created an optical illusion in the same way as the human eye does.

To verify the image processing capability of this artificial vision 
device, an image edge detection simulation was performed on a two- 
dimensional (2D) array of LCO channels embedded vertically in a 
LiPON film with individual channels sandwiched between Pt electrodes, 
as illustrated in Fig. 23. The input image was divided into N × N pixels, 
and the gray intensity of each pixel was mapped proportionally to the 
amplitudes of the voltage pulses that were input to the corresponding 
electrodes at one side of the 2D channel array. Then, the amplitude of 
the output current from the electrodes on the other side of each channel 
was mapped proportionally to the gray intensity of the corresponding 
pixel in the output image. The image on the left in Fig. 23 shows an input 
grayscale image, while image on the right is the output image obtained 
after inputting five voltage pulses into the 2D array. To better under
stand this result, the output image was binarized. The output image 
(right image) shows that the contours were clearly extracted. In 
particular, the contours of the woman’s hair, which are difficult to 
distinguish in the input image, are clearly visible. This result was ob
tained simply by using the characteristics of the solid-state ionics 

devices and without the use of software and/or complicated circuits like 
a silicon retina [125,126]. Moreover, intensification of stimuli caused by 
lateral inhibition is known to occur in the other human senses, i.e., 
hearing, touch, smell, and taste. This means that the above-described 
device concept can be applied to hardware implementations of not 
only visual processes, but also auditory, olfactory, and tactile processes.

5. The wide range of properties and functions of solid-state ionic 
devices

Physical properties and electronic functions are inherent to the 
electronic structures of materials, particularly those near the Fermi 
level. In particular, defect chemistry using chemical doping or tuning of 
nonstoichiometry properties has been used to manipulate the properties 
of materials for various purposes. While such defect chemistry is useful 
on bulk materials, the resulting properties are not tunable, which re
stricts their applications. On the other hand, dynamic (in situ) tuning of 
physical properties by using nanoionic phenomena, such as the electric 
double layer and redox mechanisms, and the device structure shown in 
Fig. 2 is a novel way of electronic control carriers and develop devices 
with tunable properties and functions [16,18,127].

5.1. Variable resistance

The all-solid-state electric double-layer transistor (EDLT) shown in 
Fig. 24 (a) is composed of an oxygen ion-conducting Gd-doped CeO2 
(GDC) solid electrolyte and a SrTiO3 single crystal [128]. SrTiO3 is an 
insulator that can become a superconductor by injecting electron car
riers in an EDLT using liquid electrolytes (ionic liquids) [129]. It is 
known that divalent positively charged oxygen vacancies conduct inside 
GDC and generate an oxide ion current [130–132]. By applying of a 
positive gate voltage to the EDLT, the SrTiO3 is doped with a high 
density of electron carriers through the formation of an electric double 
layer of oxygen vacancies and electrons at the SrTiO3/GDC interface. As 
shown in the ID-VG characteristics in Fig. 24 (b), a rapid decrease in 
electrical resistance with significant hysteresis occurs when charging 
and discharging the electric double layer, while the pinch-off charac
teristics similar to those of MOS transistors appear in the ID-VD charac
teristics. Although this device operated well only at high temperatures 
(473 K) due to the low ion conductivity of GDC at room temperature, it 
proved that EDLT operation is possible even with solid electrolytes. 
Moreover, as room-temperature (RT) operation was challenging for 
oxygen ion conductors, an EDLT was made using a lithium-ion con
ducting LiSi4O4 (LSO) amorphous solid electrolyte and SrTiO3 single 

Fig. 23. Schematic illustration of edge detection in an image simulated using the characteristics of a 2D channel array of ionic devices. Excitation and inhibition of 
each channel are modeled on the basis of the characteristics shown in Fig. 22(a).
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Fig. 24. (a) Schematic illustration of STO-based EDLT using GDC oxide ion conductor and STO single crystal. Yellow and green circles indicate positive and negative 
charges accumulated at interfaces through oxide ion and vacancy migration. O2− and Vö show negative oxide ion and the positive vacancy, respectively. (b) ids vs. Vgs 
(upper panel) and igs vs. Vgs (lower panel) characteristics of STO-based EDLT measured at 473 K in air (red lines). For comparison are shown results for a SiO2-based 
EDLT consisting of a SiO2 substrate and GDC oxide ion conductor (blue lines). The inset depicts ids vs. Vds characteristics for various Vgs. Reproduced with permission. 
[128] Copyright 2013, AIP Publishing. (c) Electrical conduction characteristic (iD vs. VG) of STO-based EDLT with LiSi4O4 electrolyte measured at RT in vacuum. 
Reprinted with permission. [133] Copyright (2015), AIP Publishing. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.)

Fig. 25. (a) Schematic illustration of GO-based EDLT with YSZ proton conductor. Brown and green circles represent positive and negative charges accumulated at 
interfaces due to proton migration. H+ symbols represent positively charged protons. (b) Electrical conduction characteristics of GO-based EDLT measured in air and 
vacuum: ids vs. Vgs (upper panel) and igs vs. Vgs (lower panel). Sweep rate of Vgs was 4 mV/s; Vds was 0.5 V. (c) Illustration of electrostatic carrier doping (ECD) by EDL 
charging/discharging and bandgap tuning (BGT), corresponding to a redox reaction, of GO. (d) DC bias dependence of optical band gap tuned by the device. 
Reprinted with permission from Ref. [134] by The Author(s) licensed under CC BY 4.0, published by Wiley. (e) DC bias dependence of normalized photoluminescence 
(PL) spectra tuned by application of various DC bias voltages. Reprinted with permission from Ref. [139]. Copyright (2015) American Chemical Society. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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crystal [133]. As shown in Fig. 24 (c), wide tuning of electronic con
duction was demonstrated in the SrTiO3 channel at RT because of the 
relatively high conductivity of the lithium ion conducting solid 
electrolytes.

5.2. Band gap and fluorescence wavelength tuning

An EDLT using nanoparticle-type Y-stabilized ZrO₂ (YSZ) thin films 
as the electrolyte was developed for demonstrating proton-conducting 
solid-electrolyte nanoionic transistors [134]. Fig. 25 (a) shows a sche
matic diagram of this EDLT. While bulk-crystalline YSZ is an excellent 
oxygen ion conductor at high temperatures [1], the nanoparticle-type 
YSZ exhibits extremely high proton conductivity even at room temper
ature because it can utilize adsorbed water on the nanoparticle surface 
as a proton source and conduction path [135–138]. By using this thin 
film, a nanoionics-based transistor that operates at room temperature 
can be fabricated. In particular, graphene oxide is used as its semi
conductor channel. Graphene has the advantage of having a Dirac cone- 
type electronic structure and high electron mobility, but its lack of a 
bandgap results in an ON/OFF ratio that is only a few times higher than 
that of the off state. In contrast, by using graphene oxide, an ON/OFF 
ratio that is several orders of magnitude higher can be achieved. As 
shown in Fig. 25 (b), the electric double layer effect near the YSZ/gra
phene oxide interface enabled continuous drain current changes of 
approximately two orders of magnitude through electrostatic carrier 
injection. Furthermore, the band gap of graphene oxide is affected by the 
ratio of sp2 regions and sp3 regions formed by bonding with oxygen (the 
sp2/sp3 fraction). By converting the sp2 regions and sp3 regions in gra
phene oxide through redox reactions driven by the application of a high 
voltage, the band gap could be controlled in situ (Fig. 25 (c)). The optical 
bandgap observed by UV–Vis-NIR reflectance measurements varied 
widely between 0.30 and 0.75 eV over the applied voltage range of − 5 to 
5 V (Fig. 25 (d)). Furthermore, it was possible to control the wavelength 
of the fluorescence emitted by oxidized graphene over a wide range from 
712 to 393 nm (Fig. 25 (e)) [139]. These results show that, by utilizing 
electrolytes with high ion conductivity at room temperature, it is 
possible to control material properties in situ through the use of electric 
double layers or redox reactions at room temperature.

5.3. Variable superconducting transition temperature

Nanoionics-based transistors can control the electronic properties of 
not only semiconductors but also metals by doping material with elec

tronic carriers at a high density. Fig. 26 (a) shows a schematic diagram 
of an EDLT composed of a lithium-ion-conductive LSO amorphous thin 
film and metallic Nb (110) film behaving as a strong coupling super
conductor, in which its superconducting transition temperature Tc in
creases with carrier density in accordance with standard BCS theory 
[133]: 

Tc = 1.14
hωD

2πkB
exp

(

−
1

D(0)V

)

(3) 

Here, D (0) and V are the density of states (DOS) near the Fermi level 
and the electron-phonon interaction, respectively. By applying a gate 
voltage, it is possible to dope Nb with a high charge density of electrons 
or holes through the electric double layer formed at the Nb/LSO inter
face. Therefore, it is considered possible to control the critical temper
ature of superconductivity Tc by using carrier doping from the electric 
double layer. Fig. 26 (b) shows the gate voltage dependence of Tc in the 
EDLT. Tc increased from 8.33 to 8.39 K when the gate voltage was 
reduced from 2.5 to − 2.5 V. The Tc variation was almost three orders of 
magnitude larger than the values reported for electrostatic carrier 
doping using conventional solid dielectrics, indicating that the EDLT 
could modulate a much higher carrier density. The specific difference in 
Tc, onset for the applied gate voltage was 12 mK/V, which is 33 % larger 
than the value reported for an ionic-liquid-based EDLT [140]. This result 
indicates that the same electric double layer effect as with liquid elec
trolytes can be achieved with solid electrolytes.

5.4. Tuning magnetic properties

Devices having an ion-electron mixed conducting host matrix can use 
topotactic reactions for high-density ion insertion and desertion (Fig. 2
(e)). This property has been used to tune the magnetic properties of 
electron-Li+ ion mixed conducting ferrimagnet Fe3O4 thin film. Fig. 27
(a) illustrates an all-solid-state redox transistor consisting of (100) ori
ented Fe3O4 thin film grown on MgO (100) single crystal and Li+ ion 
conducting Li4SiO4 (LSO) amorphous thin film [112]. By applying a 
positive gate voltage, many Li+ ions and electrons are injected into the 
Fe3O4 through a topotactic reaction. The Fe3O4 has an inverse spinel 
structure with two Fe3+ sites: tetrahedral (A) and octahedral (B). Li+ ion 
and electron insertion cause electrochemical reduction of the Fe3+ at the 
B sites to Fe2+ with minority down spins. This in turn decreases the total 
spin and enables tuning of the magnetization of Fe3O4 over a wide range, 
as shown in Fig. 27 (b). Since the variation in down spins tunes the spin 
polarization (P) in Fe3O4, the device can tune the magnetoresistance 

Fig. 26. (a) Schematic illustration of Nb-based EDLT composed of LSO Li+ ion conductor and LCO gate electrode. Yellow and red circles represent positive and 
negative charges accumulated at interfaces due to Li+ ion migration. (b) Variation in superconducting transition temperatures (Tc,onset and Tc, zero) plotted with 
respect to VG. Reprinted with permission from Ref. [133] Copyright (2015), AIP Publishing. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)
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(MR) of Fe3O4. Here, MR is defined as (R(H)-R(0))/R(0), where R(H) and 
R(0) are the resistance with a magnetic field, H, and the resistance 
without a magnetic field, respectively. MR in Fe3O4 thin film is attrib
uted to spin-dependent tunneling or scattering through the Fe3O4 grain 
boundaries. As shown in Fig. 27 (c), tuning of the spin polarization 
enabled tuning of the magnetoresistance, which is a process that can be 
applied to spintronics-based resistive switching.

The topotactic reaction mechanism can be also used to tune the 
magnetization angle of magnetic materials, which is difficult to control 
at RT. Fig. 27 (d) shows a schematic illustration of an all-solid-state 
redox transistor consisting of electron-Li+ ion mixed conducting and 
ferrimagnetic Fe3O4 (110) thin film and Li+-ion conducting Li-Zr-Si-O 
(LZSO) amorphous film. To detect the magnetization angle, the tran
sistor was designed to utilize the planar Hall (pH) effect [113]. A polar 
graph of the magnetic anisotropy field (MAF) measured under various 
gate voltage conditions is shown in Fig. 27 (e). Here, by inserting Li+

ions and an electrons into the Fe3O4 thin film, the magnetization angle 
rotated by 56◦ at maximum. The combination of excellent tunability 
with low operating power (10− 3 J/cm2) is a great advantage of the 
nanoionics approach [113].

5.5. Learning and decision making

Ionic devices have been used to mimic the ability to learn and make 
decisions. These devices are called ionic decision-makers because they 
make decisions by utilizing nanoionics phenomena caused by ion 
transport in a solid electrolyte [141]. An ionic decision-maker efficiently 
solved a mathematical problem called the multi-armed bandit problem 
(MBP), which is the problem of finding the best choice among multiple 

alternatives (arms) through trial-and-error. The problem is typically 
illustrated as selecting the slot machine that maximizes profits from 
among multiple slot machines with different reward probabilities 
(Fig. 28 (a)). It is a fundamental problem in reinforcement learning and 
appears in a wide range of modern social activities (information 
communication, manufacturing, economics, medicine, entertainment, 
etc.). In the study, MBP in wireless communications was chosen and 
conducted to make optimal action selections to maximize the commu
nication volume while avoiding losses by adapting to changing condi
tions in a congested communication network (Fig. 28 (b)).

Fig. 28 (c) is a schematic illustration of the ionic decision-maker; it 
consists of a solid electrochemical cell with platinum electrodes attached 
to a polymer solid electrolyte called Nafion, which is a good proton 
conductor. When sequential pulsed currents are applied to the device, 
electrochemical phenomena (electric double layer charging, redox re
actions, etc.) accompanying transport of protons in Nafion occur near 
the electrode interface, resulting in temporal modulation of the voltage 
(electromotive force) of the cell, as shown in Fig. 28 (d). By utilizing this 
voltage modulation as a computation resource, the ionic decision-maker 
can quickly learn and make appropriate decisions. Furthermore, the 
experimenters skillfully utilized the current-voltage characteristics of 
the solid electrochemical cell to give the device the ability to adapt to 
changing conditions by emphasizing (weighting) new experiences. The 
operation principle of the ionic decision-maker is based on a mathe
matical model called the Tug-of-War principle, which was originally 
derived from observations of the spatiotemporal dynamics of feeding 
amoeba under a volume conservation condition [142], as schematically 
shown in Fig. 28 (e).

The performance of the ionic decision-maker was assessed by 

Fig. 27. (a) Schematic illustration of all-solid-state redox transistor with Fe3O4 and LSO lithium ion conductor. Li+ symbol represents positively charged lithium ions. 
Dotted circles in LiCoO2 represent Li+ ion vacancies. (b) M-H loops measured at various DC voltages. (c) DC voltage dependence of MR in Fe3O4 thin film as a function 
of magnetic field (− 70 to 70 kOe) at 250 K. Reprinted with permission from [112]. Copyright 2016 American Chemical Society. (d) Schematic illustration of an all- 
solid-state redox transistor and its configuration in a planar Hall measurement. Vx and Vy denote nano-volt meters for measuring longitudinal and transverse 
resistance. (e) Polar graph of MAF (magnetic anisotropy field) at various VG. The red, yellow-green, and blue arrows show the magnetization directions at VG = 0.0, 
1.0, and 2.0 V, respectively. Reprinted with permission from Ref. [113]. Copyright (2020) American Chemical Society. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.)
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comparing its solutions of the MBP with those conventional computer 
calculations using the SOFTMAX and ε-greedy algorithms [141]. These 
conventional algorithms perform complex calculations, but, as shown in 

Fig. 28 (f), the ionic decision maker performed comparably in terms of 
the asymptotically increasing correct response rate and adaptive 
behavior, despite its simple operation consisting of applying a pulse 

Fig. 28. (a) Original MBP, in which a gambler attempts to select a slot machine. (b) MBP in a channel model in which a communication network user attempts to 
select an available channel. (c) Illustration of experimental setup using a two-terminal electrochemical cell, potentio/galvanostat, and a random number generator. 
(d) Variation in cell voltage during the experiment. (e) Schematic illustrations of spatiotemporal dynamics of amoeba and the Tug-of-War principle. (f) Comparison of 
performance of ionic decision-maker, SOFTMAX, and ε-greedy algorithms in solving a dynamic MBP under the initial condition (PA, PB) = (0.6, 0.4). Reproduced with 
permission from Ref. [141]. Copyright (2018) American Association for the Advancement of Science.

Fig. 29. (a) Variable capacitance demonstrated by a Pt/LiPON/Pt capacitor. The inset illustrates operation under application of VDC. (b) VOC composed of a Schmitt 
trigger inverter and Pt/LiPON/Pt capacitors. (c) Typical output waveforms VOUT obtained for different VC at 50 ◦C with 4 Pt/LiPON/Pt capacitors. (d) Oscillation 
frequency plotted as a function of VC with different feedback resistance values of Rf. Reprinted with permission from Ref. 150. Copyright (2020) American 
Chemical Society.
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current and measuring a voltage. The solid-state electrochemical cell of 
the ionic decision-maker acts as both a memory for storing experiences 
and an arithmetic unit for processing experiences, which is a kind of in- 
memory computation. Besides the ionic decision-maker, atomic 
switches and other nanoionic devices have been used to solve problems 
embodying the Tug-of-War principle [142–146].

5.6. Variable capacitance

An EDL formed at an electrode/electrolyte interface can also be used 
as a variable capacitor, whose capacitance can be changed by applying a 
bias voltage. An EDL capacitor (called an energy storage device) was 
first commercialized around 1970 by using Ag+-ion conducting RbAg4I5 
and Ag and C electrodes [1]. When a voltage of negative polarity was 
applied to the Ag electrode, the Ag ions in the RbAg4I5 were transported 
to and precipitated at the Ag/RbAg4I5 interface through a reduction 
reaction. At the interface between the C and RbAg4I5, Ag ion vacancies 
(negative charge) formed and positive charges accumulated to form an 
EDL. Variable capacitance has also been observed in different Na ion 
conducting glasses sandwiched between Pt electrodes under DC bias 
voltage. This is attributed to the formation of an EDL at the metal/solid 
electrolyte interfaces [147,148]. The capacitance of the EDL at a metal/ 
ion conductor interface can be explained by the behavior of discrete ion 
charges that interact strongly with the metal surface [149].

Variable capacitance in Pt/LiPON/Pt structures, with LiPON thick
nesses ranging from 15 to 60 nm, has been demonstrated [150]. Fig. 29
(a) plots typical capacitance variations versus frequency of a capacitor 
with a 15-nm-thick LiPON film. The measurements were carried out at a 
VDC of 0, 1, or 2 V at RT. Analyses with an equivalent circuit model 
revealed that the relatively flat capacitance at low frequencies originates 
from the formation of an EDL of Li+ ions at both the Pt/LiPON and 
LiPON/Pt interfaces. The capacitance decreases with increasing VDC. 
Applying a voltage drives the Li+ ions from the positively biased Pt 
electrode to the negatively biased Pt electrode. At higher voltages, the 
number of Li+ ions at the positive electrode decreases to zero (inset of 
Fig. 29 (a)). This causes the positive electrode’s contribution to the total 
capacitance to vanish at some bias voltage. As a result, similarly to what 
occurs in a varactor diode, the capacitance decreases as the bias voltage 
increases.

Voltage-controlled oscillator (VCO) operation was demonstrated 
using Li+-ion EDL capacitors made from LiPON film. The VCO circuit 
was constructed using a Schmitt trigger inverter and a resistance- 
capacitor (RC) oscillator with LiPON capacitors, as illustrated in 
Fig. 29 (b). The oscillation frequency of the output waveform VOUT is 
given by 1/2pRfCV, where CV is the total capacitance of the LiPON ca
pacitors and Rf is the resistance of the feedback resistor. The parameter 
for determining the oscillation frequency is CV, which can be changed by 
varying the temperature and the number of parallel connections of the 
LiPON capacitors. Fig. 29 (c) shows VOUT variations obtained with four 
LiPON capacitors at 50 ◦C and Rf = 100 kΩ under application of a control 
voltage VC ranging from 0 to 3 V. Fig. 29 (d) plots oscillation frequency 
variations as a function of VC for different values of Rf. The frequency 
change is exponentially proportional to VC, which is the same as in a 
VCO that uses a varactor diode instead of LiPON capacitors. Although 
the upper limit of the oscillation frequency is much lower than that of 
the varactor diode-based VCO, it can be extended by using dielectric 
electrolyte films with higher ion conductivity. The simplicity of the 
device structure and the ease by which it can be fabricated make the 
solid electrolyte-based EDL capacitor a good candidate as a building 
block in analog and mixed signal electronic circuits.

6. Atomic layer deposition for making high-quality ion- 
conductor thin films

Thin ion conductor films are very important components of ion 
batteries and fuel cells as well as essential parts of nanoionic electronic 

and information technology devices. Radio-frequency sputtering and 
pulsed laser deposition are used to produce solid electrolyte films. 
However, it is difficult to use these techniques to deposit uniform thin 
films on three-dimensional (3D) microbatteries and integrated circuits. 
Recently, atomic layer deposition (ALD) has attracted attention as a 
technique that can fabricate uniform solid electrolyte films with no 
pinholes on complex structures with atomic-level precision [151]. The 
historical development of ALD for Li+ ion conducting solid electrolytes 
does not stretch far back in time. The first report on ALD deposition of 
LiPON was published by a research group from University of Maryland 
in 2015 [152]. The team succeeded in fabricating ALD films of LiPON by 
using lithium (tert-butoxide) (LiOtBu) and trimethyl phosphate (TMP) in 
a N2 plasma process. Around the same time, a group from Aalto Uni
versity reported ALD deposition of LiPON [153]. They used thermal ALD 
to deposit LiPON films by alternately supplying lithium bis(trimethyl) 
amide (LiHMDS) and diethylphosphorylamide (DEPA). Meanwhile, a 
group from Panasonic Corp. fabricated LiPON thin films by using ther
mal ALD with LiOtBu and tris(dimethylamino)phosphine (TDMAP) 
[154]. These ALD films showed ionic conductivities of 1.6–6.6 × 10− 7 S/ 
cm at room temperature, but required relatively high deposition tem
peratures of 300–500 ◦C. In order to apply Li-based solid electrolyte thin 
films to various applications in the future, it will be necessary to use 
lower deposition temperatures and at the same time achieve higher ionic 
conductivities.

Recently, lithium phosphate and LiPON films were successfully 
fabricated by ALD using LiOtBu and TDMAP with different plasma re
actants at low deposition temperatures (220–300 ◦C) [155]. The X-ray 
diffraction patterns illustrated in Fig. 30 (a) show that the deposition 
with O2 plasma produced a polycrystalline film, while the deposition 
with NH3 plasma produced an amorphous film. The AFM image of the 
film deposited with NH3 plasma (Fig. 30 (b)) shows a flat surface 
characteristic of amorphous films. The cross-sectional SEM image 
(Fig. 30 (c)) shows that NH3 plasma deposited film uniformly on the 
sides and bottom of the trench structure, with good step coverage 
characteristics. Fig. 30 (d) shows the N 1 s core spectra of these films, 
measured by hard X-ray photoemission spectroscopy (HAXPES). The 
spectrum of the film deposited with O2 plasma has no peaks derived 
from nitrogen, whereas the spectra of the film deposited with NH3 
plasma has an N 1 s peak is clearly separated into components arising 
from doubly-bound nitrogen (P=N-P) and triply-bound nitrogen (P-N <
P2) [156]. Quantitative HAXPES analyses estimated the composition of 
the film deposited with O2 plasma to be Li3.3PO3.4. When NH3 plasma 
was used, the amount of nitrogen in the film increased. The composition 
of the film deposited at an NH3 flow rate of 20 sccm was estimated to be 
Li2.5PO1.9N0.8, corresponding to a nitrogen content of 13 %. Fourier 
transform infrared spectroscopy (FTIR) spectra from the lithium phos
phate film (Fig. 30 (e)) exhibited a peak corresponding to PO3

2− ions in 
pyrophosphate (P2O7). In addition to that peak, spectrum of the LiPON 
film showed a vibration mode derived from the N-P-O bond as well as 
one from the P-N-P bond. These results are consistent with the HAXPES 
results, suggesting that nitrogen became incorporated in the phosphate 
framework. Moreover, the peak on the low-frequency side that arises 
from the Li–O bond was broadened by the introduction of nitrogen, 
indicating that the bonding state around the Li+ ion was disordered.

The ionic conductivity of the deposited films was evaluated by 
electrochemical impedance spectroscopy (EIS). Fig. 30 (f) shows 
Arrhenius plots of the ionic conductivity obtained from an analysis of 
the EIS results. The lithium phosphate film deposited using O2 plasma 
showed an ionic conductivity of 1.75 × 10− 9 S/cm at room temperature. 
This value is similar to the conductivities of reported ALD films and 
sputtered films [157,158]. On the other hand, the ionic conductivity 
increased significantly when the film was deposited with NH3 plasma. It 
reached 1.65 × 10− 6 S/cm at 20 sccm and room temperature. This is the 
highest conductivity reported for any ALD LiPON film to date. The 
activation energy (Ea) decreased from 0.91 eV for the lithium phosphate 
film to 0.66 eV for the LiPON film. This decrease in activation energy 

K. Terabe et al.                                                                                                                                                                                                                                  Solid State Ionics 430 (2025) 116995 

24 



indicates that the high Li+ ion conductivity at room temperature is due 
to the introduction of nitrogen in the film. On the other hand, a mea
surement of the direct current polarization indicated that the electronic 
conductivity of the LiPON film was less than 2 × 10− 12 S/cm. Thus, it 
was concluded that the LiPON film deposited by ALD is an excellent solid 
electrolyte with high ionic conductivity and low electronic conductivity. 
The ALD technique has been used to deposit magnesium phosphate and 
magnesium phosphate nitride and has the potential to be applied to 
various Li+ ion solid electrolytes and [159,160]. It is believed that ALD 
will play an important role in the development of future solid-state 
nanoionics devices.

7. Conclusion

The development of electronic information devices has so far focused 
on nanoelectronics that utilize localized electron movements. However, 
there is growing interest in solid-state ionic devices for their unique 
capabilities and high performance. Unlike semiconductor devices, ionic 
devices can manipulate ions and restructure their crystals down to the 
atomic scale. This ability is inherent to the idea of “ionic nano
architectonics,” a field which deals with the development and utilization 
of ion-based architectures within materials. The techniques of ionic 
nanoarchitectonics can be used to make ionic devices that exhibit a 
variety of physical properties and functions, as well as the ability to 
modify their structure and functionality as needed. This plasticity of 
device structure is a powerful feature that will encourage the develop
ment of diverse devices that push the boundaries of traditional semi
conductor technology.

This review outlined the development of various solid-state ionic 
devices created through ionic nanoarchitectonics. It highlighted their 
electrical, magnetic, optical and neuromorphic properties, the latter of 

which are inspired by the mechanisms of the human brain. Fig. 31 shows 
representative solid ion devices that have been reported to date, 
including those that are not covered by this review [161]. Batteries that 
extract electrical energy fall into two categories: non-rechargeable pri
mary batteries and rechargeable secondary batteries. There are also fuel 
cells that generate electricity using the chemical energy of fuels and 

Fig. 30. Structural, morphological and electrical properties of lithium phosphate and LiPON ALD films. (a) XRD patterns of films deposited with O2 and NH3 plasma. 
(b) AFM image of film deposited with NH3 plasma. (c) Cross-sectional SEM image of film deposited with NH3 plasma onto a trench structure patterned on a Si 
substrate. (d) Core-level N 1 s spectra, (e) FTIR spectra, and (f) Arrhenius plots of the ionic conductivity for films deposited with O2 and NH3 plasma. Reprinted with 
permission from Ref. 155. Copyright (2024) American Chemical Society.

Fig. 31. A variety of functional solid-state ionic devices that operate using ion 
transport and electrochemical phenomena in solids. Reprinted with permission 
from Ref. 161. Copyright (2022) American Chemical Society. The Japan Society 
of Applied Physics.
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oxidisers. Chemical sensors convert information about changes in sub
stance concentration into electrical signals. Electrochromic displays 
transmit information by changing colour and brightness. Actuators uti
lize the force generated by ion transport to create movement. Recently, 
new ionic electronic information devices have been developed to over
come the performance limitations of conventional semiconductor de
vices. These include atomic switches, non-volatile memory (ReRAM), 
variable magnetic devices and variable capacitors. Furthermore, artifi
cial synapses, physical reservoir devices, and artificial visual devices 
that mimic the functions of brain neurons and decision-making pro
cesses have been developed.

We believe that the most interesting challenge in the future appli
cation of solid-state ionic devices in electronic information technology 
will be to create brain-inspired computers using neuromorphic engi
neering based on the functions of the brain. These small, low-power 
computers could contribute to the development of high-performance, 
autonomous humanoid robots. Such robots require various compo
nents, including a power source, artificial muscles for movement and 
artificial senses, such as vision and hearing, to perceive their sur
roundings. They also require an artificial brain that can learn, make 
judgements and remember things. We expect these components to be 
developed using solid-state ionic devices with various functions.

Research in the field of solid-state ionics for electronic information 
devices is still in its early stages, with many opportunities yet to be 
explored. For instance, the thickness of ion-conducting membranes used 
in devices has recently decreased to around 10 nm, resulting in the 
observation of phenomena that differ from those of conventional ion 
conduction in solids. However, technologies for repeatedly and consis
tently controlling ion transport and electrochemical phenomena in 
nanoscale spaces remain underdeveloped. Additionally, the potential of 
utilizing fluctuations in analogue electrical signals generated by ionic 
phenomena at the nanoscale as a new operating principle for devices is a 
field that is beginning to be investigated. Growing interest among re
searchers in these unexplored areas indicates anticipated future ad
vancements in electronics and information technology based on solid- 
state ionics.
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