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Nanoionics enabled atomic point contact
construction and quantum conductance effects
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The miniaturization of electronic devices is important for the development of high-density and function-
integrated information devices. Atomic-point-contact (APC) structures refer to narrow contact
areas formed by one or more atoms between two conductive electrodes that produce quantum
conductance effects when the electrons pass through the APC channel, providing a new development
path for the miniaturization of information devices. Recently, nanoionics has enabled the electric field
reconfiguration of APC structures in solid-state electrolytes, offering new approaches to controlling the
quantum conductance states, which may lead to the development of emerging information
technologies with low power consumption, high speed, and high density. This review provides an
overview of APC structures with a focus on the fabrication methods enabled by nanoionics technology.
In particular, the advantages of electric field-driven nanoionics in the construction of APC structures are
summarized, and the influence of external fields on quantum conductance effects is discussed. Recent
studies on electric field regulation of APC structures to achieve precise control of quantum
conductance states are also reviewed. The potential applications of quantum conductance effects in
memory, computing, and encryption-related information technologies are further explored. Finally, the
challenges and future prospects of quantum conductance effects in APC structures are discussed.

Atomic point contacts (APCs) represent pivotal structures at the atomic scale, allowing electrons to pass through the quantized energy levels and producing
quantum conductance effects. Unlike traditional approaches, nanoionics offers a simple and effective way to build APCs by driving ion migration using
localized electric fields. To date, APCs have been successfully developed using various nanoionic materials and have been employed in creating innovative

devices, such as resistive switching memories. The quantum conductance of APCs constructed via the nanoionics method features multi-level states and
tunable properties, which contribute to developing novel devices with high scalability, fast switching speeds, and low energy consumption.

This review provides a comprehensive summary of the advancements in quantum conductance effects within APCs fabricated through the nanoionics
technique. It covers the fundamental mechanisms of ion migration, explores the impact of various external fields on quantum effects in APCs, and highlights
their significant applications across diverse research areas. Additionally, this review discusses current challenges and offers insights into future development
trends. This review will enhance our understanding of quantum conductance effects in APCs and serve as a valuable reference for the design of miniaturized
and multifunctional information devices.
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1. Introduction

The rapid growth of artificial intelligence (AI), the Internet of
Things (IoT), and autonomous vehicles (AV) has produced
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They point out the enhancement of electron and hole mobility
within channels and the utilization of high dielectric constant
materials to minimize the thickness and size of the devices.
Consequently, information devices have undergone continuous
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miniaturization, scaling down to nanometer sizes." However,”
the current technical trajectory of integrated circuit technology
is facing significant challenges due to the inherent limitations
in indefinitely shrinking the size of physical components.?
Therefore, exploring new technological pathways is essential
to advance the miniaturization of information devices and
meet future needs such as high-density information storage
and high-performance computing.

Atomically precise manufacturing, achieved through precise
manipulation of atoms and nanostructures, is emerging
as a significant approach for advancing manufacturing
technologies.* At this scale, various quantum effects manifest,
generating novel physical and chemical properties with
potential applications.> Quantum mechanics determines the
fundamental laws governing the behavior of matter and fields
at the particle, atomic, and molecular scales. Using the unique
quantum effects offers fundamental performance advantages
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over conventional classical machines.’ In recent years, the
fundamental properties of quantum effects, such as quantum
coherence, quantum entanglement, and quantum statistics,
have been harnessed to conduct plenty of cutting-edge research
studies in fields like quantum computing, quantum commu-
nication, and quantum precision measurement.” For instance,
a single-atom device with excellent quantum coherence has
been constructed.® This would lead to the emergence of hun-
dreds of high-quality quantum logic qubits within a highly
coherent quantum volume, enabling quantum computers to
leverage quantum advantages over traditional computers.’
Meanwhile, the quantum conductance effect with many advan-
tages could be produced when the electrons are limited to a
narrow constriction, which has a width equal to the electrons’
Fermi wavelength and a length much smaller than the mean
free path. The conductance is quantized in units of G,, where
G, denotes the conductance quantum (G, = 2¢%/h, where e and &
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are the electron charge and Planck’s constant, respectively).
With the continuous advancements in research technology
and exploration, quantum conductance phenomena have been
observed in nanostructures, such as quantum point contact
structures,’™" metal nanowires,"”>® and graphene,”* at
room temperature or even higher. This is in contrast to with
two-dimensional electron gas (2DEG) systems, which typically
require extremely low temperatures. Experimental results
also confirm the precise controllability and multi-level adjustabil-
ity of quantum conductance states,' offering diverse options for
applications in information storage, computing, and encryption.

Due to the atomic-point-contact (APC) structures operating
at the scale of just one or a few atoms, scattering of electrons is
minimized as they pass through the APC channel. They serve as
an ideal platform for producing and studying quantum con-
ductance effects. Traditionally, APC structures are fabricated
using the mechanically controlled break junction (MCB]J)
method, which forms the APC structures by separating and
reconnecting metal components.'®'” However, this method
needs strict operating conditions that limit its practical appli-
cation. Nanoionics is a research field that centers on the study
and application of phenomena associated with the transport of
ions in nanoscale materials, focusing on their movement, manip-
ulation, and interactions within these materials. It has diverse
applications, including energy storage and conversion systems,
sensors, biomedical applications, and information storage
systems.'® ! Recent studies indicate that nanoionics-based mem-
ory devices, such as resistive switching devices, offer significant
advantages including small size, high speed, and low-power
operation.”> These benefits help address the scaling limitations
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of conventional electronic information devices. Consequently,
nanoionic devices have garnered renewed interest across various
application areas. A key trend in this field is the development of
precise ion manipulation techniques aimed at constructing
advanced functional nanostructures and exploring new devices
with enhanced performance.

Nanoionics technology has been employed since the 1970s
to develop various devices, including electrochemical integral
elements and memory storage systems.>* Nanoionics-based
APC structures are constructed through electric field-driven
ion migration in solid-state electrolytes. The ions are propelled
by the external electric field to migrate between the two
electrodes, generating the conductive APC structures through
redox reactions, which reduce the dominant electron transport
scattering mode within the atomic-scale channel.>*"*® In 1998,
Li et al. fabricated narrow metal-coated copper nanowires via
electrochemical deposition of Cu ions, resulting in a narrower
structure and the formation of an APC structure, which enabled
the emergence of quantized conductance.”’” Then, many
models were proposed to explain this phenomenon, such as
conductive filament, charge trapping defect states, and charge
trapping states at metal/oxide interfaces with a change in the
Schottky-like barrier.”®*® Terabe et al. developed a silver sul-
fide/silver/platinum (Ag,S/Ag/Pt) atomic switch device by the
scanning tunneling microscopy (STM) method in 2001,** and
then presented a more easily integrated crossbar structure by
solid-state electrochemical methods in 2005."° This device
demonstrated highly controllable quantum conductance states
compared to those achieved using other methods.*™*> The
sandwich structure allows switching operations and quantum
conductance states to be controlled by applying voltage to the
electrodes, facilitating the study of quantum conductance in
APC structures. To date, various APC structures have been
fabricated by driving different ions using electric fields.** These
structures have confirmed that the nanoionics method could
efficiently realize the quantum conductance effects associated
with ballistic electron transport.>® Compared to general tech-
niques, the nanoionics migration offers precise modulation of
the APC structures. Additionally, the electric field-driven
approach allows for greater diversity in the composition, ele-
ments, and structure of APCs, enabling the development of
various nanoionic devices for new applications (Fig. 1).>°°
Nanoionics-based devices also exhibit high scalability, fast
switching speeds, and low energy consumption.®”®

Herein, this review paper introduces the construction
mechanisms and procedures of atomic-point-contact (APC)
structures using the electric field-driven ion strategy. It dis-
cusses the development and applications of quantum conduc-
tance effects within these structures. The advantages of using
electric field-driven ions for APC construction are analyzed and
summarized. Particularly, the effects of various external physi-
cal fields on the optimization and regulation of APC construc-
tion and quantum conductance are further discussed. Finally,
diverse applications and extensive development prospects for
quantum conductance across various fields are also outlined.
This review provides valuable insights for the future research,
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Fig. 1 Atomic point contact (APC) structures and the quantum conductance effects are influenced by a variety of physical fields, including optical,
electric, and magnetic fields. These effects have been utilized in applications such as memory, computing, and encryption.

development, and applications of nanoionics-enabled quantum
device manufacturing.

2. Traditional construction methods
and theory of APC structures

The APC typically refers to a structure where two electrical
contacts are connected by a ‘neck’ consisting of several atoms
with a width equal to the electrons’ Fermi wavelength. This
configuration is often associated with various quantum effects,
such as ballistic electron transport, quantum conductance, and
thermal conductance quantization.® The first experimental
measurements of the quantum conductance effect in narrow
constrictions were conducted in a 2DEG within GaAs-AlGaAs
heterostructures (Fig. 2a and b).>**° Besides this, the quantum
conductance effect was also detected when the size of the
nanowires was down to the APC structures. As shown in
Fig. 2¢, when the length of the APC is less than the electron
mean free path and its lateral dimension is equal to the Fermi
wavelength, the electrons can pass through the point contact by
ballistic transportation without colliding and scattering, rather
than by diffusive transport, which is typically on a larger scale.
Ohnishi et al.*" reported the quantum conductance effect in a
metal APC structure, allowing the direct observation of the
relationship between electron transport and contact structure.
Fig. 2d shows a plot of the conductance change as the tip is
withdrawn, indicating that the conductance of the point con-
tact varies with its lateral size in integer multiples of G,. The

40 | Mater. Horiz., 2025,12, 37-63

conductance of a single strand of atoms is 1 G,, while a double
strand exhibits twice this conductance. The models of the APC
structure for single and double strands of gold atoms are
shown in the inset images, corresponding to 1 and 2 G,
respectively. Currently, it can be prepared by several traditional
construction methods, such as MCB], STM, electrochemical
deposition, and photolithography techniques.*>

2.1. Mechanically controlled break junction technique

The mechanically controlled break-junction (MCB]J) technique
has been widely used to construct metallic APC structures and
produce the quantum conductance effect. In general, the
metallic nanowire with a notch is mechanically broken into
two pieces. The two pieces are then brought back into contact
by utilizing piezoelectric elements that precisely control the
distance. This process results in the formation of a metallic
APC structure.*>** The MCB] technique has facilitated the
discovery of quantized conductance in various metallic wires,
including sodium, gold, copper, lead, platinum, aluminium,
and niobium (Na, Au, Cu, Pb, Pt, Al, and Nb).***” For example,
Muller et al. have successfully constructed the Au and Cu
metallic APC structures through the MCBJ method. The quan-
tum conductance effect was detected at room temperature,
while the conductance of the contacts showed clear plateaus
near the integer multiples of G,."® Strigl et al. also conducted
an investigation of the APC structure by stretching Pt nano-
bridges fabricated by the MCBJ method (Fig. 3a). The pristine
Pt nano-bridge exhibited a conductance of approximately 200
G, before rupture. The cross-section of the junction was

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Quantum conductance effect in the APC structures. (a) The illustration diagram of the heterostructure, where a 2DEG-based APC structure is
formed at the interface of the heterostructure.>* (b) The relationship between conductance and the gate voltage.*° (c) The schematic diagram of the APC
structures and ballistic electron transport.>* (d) The relationship between conductance and the lateral size of the APC structures.**

carefully adjusted by stretching the Pt nano-bridge while
simultaneously measuring its conductance. As the atomic con-
tact was further elongated, a monoatomic Pt chain was formed
once the conductance dropped below 2.5 G,. Using this tech-
nique, Pt chains could be consistently created up to seven
atoms in length.*® Despite its advantages, precise control of
the APC at the atomic scale remains challenging due to piezo-
electric element fatigue. Additionally, the integration of the
MCBJ method with conventional complementary metal-oxide
semiconductor (CMOS) processes and other electronic devices
to achieve functionalities such as information storage and
computing remains a challenge. These limitations affect the
practical applications of the MCBJ method.

2.2. Scanning tunneling microscopy method

Scanning tunneling microscopy (STM) is a widely used scan-
ning probe microscopy technique that provides significantly
enhanced resolution compared to other atomic force micro-
scopy techniques. It allows the observation and manipulation
of individual atoms with high precision, particularly at
low temperatures. In 1990, Eigler et al. demonstrated the
manipulation of individual xenon atoms on a single crystal
nickel surface using the STM method at a low temperature of
4 K.>" They successfully fabricated rudimentary structures atom
by atom, confirming that the APC structure can also be con-
structed using the STM’s atomic manipulation method. By
applying a voltage pulse with suitable amplitude and duration
between the STM tip and the sample, an electric field with a
range from 10° to 10'® V m™" can be generated. The strong
electric field facilitates the extraction of adsorbed atoms from
the sample surface, which are then displaced by the STM tip.
Furthermore, Terabe et al. proposed an APC structure using
nanoionics and solid electrochemical reactions with a STM in
an Ag,S/Ag/Pt device.> When a negative bias is applied to the Pt
electrode, Ag ions in Ag,S are reduced to Ag atoms by electrons
from the Pt electrode, leading to the deposition of Ag atoms on

This journal is © The Royal Society of Chemistry 2025

the surface of Ag,S. These Ag atoms form an atomic bridge that
exhibits quantized conductance in units of G,. Applying the
reverse bias results in the ionization and dissolution of the Ag
atoms in the bridge, causing it to become thinner and
eventually break.

In addition, Waser et al. constructed a Ta APC structure
between the STM tip and a 2 nm amorphous TaO, film (Fig. 3b).
Initially, a voltage of 1 V did not cause the rearrangement of
atoms. Upon applying a voltage of —3 V, an instantaneous
increase in the tunneling current was observed. Subsequently,
the current decreased to 104 nA when a —1 mV read voltage was
applied. Based on the aforementioned measurement results,
the conductance value was calculated to be 1.3 G,. This value
exceeds that of a single APC, indicating that both Ta ion
migration and electrochemical processes occurred within the
TaO, film, forming a Ta metallic APC structure. Ta-based APC
structures typically display poor stability due to a high propen-
sity for spontaneous reduction. As a result, the point contact
was rendered inoperable after a period of one second.'* Tang
et al. employed a combination of electron beam thinning
techniques with STM to fabricate the APC structures.>® Carbon
nanotubes (CNTs) acted as both nano-connectors and electro-
des, forming a CNT-clamped metal atomic chain, including Fe,
Co, Ni, and their alloys. The metal nanorods were initially filled
into the CNTs, and the surrounding carbon shell was subse-
quently removed to expose the metal nanorods and make them
thin using strong electron irradiation within a transmission
electron microscope (TEM). Finally, they successfully fabricated
a CNT-clamped metal atomic chain. During the thinning
process, the formation of APC structures and quantum con-
ductance effects were observed, as depicted in Fig. 3c. However,
STM methods also have several challenges, such as stability
which is susceptible to destruction from environmental dis-
turbances. Advanced automation technologies are needed to
prepare large-scale and intricate structures with atomic-level
precision.

Mater. Horiz., 2025,12, 37-63 | 41
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Fig. 3 Traditional methods for constructing APC structures. (a) Formation of mono-atomic chains and observation of quantum conductance effects via
the MCBJ technique. The schematic shows the experimental setup and an electron micrograph of a suspended Pt nano-bridge (left). The conductance
varies with the chain length (right).° (b) Construction method of APC structures using STM. A Ta metallic APC structure was formed between the STM tip
and a 2 nm TaO, layer due to Ta ion diffusion and chemical reactions.*! (c) Schematic diagram of the APC structures constructed through electron
irradiation and STM methods (left). The fabrication process of a CNT-clamped Fe nanorod (middle). The conductance changes as a function of time
during the formation and thinning of atomic chains at a constant bias of 12 mV (right).>°

Except for the MCBJ and STM methods, APC structures can
also be constructed by electrochemical deposition in a liquid
electrolyte. By immersing electrode pairs at a distance of
hundreds of nanometers in a metal salt solution, the deposi-
tion of metals on the electrode surfaces is achieved by electro-
chemical reactions under the electric field. When these
deposited metals come into contact, an APC structure is
formed.”>>® Nevertheless, this approach is predominantly
applicable in liquid environments and presents compatibility
challenges with CMOS technologies.

2.3. Theoretical mechanism

The Landauer-Biittiker (LB) method is a theoretical framework
used to describe electron transport in mesoscopic systems that
is suitable for quantum conductance effects.>® The LB method
extends the original Landauer formula, which relates the con-
ductance of a conductor to the transmission probabilities of
electrons through it. As shown in Fig. 4a, the left and right
electrodes are ideal electron reservoirs that can absorb elec-
trons flowing into them. Two ideal conductors (quantum leads)

42 | Mater. Horiz., 2025, 12, 37-63

are connected to the middle elastic scatterer and electron
reservoir. Electrons are emitted from one electrode, pass
through an ideal conductor without scattering, and are partially
reflected by the scattering centers with a reflection rate of R and
a transmission rate of 7T (Fig. 4b), and the transmitted
electrons enter the other electrode and are completely
absorbed. Assuming that the chemical potentials of the two
electron reservoirs are u; and u,, an external voltage is applied
such that u; — u, = eV. When the quantum lead is a one-
dimensional ideal conductor, due to the quantum size effect
perpendicular to the transport direction, electrons in the one-
dimensional ideal conductor exhibit discrete energy levels E,,,
and the full energy is given by

2k
2m*

En(k):En+ =E, + &

where E, is the transverse energy eigenvalue, ¢ is the kinetic
energy for longitudinal motion, % = h/(2r), & is Planck’s con-
stant, and k& and m* are the electron wavevector and effective
mass, respectively.

This journal is © The Royal Society of Chemistry 2025
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sub-bands; (d) energy interval over which the transmission must be integrated to obtain the overall current.

The one-dimensional sub-band between p; and p, can be
used as a channel for propagating electrons (Fig. 4c),>” in which
case the intermediate scatterer can be seen as a potential
barrier. If the two lowest discrete energy levels are spaced
E,-E, sufficiently large such that all electrons fall within the
one-dimensional sub-band of E;, this is an example of one
conducting channel (Fig. 4d). The net current can be expressed
as

mdk deg 2e
I=2eT| e —=fi(l = fo) = =T (p; —
e vakdsk a1 =12) =7 T (1 = o)
where electron’s group velocity v, = #hk/m*, e is the

elementary charge. In the energy range p;, ~ iy, fi = 1 is the
Fermi distribution for the electronic initial state in the left
electrode and f, = 0 is the empty Fermi distribution for the
electronic final state in the right electrode. The factor 2
accounts for the spin degeneracy of electrons. Considering
G = 1/V, then

262

G=—

h
when T(E) = 1 and N is the number of conductive channels. The
conductance is

2¢°

=N
“=7

Usually, the conductance of a single-channel perfect wire
with spin is called the quantum conductance®

262 1 —1

This journal is © The Royal Society of Chemistry 2025

3. Nanoionics-enabled construction of
the APC structures

Nanoionics is an emerging research field focused on the study
of ion transport in solid-state nanosystems. It plays a pivotal
role in facilitating technological progress, particularly in infor-
mation technology and energy sectors, where the use of ions as
charge carriers has garnered significant attention. In recent
years, researchers have successfully demonstrated the construc-
tion of APC structures within solid-state nanosystems, which
has attracted considerable interest due to its advantages such
as high efficiency, reconfigurability, and excellent compatibility
with CMOS technology.*® In nanoionics-constructed APC struc-
tures, the electric field is used to control the distribution of ions
at the atomic scale, allowing the APC structure to be reconfi-
gured. Specifically, the electric field induces redox reactions
and ion migration within the heterojunction, composed of
electrode/solid electrolyte/electrode multilayers, thereby form-
ing a nano-conductive channel connecting the top and bottom
electrodes. By precisely controlling the dimensions of this
nano-conductive channel, APC structures can be constructed,
enabling the observation of the quantum conductance effect at
room temperature.’®>’

APC structures can be classified into two principal cate-
gories according to the types of migrating ions involved:
metallic type and vacancy type. Metallic-type APC structures
are typically formed by the migration and redox reactions of
active metal cations injected from the electrode. During opera-
tion, the electric field induces the migration of metal cations in
the solid electrolyte, where they undergo electrochemical reac-
tions to deposit as metallic atoms or clusters, thereby forming
conductive channels between electrodes. In contrast, vacancy-

Mater. Horiz., 2025,12, 37-63 | 43
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type APC structures are constructed by the formation of vacan-
cies induced by the migration of anions within the solid
electrolyte. When anions migrate under an electric field, vacan-
cies are created in the lattice structure. These vacancies can act
as effective atomic-scale constrictions, exhibiting quantum
conductance effects when they are appropriately controlled.
The formation and annihilation processes of both types of
APC structures involve complex electrochemical interactions
and ion movements within the solid electrolyte. These pro-
cesses are crucial for developing advanced nanoelectronic
devices and exploring quantum phenomena at the atomic level.

3.1. Evolution dynamics of the APC construction

3.1.1. Metallic-type. This phenomenon typically occurs in
active metal electrodes (e.g., Ag, Cu, Ni, etc.) constructed as
heterojunctions with a solid electrolyte dielectric layer.>®>°
When applying an electric field, a metallic APC structure will
be formed within the solid electrolyte film, primarily consisting
of materials from the active metal electrodes. When a positive
voltage is applied to the active metal electrode, the following
ion migration and redox reaction processes will occur: (I) an
oxidation reaction (M — ze~ — M?') takes place at the active
metal electrode, and the metal cations (M®") will migrate
towards the counter electrode (cathode) driven by the electric
field. At this stage, the conductance of the heterojunction is far
below G, (G « G,) because the APC structures are not fully
formed; (II) as the positive voltage continues to increase,
reduction reaction (M*" + ze~ — M) occurs at the cathode,
leading to the formation of an APC structure consisting of
metal atoms within the solid electrolyte, and the conductance
of the heterojunction stabilizes around G ~ Gy; (III) with
further accumulation of reduced metal atoms at the cathode,
the lateral dimensions of the APC expand, forming a nano-
conductive channel. Consequently, the conductance of the
heterojunction increases significantly above G, (G > G,).

As shown in Fig. 5a, the schematic diagrams illustrate the
redox reaction of Ag" and the formation of Ag APC structure
within the Ag/polymer/Au heterojunction.®® Subsequently, a
negative bias was applied to the active metal electrode
following the establishment of nano-conductive channels. A
similar redox process occurs within the metal nano-conductive
channel. Metal atoms progressively detach from the nano-
conductive channel, leading to a reduction in its lateral dimen-
sion. The APC structure gradually thins and completely disin-
tegrates. By alternately applying positive and negative voltages,
the metallic APC structure undergoes repeated formation and
dissolution, facilitating the reconfiguration of atomic struc-
tures. Aono et al. fabricated a Pt/nanogap (1 nm)/Ag,S/Ag
heterostructure following this principle, as shown in Fig. 5b.
They applied a positive voltage to the Ag electrode, enabling Ag"
to be reduced to Ag atoms at the nanogap between Ag,S and Pt.
By managing the growth of Ag atom clusters on the surface of
Ag,S under the electric field, the size of the contact could be
controlled between Ag atom clusters and the Pt electrode. This
controlled process ultimately allowed for the construction of an
APC structure.” Furthermore, Nandakumar et al. designed a
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SiO,-based device with a Cu top electrode for the low-
temperature back-end-of-line (BEOL) process integration as
displayed in Fig. 5c¢.°* The device demonstrated a quantized
conductance effect, where the lateral dimension of the nanofi-
lament was estimated by modelling a single filament and
measuring the voltage drop across the device during conduc-
tance transitions. Experimental results revealed that the device
displayed quantization conductance at half-integer multiples
of G, due to the presence of energy sub-bands in the Fermi
level split between contact reservoirs. In addition, Yang et al.
proposed a technique called -electrochemically assisted
mechanically controllable break junction (EC-MCB]J) to con-
struct APC structures (Fig. 5d).°> The suspended electrode pairs
were first patterned and fabricated on the Si microchips by
employing traditional photolithography and wet-etching
processes.®> Subsequently, a new alkaline electroplating
solution was employed to create Cu nanocontacts between
these electrode pairs. By a continuous electrochemical deposi-
tion process, the width of the fabricated Cu nanocontacts was
reduced to less than 18 nm, leading to the production of
numerous Cu quantum point contacts. Overall, this EC-MCB]
method shows many advantages as a novel approach for con-
structing atomic-scale devices.

3.1.2. Vacancy-type. The vacancy-type APC structure is
similar to that of the metallic-type, both of which are based
on the ion migration process and electrochemical reaction.
However, the metallic-type APC structure is based on the
electrochemical reaction of active metal cations (such as Cu*",
Ag’, etc.), while the vacancy-type is related to the anions (such
as 0°7, etc.) in the solid electrolytes, including V,0s, HfO,,
TaO,, CeO,, and ZnO0.**

Here, the detailed formation and dissolution processes of
vacancy-type APC structures were illustrated, as shown in
Fig. 6a.°* In this process, inert materials are used as the top
and bottom electrodes. When a positive bias is applied to the
top electrode (anode), the O*" ions from the solid electrolyte
migrate towards the top electrode, resulting in the formation of
oxygen vacancies within the solid electrolyte. As these vacancies
rearrange, a nano-conductive channel is formed from these
vacancies, significantly increasing the heterojunction conduc-
tance (G » G,). Subsequently, the O~ ions near the nano-
conductive channel undergo electrochemical reactions when
applying a negative bias to the top electrode, leading to
the dissolution of the nanostructure. As the negative bias
increases, the lateral dimensions of the nano-conductive chan-
nel decrease to form an APC structure. At this stage, the
heterojunction conductance stabilizes around G = G,. The
APC structure is completely broken after further increasing
the negative bias, resulting in a small heterojunction conduc-
tance (G « G,). Similarly, the reconfiguration of the vacancy-
type APC structure can be realized under the alternating action
of positive and negative voltages.

To gain a deeper understanding of the formation of the
structure, the composition and nanostructure of nano-
conductive channels are usually verified using transmission
electron microscopy (TEM), energy dispersive spectroscopy
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Fig. 5 Metallic-type APC structures. (a) APC structures were constructed through Ag ion migration and electrochemical processes.®° (b) SEM image and
Ag ion migration process of the Pt/nanogap (1 nm)/Ag,S/Ag heterostructure.’® (c) APC structures and quantum conductance effects in the Cu/SiO./W
device based on Cu ion migration.®? (d) The fabrication of the APC structures through an electrochemically assisted mechanically controllable break

junction (EC-MCBJ) method.®?

(EDS), and other analysis methods. For example, Xue et al.
employed high-resolution TEM (HRTEM) to analyze partially
and fully formed oxygen vacancy conductive filaments.®® Their
study demonstrated that 32 discrete quantum conductance
states could be repeatedly tuned by controlling the 0>~ ion
migration. The dissolution process of atom-sized oxygen
vacancy filaments within the Pt/HfO,/ITO structure was also
observed using voltage pulses (Fig. 6b). Furthermore, Peng et al.
selected HfO, as the solid electrolyte and constructed a TiN/Ti/
HfO,/TiN valence-change device,*® which was analyzed under a
HRTEM, as shown in Fig. 6¢c. The appearance of half-integer
multiples of G, instead of only integer multiples could be
attributed to several factors, including differences in chemical
potentials between the two carrier reservoirs along the fila-
ment, reconfiguration of atomic contacts, and the potential
impact of weak magnetism due to oxygen vacancies. With
carefully controlled conditions, a stepwise decrease in conduc-
tance from 9 to 0.5 G, in steps of 0.5 G, could be successfully
achieved using pulse-mode reset procedures. These experi-
mental results underscore the importance of monitoring the

This journal is © The Royal Society of Chemistry 2025

measured bias voltage to evaluate the quality of the device
preparation and measurements employed in the study of con-
ductance quantization, which will facilitate future advance-
ments in device design and fabrication.

Both metallic and vacancy-type APC structures have been
successfully constructed in various solid electrolytes, including
polymeric materials, metal oxides, metal sulfides, two-
dimensional (2D) graphene, and silicon dioxide materials. A
comparative analysis of these two types of APC structures shows
that their stability is significantly influenced by the ion migra-
tion activation energy. Higher migration activation energy
reduces spontaneous ion diffusion, thereby enhancing the
stability of the APC structures. Typically, the O~ ions in the
oxide medium exhibit higher migration activation energy com-
pared to Ag®, Cu®", and other active metal ions. For example,
the migration activation energy of O>~ ions in ZnO is approxi-
mately 2.4 eV, while for Ag" and Cu®" ions, it is only 0.9 eV and
1.4 eV, respectively. Thus, vacancy-type APC structures offer
better control and stability of quantum conductance states than
metallic-type APC structures. Moreover, statistical analyses
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Fig. 6 Vacancy-type APC structures. (a) APC structures were constructed through oxygen ion migration and electrochemical processes.®* (b) HRTEM
images of the partially and fully developed oxygen vacancy conductive filaments.®® (c) TEM image of the cross-sectional view of the TiN/Ti/HfO,/TiN
device. Histogram of conductance plateau values retraced from 330 reset operations.®®

show that vacancy-type APC structures tend to exhibit quantum
conductance with both integer and half-integer multiples of G,
whereas metallic-type structures are more likely to display
conductance in integer multiples of Go.>® This difference
may be attributed to the inherent conductance properties of
the two types of structures. As a result, vacancy-type APC
structures are more suitable for achieving higher-density sto-
rage. Furthermore, due to the higher migration and activation
energies of vacancies, vacancy-type APC structures typically
require a higher driving voltage to maintain better stability.
3.1.3. Low-dimensional materials. Investigating the beha-
vior of quantum conductance is significant and holds promise
for diverse applications. Unlike traditional bulk materials, low-
dimensional materials exhibit distinctive quantum effects due
to their reduced dimensions, such as the quantization of
electron wavefunctions and tunneling phenomena, which pro-
foundly influence quantum conductance.®”” Moreover, the
observation and measurement of quantum conductance in
low-dimensional materials are more accessible through experi-
mental techniques. As a result, low-dimensional materials
provide an ideal framework for studying quantum

46 | Mater. Horiz., 2025,12, 37-63

conductance, attracting considerable interest in scientific
research. Metallic nanowires constitute a novel class of one-
dimensional (1D) conductive materials that combine the out-
standing electrical conductivity of metals with the unique size-
dependent properties of nanomaterials. These nanowires hold
significant promise for applications in electronic device tech-
nologies. The above-mentioned MCBJ,*® STM,*® and TEM
approaches*’ are commonly utilized to fabricate one-
dimensional atomic chains and explore their electrical char-
acteristics. Generally, 1D metallic nanowires display strong
light scattering and trapping abilities, which enhance light
absorption.”® Carrier mobility within one-dimensional nano-
wires is predominantly confined along the axial direction,
resulting in increased carrier mobility and improved perfor-
mance in nanodevices.

Recently, Emboras et al. engineered 1D Ag atomic chains
within heterojunctions that exhibited memristive characteris-
tics, effectively integrating electrons and photons.”* By utilizing
the interplay between electrons and photons to manipulate the
APC structure, they realized ultra-sensitive photodetection at
the atomic scale, as depicted in Fig. 7a. Under the electric field,

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Quantum conductance of APC structures in (a) and (b) 1D and (c) and (d) 2D materials. (a) SEM picture of the atomic photodetector. The atomic
force microscopy image of the device before the deposition of the metals and a vertically oriented 3D waveguide tip (left). Histogram of optically induced
conductance quantization (right).”* (b) SEM image of a single nanowire device obtained by connecting an Ag nanowire to a pre-patterned electrode using
IBID deposition of Pt contacts (scale bar, 10 mm). The inset shows a low-magnification SEM image of the pre-patterned sub-millimetric probe circuit

(scale bar, 50 mm). Quantum conductance effect in the nanowire device.”

2 (c) Quantum conductance effect in the Ag/SiO,/MoS,/SiO,/TiN structure

with 2D MoS,-embedded in the device and quantum conductance of the device after applying a DC bias of 1.3 V.”® (d) Schematic of the memristors

fabricated using an h-BN dielectric and histogram of the normalized conductance.

Ag atoms undergo migration and redox reactions, leading to
the lateral diffusion of Ag ions and the formation of conductive
filaments. The elevated optical signal power may locally heat
the system, thereby amplifying the electrochemical processes
and modifying the structure of the conductive filaments, gen-
erating the APC structure. Furthermore, a histogram covers
conductance values ranging from a fraction of G, up to multi-
ples. Visible peaks appear around integer multiples of G, (1, 2,
4, and 5 G,), indicating that the fabricated Ag-a-SiO,-Pt device
operates at the atomic scale and involves the relocation of only
a few atoms. The slight deviations observed in conductance
from integer values of G, are attributed to contact resistance
effects, as well as defects and impurities at the Ag/Pt interface,
which cause electron wave scattering and energy loss.
Besides, Milano et al. investigated the morphological transforma-
tions of individual Ag nanowires with memristive properties
during breakdown as shown in Fig. 7b.”> In situ scanning trans-
mission electron microscopy (STEM) measurements were con-
ducted to observe the detailed process. Molecular dynamics
simulations revealed four distinct stages in the dynamic evolution
of conductive filaments: (I) the migration of Ag atoms along the
edges of the nanowires under the influence of an electric field; (II)
the nucleation and subsequent growth of Ag atoms; (III) the
formation of Ag conductive filaments bridging the nanowire ends;
and (IV) the lateral expansion of these Ag conductive filaments.
This comprehensive analysis provided deeper insights into the

This journal is © The Royal Society of Chemistry 2025
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mechanisms that govern and regulate ion transport in APC
structures.

Quantum conductance is generated through the formation
of atom-level conductive channels. The 1D materials provide
significant dimensional advantages in constructing the APC
structures through simple mechanical stretching. As bottom-up
building blocks, 1D structures provide key benefits such as
ultimate scalability, high spatial localization of switching
events, and a large surface-to-volume ratio, which can
be harnessed to modulate electronic and ionic transport prop-
erties. The varying Schottky barriers between nanowires and
electrodes in these devices enable self-limited currents, redu-
cing the risk of Joule heating.”® Furthermore, short-term plastic
effects can be modeled using the enhancement-inhibition rate
balance equation commonly seen in ion transport kinetics.”®

Over the last few years, 2D nanomaterials have garnered
significant attention due to their distinctive physical and
electronic properties, holding great promise for advanced elec-
tronics. Many nanodevices now incorporate solid-state or 2D
materials as dielectric layers in vertical structures, where the
active layer is sandwiched between two electrodes.”” In such
designs, the APC structures are typically formed by ion migra-
tion through the 2D material dielectric layer under the influ-
ence of an electric field. The wide variety of available 2D
materials offer extensive options for constructing APC struc-
tures. By exploring the interaction mechanisms between ions
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and these materials, advanced nano-ionic devices have been
designed and fabricated.”®’® Furthermore, the atomic-level
thickness of 2D materials and the weak van der Waals forces
between layers contribute to their exceptional potential in
electronics, providing superior downscaling capabilities, easy
stackability, and compatibility with traditional silicon-based
devices.*

In previous works, memristors have usually been fabricated
using bulk materials and constructed into a sandwich struc-
ture, where electric fields facilitate the transport of active ions
and the formation of APC structures. The quantized conduc-
tance observed in these devices arises from the minimal size of
the APC structures, leading to resistive switching phenomena.
2D materials have potential as alternative materials for sand-
wiched memristor devices because of their many merits. As
illustrated in Fig. 7c, Kitsios et al. investigated the resistive
switching behavior of a thin SiO, layer embedded with
2D MoS, in a conductive bridge random access memory
(CBRAM) configuration.”® The device demonstrated enhanced
conductance quantization, exhibiting eight distinct quantized
conductance states during direct current (DC) operation,
which increased to 10 states under pulse measurements. To
further understand the mechanism, the kinetics of Ag in
relation to the recorded variability was studied. It was observed
that the presence of MoS, thin films induces a sieving effect,
confining Ag atoms as they traverse the films, thus limiting the
conductive channel during its formation. Consequently, the
diameter of the conductive channel approaches that of a
quantum wire structure. As Ag atoms pass through multiple
layers of MosS, thin films, they exhibit a dendritic morphology,
leading to the formation of multiple conductive channels and
fluctuations in variability. This condition also affects quantum
conductance, leading to the manifestation of non-integer
values.

Quantum conductance can realize multifaceted operations,
significantly enhancing both efficiency and precision. Besides
regulating ion transport to establish APC structures within the
2D MoS,, the hexagonal boron nitride (h-BN) has an atomically
smooth surface free of dangling bonds and remarkable tensile
strength,®" showing great potential applications. These char-
acteristics make h-BN highly compatible with CMOS circuits
and flexible switching devices. Roldan et al.”* fabricated an Au/
Ti/h-BN/Ti/Au device using h-BN as a dielectric layer. The
vertical control of the APC structure was achieved through the
regulation of ion transport and redox reactions under an
electric field as presented in Fig. 7d. By employing the quantum
point contact model to analyze obtained experimental data, it
was found that the resistance of the device increased as the
number of channels decreased during the reset process. Initi-
ally, a significant decrease in current was observed in the pulse
train, but it eventually saturated, corresponding well with
quantized conductance values. The normalized conductance
(G/G,) tends to converge to half-integers or integers. This
procedure was repeated for all pulse trains, and a resultant
histogram was computed, revealing observable conductance
quantization.
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2D materials encompass a variety of semiconductors and
insulators. Unlike traditional oxides with thicknesses of just a
few nanometers, 2D materials have periodically arranged lat-
tices, allowing them to function as atomic sieves that control
ion diffusion barriers and lead to more stable APC structures.
Additionally, 2D materials can form heterojunctions with other
materials, where the interlayer coupling strength can be modu-
lated by van der Waals forces. This modulation facilitates the
construction of high-quality APC structures across different
materials. Furthermore, the diverse band gap characteristics
of 2D materials provide better control over quantum tunneling
effects, offering a pathway to generate multiple quantum con-
ductance states.

3.2. First-principles calculations of nanoionics enabled APC
structures

Since DFT cannot be applied to open systems and is not a non-
equilibrium theory, Taylor et al. established the first-principles
calculations by DFT within the framework of nonequilibrium
Green'’s function (NEGF) theory to address the above issues and
produced the quantum transport package McDCal.®* Over the
past few decades, the NEGF method has been developed to
investigate and predict the transport properties of nanoscale
materials, as well as the operation and performance of nano-
scale devices.®® The implementation of transport theory has
been combined with existing computing software for electronic
structures, e.g. Nanodcal,®” TranSIESTA,** SMEAGOL/Gollum,*
GPAW,®® Atomistic NanoTransport,®” ASE,*® ATK.*® The electric
current can be evaluated using the Landauer-Buttiker for-
mula:*’
2e [*2
=5 aereie) - )

M

Here, f; and f, denote the Fermi distributions in the left and
right contacts, respectively

SE—p) = ﬁ
1+e kT
where kg represents the Boltzmann constant, T represents the
temperature, u; and yu, represent the chemical potentials of the
left and right electrodes, respectively. The transmission func-
tion T(E) represents the probability weight for a particle to be
transmitted when it approaches the APC structure with energy
close to E

T(E) = Tr{I'(E)G'(E)I'r(E)G*(E)]

where G" and G* are the retarded and advanced Green’s func-
tions with I'y and I'y as the coupling functions of left and right
electrode self-energies, respectively.

At present, the calculated conductance and I-V curves of the
APC structure can be obtained by examining the transport
properties from the transmission spectra at the zero or con-
tinuous bias voltage based on the first-principles electron
transport simulation, DFT+NEGF method.’® For example, the
APC structure of metal ions in Ag/PEO/Pt devices exhibited
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reproducible quantized conductance ~1 G, in I-V measure-
ments. A symmetric three-atom chain with different numbers
of Ag atoms in the channel region was constructed to explain
the experimental observations. The calculated conductance of
single-atom (two-atom) point contact was ~1 (2) G, and
dropped quickly to <1 G, when extending the tunneling gap
(Fig. 8a).°" Besides, ordered vacancy filaments of atomic thick-
ness can form a transmissive channel between two metal
contacts, which can also exhibit quantized conductance.’® By
removing the adjacent oxygen atoms in HfO,, a metallic oxygen
vacancy (V,) filament penetrates the entire oxide film
(Fig. 8b),” and the calculated conductance values are 1.02
and 1.13 G,, consistent with the experimental distribution of
the conductance of the intermediate states, which has a peak at
1 G,.>* When an oxygen atom moves into the filament, the
conductance decreases exponentially. With the oxygen at the
fourth oxide layer, the conductance becomes two orders of
magnitude smaller than the open V, filament. Along with one
oxygen atom moving from position 5 to the center (position 8),
two one-dimensional potential wells of V,, filament in 15 HfO,
layers become identical, and the conductance increases quickly
from 107> to 0.31 G, for the resonant transport. The resonant
tunneling of the discontinuous vacancy filament could signifi-
cantly alter the magnitude of quantum conductance, which
provides an idea for the use of single atom control to realize
resistance change based on the conductive mechanism of
oxygen vacancies.

Beyond the APC structures derived from manual construc-
tion or experiments, molecular dynamics (MD), based on New-
ton’s laws of motion, can provide complex structures that
change continuously over time. Subsequently, the quantum
transport simulations can investigate the correlation between
observed integer multiples of the fundamental quantum con-
ductance and distinctive dynamic trajectories of filament
atomic reconfiguration. By EchemDID MD,’® the external vol-
tage effect is considered by changing the electronegativities of
the atoms in the bottom and top electrodes. To simulate the
rewriting process of Ag nanowires (Fig. 8c), typical atomic
configurations extracted during filament evolution obtained
from MD results are used to calculate the transmission coeffi-
cient T, where T = G/G,.”* The calculated conductance is close
to 0 G, before the conductive filaments are connected (struc-
tures 1 and 2). As the conductive filament thickens, the con-
ductance gradually increases from 1 to 4 G, (structures 3-6).
The quantized conductance, referring to electrochemical pro-
cesses and ionic dynamics, has been reproduced by quantum
transport simulation, which would deepen the understanding
of the relationships between the geometric shapes of nanofila-
ments and quantum conductance in APC structures.

The changes in quantum conductance in the filament
formed by the injection of active metals into the dielectric
material can also be modelled by first-principles methods. In
the monolayer MoS,, the adsorption of metal ions in the point
defects of the 2D layer can explain the resistance switching
mechanism from the HRS to the LRS.”” As shown in Fig. 8d, a
MoS,-based bilayer metal-insulator-metal (MIM) device was
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built, where grain boundaries existed in the middle of the MoS,
layers.”® At 0 V, the device remained in the HRS with slight
changes. As the voltage increases, the surface Au atoms dissolve
due to the difference in charge. At a certain voltage, the atoms
in the electrodes start to move through the grain boundary. As
the voltage increases, more Au ions move into the grain
boundary, forming a conductive filament. The device switches
to the LRS when the Au ions connect the two electrodes.
Furthermore, a model of two layers of MoS, and four Au layers
on both sides was also built for electron transport calculations,
which showed that the conductivity increases with the number
of Au atoms, from ~2.8 to ~4.1 x 10~* S (about 4-5 G,).
Adding less than 5 Au atoms to the grain increases the
conductance slightly because the Au atoms have not created a
conductive path. As the number of Au atoms increases from 5
to 24, the conductive filaments form and thicken, causing the
conductance to change. When the number is increased to 30,
the conductance saturates as the filaments become sufficiently
thick. The calculation demonstrates how the conductance
evolves during the formation of conductive filaments.

4. Modulation of the quantum
conductance in APC structures

The intricate atomic-level structure of atomic point contact
(APC) structures, composed of a minimal number of atoms,
makes them highly sensitive to applied physical fields that
influence their quantum conductance states. Previous studies
have shown that electric and magnetic fields can alter electron
energy levels and tunneling probabilities.”® In addition, the
stress field can modulate the atomic spacing and lattice struc-
tures, thereby optimizing the electron transport pathways.”
Temperature gradients can induce thermoelectric effects and
thermoelectric conversion, further influencing conductance
behavior.'®® Therefore, the dynamic regulation of quantum
conductance through these multi-physical field approaches will
enhance the functionality and flexibility of devices, paving the
way for the development of high-performance, low-power quan-
tum information devices.

4.1. Quantum conductance modulation under non-electric
fields

Multiple external physical fields have been used to modulate
the quantum conductance effects. Recently, Zhang et al'?
reported an atomic-scale metallic contact structure by precisely
stretching an Au wire. They employed a commercial light-
emitting diode (LED) lamp as the light source to adjust the
quantum conductance of the constructed APC structure
(Fig. 9a). The conductance increased from 107> to 80 G, with
a delay of 1-2 s upon light stimulation. Conversely, the con-
ductance decreased to below 1 G, after the light was turned off.
As depicted in Fig. 9a, the localized plasmon resonances of the
nanogaps resulted in significant light absorption in the visible
and near-infrared region, involving quantum tunneling
effects.’"'%> The absorbed light was converted into thermal
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Fig. 8 First-principles simulation of quantum conductance. (a) Atomic configuration of a three-atom chain with single-atom (two-atom) point contact

and tunneling gap.®* (b) Optimized atomic structure of a Pt/9-layer HfO,/Pt

device and evolution of the device conductance as an oxygen atom blocks

the V, filament at different atomic layers.®® (c) Quantum conductance effects in a current sweep-induced nanowire rewiring, and evolution of the
transmission coefficients and atomic structures during the rewiring process computed by DFT simulations.”® (d) MD simulation of Ag migrating in

multilayer MoS,, plot of zero-bias transmission spectra calculated for device
the grain boundary regions of MoS,, and the change in electrical conducta

energy, causing the nanoelectrodes to expand and reconnect.
When the system achieved thermal equilibrium, the conduc-
tance reached its maximum value. As the light intensity dimin-
ished, the metal wire stretched due to electrode shrinkage,
resulting in the separation of the electrodes once more after the
light was fully extinguished.

The thermal expansion effect induced by light fields in
metal nanowires allows for the reconstruction of the APC
structures, enabling precise control over changes in conduc-
tance states. Since electrons act as carriers for both heat and
electric current, electrical and thermal conductance in
metals are interconnected at the macroscopic scale.'®® Explor-
ing thermal transport in atomic-dimensional junctions is
essential for grasping the quantum phenomena of energy
transmission.'°®'%” Kéymen et al.'® explored the relationship
between quantum conductance properties and temperature for
Cr/Au/TiO,/TiO,/Cr/Au memristive devices as presented in
Fig. 9b. Nonlinear behavior in the current-voltage (I-V) char-
acteristics could be observed due to the insulating nature of
TiO, and the presence of inversely polarized Schottky barriers
at the metal-insulator interfaces as the ambient temperature
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configurations, the structure of 30 Au (Au30) atoms placed randomly inside
nce with the number of Au atoms in MoS, grains.®®

decreases from 290 to 18 K in the pristine device. Their
analysis confirmed that resistance increases with decreasing
temperature, both in the pristine state and in resistance
states approaching the quantum conduction regime. In addi-
tion to temperature, external magnetic fields also affect
the quantized conductance values in the APC structures. Stron-
tium titanate (SrTiO;), a perovskite oxide known for its electro-
static tunability, superconductivity, and spin-orbit coupling,
shows promise for the development of quantum device. How-
ever, exploring quantum effects in SrTiO; nanostructures is
challenging because of inherent disorder. Mikheev et al
reported high-mobility, gate-tunable devices based on
SrTiO; with a thin hafnium oxide (HfO,) barrier layer, as shown
in Fig. 9c. These devices demonstrated ballistic constrictions
and precise quantization of conductance in the normal state.**
The presence of a magnetic field caused a sequence of sub-
band degeneracies due to electron mass anisotropy. The ana-
lysis of the first conductance step in line traces of G
revealed that the twofold degeneracy of this step persisted up
to a magnetic field of approximately 7 T. Beyond this, the
twofold degeneracy was broken, and the magnitude of the first

This journal is © The Royal Society of Chemistry 2025
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few conductance steps became half of G, at higher magnetic
fields.

Understanding the role of strain in modulating conductance
is crucial for analyzing the effects of various mechanisms on
conductance. Previous studies have demonstrated that strain
can significantly impact ballistic conductance. For example,
Hossain et al.'°® revealed that in a graphene-based device,
applying uniaxial compression to the graphene sheet within a
lead-graphene-lead configuration maintains its unstrained
ballistic conductance properties for electrons with energies
exceeding the system’s Fermi energy threshold. In contrast,
for all other strain conditions, regardless of the electron energy,
graphene’s ballistic conductance will either increase or
decrease depending on the specific type of strain.

For Au nanometer-sized contacts, the
decreases in a stepwise manner during the thinning process,
with each conductance level corresponding to approximately
integer multiples of G,.'%° Kizuka explored the fluctuation in

conductance

This journal is © The Royal Society of Chemistry 2025

atomic configuration during the formation of Au APC structure
through the integration of in situ HRTEM with conductance
and force measurements (Fig. 9d).”° Notably, the APC structure
comprising five atoms exhibited a stable conductance state of
1 G,, despite fluctuations ranging between 0.1 and 1.5 G,.
However, a reduction in conductance below 0.1 G, was
observed as the number of atoms exceeded five. These findings
provide compelling experimental evidence for the atomically
localized structures in APC systems and reveal a direct correla-
tion between these structures and their mechanical and elec-
trical properties.

4.2. Quantum conductance modulation under the electric
field

The electric field plays a pivotal role in the modulation of the
APC structures. Particularly, the quantum conductance effects
induced by nanoionics are strongly influenced by the under-
lying ionic electrochemical and dynamic processes under the
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electric field. It has been shown that the shape of the atomic-
sized contact and the growth direction are determined by the
interplay between the electrochemical reaction rate and ion
mobility within the solid electrolyte.*® These factors can be
effectively controlled through various parameters such as driv-
ing forces (e.g., current or voltage sweeps), compliance current
(Zcc), stop voltage, and sweep ramp rates. Consequently, these
controls allow for precise modulation of the corresponding
quantum conductance levels.

The influence of driving forces on quantum conductance
effects, such as current and voltage sweep stimulation, has
been widely explored. Kdymen et al. applied slow current and
voltage inputs in the Cr/Au/TiO,/TiO,/Cr/Au devices during the
formation and annihilation processes of the APC structure,
respectively.'® They applied slow current and voltage inputs
and simultaneously monitored the current-voltage trends,
observing quantum conductance steps induced by these elec-
trical inputs. Additionally, a detailed statistical analysis of
the quantum conductance effects was conducted for both
methods. Current sweep stimulation caused step-like changes
in the measured voltage, corresponding to the formation
of APC structures and resulting in discrete steps in device
conductance. More readily and frequently distinct integer
conductance levels could be achieved, which is mainly
related to the current-enhanced stability effects involving
the interplay between surface tension and quantum pressure
forces on the APC structure. This phenomenon has also been
reported in other traditional MIM heterojunctions based on
thin films with Ag electrodes and in single metallic nano-
wires such as Ag.''* During voltage sweep stimulation, both
distinct integer and half-integer conductance levels were
detected, achieving a wider range of quantized conductance
states.

Experimental results indicate that quantum conductance
levels can be accurately modulated by appropriately tuning
the programming parameters. For example, a higher I.. of
400 pA was used to obtain 2.5 G,, while lower conductance
levels of 1 G, can be achieved by reducing the I . to 100 pA.”
Zhu et al. reported a similar approach for quantum conduc-
tance regulation, achieving a monotonic increase in conduc-
tance states.''? They first achieved a quantum conductance
state of 2.5 G, with an I.. of 100 pA, which then increased to 4.0
G, with an I, of 250 pA, followed by 4.5, 6.5, and 8.5 G, with
further enhanced I, values. This is because the higher I.. tends
to generate a strong and thick APC structure, which allows
more sub-bands for electron ballistic transport. Notably, simi-
lar quantum conductance levels can be realized with different
I.. values across various devices or even with the same struc-
ture. Besides, a similar behavior was also observed in the
annihilation process of the APC structure by controlling the
stop voltages. For instance, the initial conductance of the
device was first switched to 20 G, and then several distinct
quantum conductance levels of 2, 1.5, 1, and 0.5 G, can be
obtained as the stop voltage increases.

4.2.1. Stability. The quantum conductance effect produced
by the APC structures offers a promising direction for the
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miniaturization of information devices. Achieving a stable
quantum conductance state is important for advancing its
practical application. As illustrated in Fig. 10a, the stability
of quantum conductance states was estimated in a
memristor device employing a Mott insulator-vanadium diox-
ide (VO,) configuration with a first-order structural transition.
The APC structure was built in an Au/VO,/NSTO (Nb-doped
SIrTiO;) device prepared by Zhao et al.,'** with the VO, crystals
serving as the functional layer oriented along the [120]
direction. Due to the grain boundaries within VO,, oxygen
vacancies are confined to narrow grain boundaries owing
to significant migration barriers during the migration
process. These grain boundaries typically exhibit a size of
approximately 1 nm, closely approaching the atomic scale.
Meanwhile, it was observed that varying the reset scan voltages
leads to the attainment of different conductance states. The
jump values of the quantum conductance are concentrated at
both integer and half-integer positions of G,. To assess the
retention of quantum conductance states at room temperature,
experiments were conducted on states ranging from 0.5 to 5 G,
with all resistive states remaining stable for up to 2 x 10*
seconds.

4.2.2. Endurance. Endurance refers to the ability of devices
to withstand long-term and repeated usage under normal
conditions and assesses the reliability and stability of the
device over a certain period of time. By optimizing the materials
selection and device structure design, as well as the suitable
electric field modulation, the endurance of the devices can be
greatly improved. Switch uniformity is a critical metric for
determining the practical viability of a device. The operational
failure in threshold-switching devices often arises from the
overgrowth of a conductive filament, several atoms thick,
caused by excessive diffusion of active metal ions within the
switching layer.’®® Hence, it is essential to develop methods to
control conductance quantization near the APC structure to
effectively modulate the performance of threshold-switching
devices. The h-BN is emerging as a promising candidate for
resistive switching devices owing to its exceptional properties,
including intrinsic insulation and a wide indirect bandgap of
about 6 eV.'"* Nikam et al. reported a single-atom APC switch
using atomically thin h-BN. As shown in Fig. 10b, the device
structure consists of a single layer of h-BN (about 0.33 nm
thick) sandwiched between two electrodes, forming a single
APC structure."* The spontaneous fracture of the single-atom
filament within this structure can yield remarkable threshold-
switching characteristics. As a result, the device has the
potential to function as a quantum conductance atomic thresh-
old switch. Moreover, a programmed voltage pulse, character-
ized by an amplitude of 1 V and a width of 1 ps, was employed
to assess the durability of the device during repeated write and
wipe operations. The device exhibited a high endurance (> 10’
cycles) with no apparent degradation. The cumulative prob-
ability distribution of the cycle period and device-device
threshold voltage suggests the presence of a stable single-
atom APC switch within the atomically thin h-BN, as depicted
in Fig. 10b (right).

This journal is © The Royal Society of Chemistry 2025
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4.2.3.
cing property in quantum conductance devices, as it allows
for more precise regulation. If the polymorphic characteristics
associated with quantum conductance effects can be reliably
modulated, it would mark a significant advancement in achiev-

Controllability. Polymorphism represents an enti-

ing controlled manipulation at the atomic level. In this context,
Xue et al. fabricated an energy-driven Pt/HfO,/ITO structure
involving single-atom horizontal oxygen manipulation during
reduction.®® Fig. 10c shows a conductance histogram obtained
from 778 reset operations conducted across 15 devices. The
results revealed that the conductance ranges from 0.5 to 16 G,
with a concentration observed at integer multiples of 0.5 G,.
This distribution led to the identification of 32 quantized
conductance states. A linear relationship between the electrical
pulse energy and conductance state indicated a direct correla-
tion between energy input and conductance modulation. This
suggests that the continuous quantized conductance modula-
tion was due to the precise energy input applied within the
HfO, insulating layer, driving oxygen migration and electro-
chemical processes during the reset operation. The observed 32
quantized conductance states in this work confirm the signifi-
cant potential of resistive change devices in realizing poly-
morphism. However, achieving tunable polymorphism
remains a challenge, and further exploration is needed to

This journal is © The Royal Society of Chemistry 2025

develop novel strategies and advance the understanding in
this field.

5. Applications

To date, the APC structures have been constructed using a
variety of materials and configurations, showing significant
potential for the design and manufacture of information
devices. These unique structures enable controllable electron
transport at the nanometer scale and facilitate the creation of
highly integrated and miniaturized electronic devices. More-
over, the APC structures allow for the control of single electrons
and precise quantum states, enhancing the operating accuracy
and stability of devices. By reducing resistance and energy loss
through quantum tunneling, APC structures improve energy
efficiency and reduce power consumption. The quantum con-
ductance generated by electrons passing through the APC
structures also offers numerous advantages in the information
field. It enables charge transport at discrete energy levels,
reducing scattering effects and increasing conductivity effi-
ciency. The discrete energy level characteristics of quantum
conductance minimize energy loss. Related devices based on
quantum conductance also exhibit fast response, which boosts
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the speed of information processing. Quantum conductance
transmission accommodates thermal noise and other forms of
electronic noise, improving signal clarity and reliability. These
properties enable efficient information processing that sur-
passes the capabilities of classical computing. These advan-
tages suggest that quantum conductance provides broad
application prospects for future high-performance, low-power
information devices. The applications of quantum conductance
in the APC structures in different fields are described in
detail below.

5.1. Memory

The multilevel quantum conductance generated in APC struc-
tures can be utilized for multilevel data storage and the con-
struction of logic circuit elements, offering advantages such as
high density, low power consumption, and fast response speed.
This is significant for achieving high-density information sto-
rage and logic operations. Leveraging quantum conductance
enables the design of novel storage devices and computing
modes, which creates great development space for information
technology. Krishnan et al.''® incorporated the Ag salt into a
polyethylene oxide (PEO) film to create a solid polymer electro-
lyte (SPE). This SPE was then placed between electroactive Ag
and Pt electrodes to form a MIM structure, as depicted in

View Article Online
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Fig. 11a. The resulting device exhibited favorable resistance
transition characteristics, earning the moniker ‘gapless-type
atomic switch’. The resistance of the nanogap between the
two electrodes fluctuates as wires are formed and broken.
When subjected to an electric field, Ag atoms within the Ag/
PEO/Pt devices undergo redox reactions and migrate within the
polymer. This migration exhibits a highly controllable and
reproducible quantized conductance behavior, confirming the
well-controlled formation of the internal APC structure. The
statistical histogram of conductance states reveals a distribu-
tion ranging from 1 to 10 G, under voltage scanning, with
prominent peaks observed at both integer and half-integer
multiples. Specifically, the conductance states of >2 G, exhib-
ited a certain retention time; the retention time became longer
for higher conductance values and is likely to increase expo-
nentially with increasing conductance values. The maximum
retention time of ~1.9 x 10° s was achieved for ~9 G,. These
numerous conductance states indicate promising prospects for
the application of quantum conductance in polymer-based
atomic switches for multilevel data storage.

In addition, Zhu et al'*? documented the conductance
quantization observed in various oxide-based devices, includ-
ing Nb/ZnO/Pt and ITO/ZnO/ITO systems. They demonstrated
the ability to effectively modulate conductance quantization
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behaviors in these systems. The current jumps were initially
observed during the set process of Nb/ZnO/Pt sandwich struc-
tures, corresponding to abrupt changes in conductance. Fol-
lowing each change, a stable platform was detected as shown in
Fig. 11b. They suggested that this distinctive quantized con-
ductance behavior is a common characteristic of RRAM devices
founded on conductive filaments. Consequently, the study of
quantized conductance behavior was extended to the ITO/ZnO/
ITO device, which exhibited unipolar RS behaviors instead of
bipolar switching observed in the Nb/ZnO/Pt device. The sta-
tistical histogram of conductance revealed that the values were
concentrated near half-integer multiples of G, similar to the
bipolar resistance switching characteristics seen in the Nb/
ZnO/Pt devices. These findings demonstrate that controllable
atomic-scale conduction channels can be constructed in simple
two-terminal devices in air and at room temperature, providing
a platform for the development of new nano-devices based on
quantum effects.

Selectors play a crucial role in mitigating leakage interfer-
ence among storage cells within cross-point arrays, requiring
high selectivity and minimal leakage currents to reduce sneak
currents and power consumption. However, conventional selec-
tors typically exhibit limited on-state currents (<10 pA), which
are inadequate for memory reset operations. Selector config-
urations like one-transistor-one-resistor (1T1R) compromise
the scaling advantages of crosspoint architectures due to the
large feature size of the transistor. In contrast, the one-selector-
one-resistor (1S1R) configuration is better suited for x-point
integration but suffers from high leakage current issues. Hua
et al.''” addressed these challenges by developing Ag nanodots/
HfO,-based selectors, where they directly observed significant
jumps in quantized conductance at 4, 9, and 15 G, by employ-
ing rapidly heat-treated Ag nanodots (Fig. 11c). Through
exploiting the spontaneous rupture of delicate Ag filaments at
the APC level with decreasing applied voltage, a selector could
be achieved with a RESET current of approximately 2.3 mA, bi-
directional threshold switching, no need for electrostatic for-
mation, and exceptional selectivity exceeding 10°. It also dis-
played ultra-low leakage current below 1 pA, a remarkably steep
slope of 0.65 mV dec™ ', and robust thermal stability up to
200 °C. Furthermore, this selector demonstrated notable rejec-
tion of leakage current and exceptional SET/RESET operation
performance within a 1S1R configuration.

In another study, Song et al''® introduced a technique
involving the insertion of an engineered defective graphene
monolayer between the Ag electrode and the Al,O; electrolyte
(Fig. 11d). This method effectively restricted Ag ion migration
and controlled the size and density of Ag filaments, facilitating
contact with Ag ions solely for the formation of an APC
structure. Experimentally, they observed significant quantized
conductance jumps from 11 to 21 G,. Capitalizing on these
merits, they fabricated Ag/graphene/Al-based selectors with
exceptional selectivity and adaptability, reaching levels on the
order of 10'°. These selectors exhibited an extremely low turn-
off current of 0.1 pA and demonstrated switching slopes of
1.13 mV dec ' and 1.11 mV dec * for on and off states,
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respectively. This work proved the significance of constructing
an APC structure in the preparation of selectors with outstand-
ing performance and minimal leakage current.

5.2. Computing

Except for multilevel data storage, quantum conductance
within APC structures also holds promise for logic circuits. As
leading candidates for advanced computing applications,
memristors are being developed as key components in transi-
ent electronics. To date, the modulation of quantum conduc-
tance has been observed in memristors incorporating various
metal oxides.'™ Moreover, similar controllability has been
demonstrated in transient materials. Zhao et al.'*® presented
a self-supporting lightweight memristor constructed from
acidic polysaccharides as displayed in Fig. 12a. Due to the
ability of Mg cations to interact with ionized acid groups, acidic
polysaccharides can effectively confine ions. By utilizing these
polysaccharides as the resistance-switching layer, enhanced
precision in controlling conductive pathways can be achieved.
In the Mg/pectin/Mg sandwich structure, 16 continuous quan-
tum conductance states were achieved, measured in units of G,
(Fig. 12b). Remarkably, this quantum conductance switch pre-
sented an ultra-fast operational speed (2-5 ns) and low energy
consumption (0.6-16 pJ). These properties positioned it as a
promising candidate for incorporation into fast, low-power,
high-density memory designs. Furthermore, the effective con-
trol of multiple quantum conductance states within a single
device represented a significant advancement toward achieving
quantized multi-bit storage and computing functionalities.
Encoding stands as the primary mechanism of storage, facil-
itating the conversion of diverse forms of information such as
words, images, and sounds into a storable format. This enables
their recording, subsequent extraction, and utilization in sub-
sequent storage stages. Zhao et al. further labeled the 16
quantum conductance states within a single Mg/pectin/Mg
memristor as 16 distinct codes, with each code corresponding
to a four-bit binary number. By employing two memristor units,
they successfully encoded the sequence “NENU”, thereby con-
serving storage space (Fig. 12c).

Terabe et al."> demonstrated that all requirements for a logic
circuit, switching speeds exceeding gigahertz and operational
voltages below 1 V, can be met through the utilization of the
APC devices. They engineered a vacuum atomic switch using an
Ag,S electrode and a Pt electrode, with an electrode spacing of
1 nm. Upon applying a forward bias to the Ag,S electrode, an Ag
atomic bridge was formed between the two electrodes, inducing
the device into a high-conductive state. Conversely, when a
negative bias was applied to the Ag,S electrode, the Ag bridge
disintegrated, resetting the device to a low conductive state.
This atomic switch was then used to transition between two
conductance states, enabling the realization of AND, OR, and
NOT gates and facilitating the implementation of all funda-
mental logic operations as depicted in Fig. 12d. Moreover, the
quantum conductance of the 1 x 2 atomic switching array was
manipulated through the pulsed bias voltages, allowing for
transitions between quantum conductance states. Each
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Fig. 12 Quantum conductance for computing applications. (a) Cross-sectional SEM image of the Mg/pectin/Mg device. (b) 16 quantum conductance
states were obtained by applying current pulses of different amplitudes. (c) Logic encoding of the word “NENU" according to ASCII.12° (d) Logic gates
configured with the quantum conductance atomic switch (QCAS) made using Ag,S and Pt electrodes. (e) The conductance of each channelina 1 x 2

array of QCASs was changed independently from 0 to 3 Go.%°

channel’s conductance could be independently adjusted from 0
to 3 Gy, enabling the system to function as an adder circuit and
serve as a multilevel data memory capable of storing 16 states
using only two switches (Fig. 12e).

The synapse serves as the functional connection point
between neurons, playing a key role in information transmis-
sion. When a presynaptic action potential reaches the synaptic
terminal, the voltage-gated calcium (Ca®) channels are
activated, promoting the influx of Ca** ions through the pre-
synaptic membrane.'®! This triggers changes in synaptic con-
ductivity, resulting in the modulation of excitatory or inhibitory
postsynaptic currents (EPSC/IPSC), a key mechanism in the
propagation of information within the human neural network.

56 | Mater. Horiz., 2025,12, 37-63

Inspired by this biological process, developing synaptic devices
that mimic these functions is essential for advancing artificial
neural networks (ANNs), offering a promising alternative to
conventional computing architectures.'®* Ion-migration mem-
ristors, a common class of synaptic devices, predominantly rely
on external electrical stimuli to induce the migration of metal
ions or oxygen (or halogen) vacancies, leading to the formation
of conductive filaments and atomic point contact (APC)
structures.'?® Reverse electrical pulses can drive the migration
of these ions or vacancies in the opposite direction, disrupting
the filament and modulating changes in electrical conductivity,
closely mimicking the behavior of biological synapses. In their
work, Ohno et al."** proposed an Ag,S inorganic synapse device
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that exhibited a transient increase in conductance followed by a
spontaneous decay to below 1 G, when subjected to input
stimuli at a lower repetition rate. Conversely, sustained con-
ductance enhancement beyond 1 G, is achieved with frequent
input repetition. These findings suggest that individual inor-
ganic synapse elements could serve as innovative functional
components for neural systems that are capable of operating
independently of software and pre-programming, unlike cur-
rent artificial neural network systems. Meanwhile, they con-
structed a psychological model related to memory and
forgetting processes, noting that the decay of conductance in
the short-term memory (STM) mode mirrored the ‘forgetting
curve’.

Compared to memristors based on metal oxides and chalco-
genides, organic polymer-based electrochemical metallization
(ECM) systems offer a promising avenue for precise control of
conductive filaments at the atomic scale, enabling multilevel
quantum conductance behavior under ambient conditions.'*®
Krishnan et al. reported an essential ion-conducting insulating
layer using a polyvinyl imidazole (PVI) polymer for an Ag-PVI
ECM-based memristor (Fig. 13a-c).®° The device exhibited stable
resistive switching and highly controllable transitions from single
to multi-level quantum conductance states with increasing stop
voltage. The conductance stability exhibited an exponential
increase, with a maximum retention time of approximately
50 minutes achieved for ~10 G, at room temperature. Moreover,
the fabricated memristors successfully emulated diverse
synaptic functions, including learning and forgetting behaviors.
Simultaneous current-voltage and cyclic voltammetry studies
revealed that the confined atomic redox process occurred within
the narrowest region of the conducting channel in the Ag-PVI
memristor. This study underscores the importance of quantum
conductance in advancing the understanding and implementa-
tion of artificial synapses.

A neuromorphic computing system emulates the neurons
and synapses found in the human brain.'®” It is adept at
handling complex and unstructured information, enabling
learning and memory processes through parallel chemical
interactions. Recently, Lee et al."®® introduced a Pt/Al,05/TaN
device as a candidate for the neuromorphic device. During
retention tests, the reset process consistently revealed a gradual
decrease in current, supporting the existence of diverse multi-
level states. The phenomenon of conductance quantization was
further validated. The phenomenon of conductance quantiza-
tion was confirmed, with the histogram plot showing a pro-
nounced clustering around multiples or half-multiples of G,
across various conductance steps. Meanwhile, the values dis-
played discernible distinctions between 0.5 and 3 G,. To
enhance the resolution and distinguishability of quantized
values, it may be imperative to reduce the size of the conduct-
ing filament through techniques such as scaling down the
device dimensions. The neuromorphic computing system was
further developed using multi-level cells in Pt/Al,0;/TaN
devices, where pulse measurements demonstrated continuous
modulation of conductance through five cycles of potentiation
and depression pulses. The I-V characteristic analysis during
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the set process showed an abrupt potentiation, while the
depression phase followed a more gradual profile. By adjusting
the pulse voltage amplitude, more gradual and symmetric
conductance-change characteristics were achieved. Addition-
ally, simulation results of MNIST pattern recognition utilizing
this conductance data were presented, confirming that the
conductance quantization phenomenon, observed during the
reset process and pulse measurements, facilitated a more
efficient learning process.

Jeon et al.'*® proposed a unique Ta,Os/HfO, double-layer
structure, which effectively controls Ag ion diffusion due to the
different oxidation ratios between the layers, as shown in
Fig. 13d-f. The presence of distinct oxygen vacancy layers
allowed precise control over the conductive filament, generat-
ing multi-level volatile switching and demonstrating the quan-
tum conductance effect controlled by Ag atoms. During pulse
measurements, the current levels decayed discretely, reflecting
dynamics of the device’s conductance over time. With repeated
stimulation, the quantum conductance decreased from four to
three steps, eventually transitioning to behavior consistent with
classical physics. This shift highlights the device’s ability to
transition from short-term to long-term plasticity, a key feature
of synaptic behavior. The double-layer device achieved an
operating voltage of 0.2 V, an on/off ratio of 10°, and a power
consumption of 2 mW, outperforming previously reported
devices that utilized metal-based oxides. These results high-
light the significance of controlling Ag migration at the bilayer
interface to enhance the synaptic properties and overall perfor-
mance of neuromorphic devices.

5.3. Encryption

Nowadays, the advancement of the Internet of Things (IoT)
necessitates the development of cost-effective, compact, light-
weight, and dependable true random number generator
(TRNG) circuits for encrypting data generated by objects or
humans before transmission. State-of-the-art TRNG circuits
typically utilize an entropy source to produce sequences of
unpredictable binary numbers, exploiting phenomena such as
the thermal noise of resistors, the jitter of ring oscillators, and
the metastability of flip-flops (as shown in Fig. 14a).>* However,
these circuits often suffer from high power consumption and
limited scalability and are frequently confined to the simula-
tion stage. Quantum conductance is driven by quantum
mechanical effects, such as electron wave behavior and tunnel-
ing, which introduce uncertainty at the microscopic scale. This
makes it possible to generate high-quality random number
sequences by measuring conductance. Therefore, random
number generators can harness the physical mechanisms of
quantum conductance to provide a reliable source of random-
ness for information security and computing. Meanwhile, due
to the polymorphic nature of the quantum conductance effect,
it could be an efficient entropy source for TRNG circuits
because they can produce random variations of different mag-
nitudes during operation while consuming little energy.
Nanoionic memristors with tunable conductance, capable of
achieving multiple levels through the application of electrical
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Fig. 13 Quantum conductance for neuromorphic computing applications. (a) Schematic of the biological synapse illustrating the synaptic behavior
between the pre-synaptic and post-synaptic neurons (left panel). Schematic of the Ag/Ag-PVI/Au device (right panel). (b) The transition from STM to LTM

transition. (c) Schematic representation of memorizing the numerical letters “1” (STM) and “2" (LTM

).69 (d) Schematic representation of the Ta,Os/HfO,

double-layer structure before and after Ag migration. The metal filament was formed by the 0.16 V/1 ms pulse but metal ions diffused after the pulse. (e)
and (f) The transition from STM to LTM through the rehearsal with the repetitive training pulse of a pair 1.5 V/0.01 s. The right panel shows the initial state

of the device and after the 7th and 8th training, respectively.*?®

stress sequences, represent a promising alternative.’***** Song
et al.">* developed a TiO,/Al,0; memristor that utilizes random
telegraph noise (RTN) as an entropy source. In this oxide-based
memristor, charge transport is primarily controlled by trap-
assisted tunneling at oxygen vacancies. The RTN signals are
predominantly influenced by the current contribution of a
single-dominant oxygen vacancy, resulting in two-level RTN
signals. These RTN-induced current fluctuations are more
observable at the low-conductance state (LCS), where device
conduction is limited by the tunneling gap, corresponding to a

58 | Mater. Horiz., 2025,12, 37-63

quantized conductance value of about 2.5 G,. In contrast, at the
high-conductance state (HCS), RTN signals are less pronounced
due to the current flowing through a conductive filament in the
switching layer, resulting in a lower conductance of 0.4 G,.
Experimental results demonstrate that among the 60000 bits
generated by the TRNG circuit, the percentages of 0 and 1 are
49.97% and 50.03%, respectively, indicating unbiased random
bit generation. Furthermore, the TRNG remains functional in
the digital mode even with multilevel RTN signals, as long as a
dominant trap significantly influences device conduction

This journal is © The Royal Society of Chemistry 2025
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compared to other traps. The generated random number
dataset passed all 16 NIST tests, confirming its robustness
and compliance with established randomness standards.

In addition, the 2D multi-layer h-BN was employed as an
insulating layer to fabricate an Ag/h-BN/Ag memristor film by
Pazos et al.,"** which exhibited exceptional RTN current sig-
nals. This h-BN-based memristor demonstrated low-power
operation (approximately 650 nW) and retained highly stable
RTN current signals for extended durations (exceeding 1 hour),
marking one of the longest durations reported to date. Given
their inherent time-domain randomness, the RTN signals
generated by Ag/h-BN/Ag memristors hold promise for utiliza-
tion in TRNG circuits, facilitating advanced data encryption
and the generation of one-time authentication factors.

This journal is © The Royal Society of Chemistry 2025

Moreover, interfacing h-BN memristors with a commercial
microcontroller led to the creation of a highly reliable and
low-power standalone hardware solution for TRNG generation.
This system exhibited robustness not only against temporary
interruptions of the RTN signal but also against fluctuations in
the characteristics of the entropy source.

5.4. Others

When the size of a conductor approaches the atomic scale,
electrons undergo ballistic transport without scattering from
each other, leading to the manifestation of quantum conduc-
tance effects. As the conductance quantum (G, = 2¢€°/h) is
determined solely by the fundamental constants of nature, it
serves as a resistance standard, thus contributing to the
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revision of the International System of Units (SI) in 2019 (as
shown in Fig. 14b)."*° Unlike standard resistors, which are
typically derived from the quantum Hall effect, those based on
the quantum conductance effect can operate at room tempera-
ture, in ambient air, and without requiring a magnetic field,
making them suitable for chip integration. Jordi Sufié et al.**
constructed a device consisting of Al,03/HfO,/Al,03/HfO,/Al,03
nanolaminate insulators and Al as the top and bottom electro-
des, respectively. This design uses the irreversibility of break-
down filaments, enhancing stability and facilitating statistical
analysis of quantum conductance phenomena. The commercial
resistors could achieve accuracies of up to 0.01%, while the
uncertainty associated with the quantum Hall resistor standard
was approximately 10~°. Despite these impressive standards,
the sample-to-sample variation of around 15% when using
quantum conductance was too large for this application.
Although current results did not meet the required accuracy,
optimizing insulator design and electrical stressing techniques
could improve control over filament shape, potentially redu-
cing sample-to-sample variations to levels suitable for resistive
standard applications. These advancements are essential for
integrating fundamental units on-chip and realizing self-
calibrating systems with zero-chain traceability. Meanwhile,
Delfanazari et al. achieved the first experimental observation
of conductance quantization in a hybrid InGaAs-Nb APC
structure.”*®> Repeatable quantized conductance was observed
at zero magnetic fields across multiple quantum nanodevices
fabricated on a single chip. These intrinsic properties make
them invaluable for quantum metrology, particularly for estab-
lishing extremely precise and stable voltage standards.

The inherent limitation of CMOS scaling can be addressed
by using optical manipulation of atomic rearrangements within
metal quantum dot contacts. This approach facilitates the
development of optically controlled electronic switches by
creating a platform that integrates electronics and photonics
at the atomic scale (as shown in Fig. 14c). Recently, a pyramid-
like 3D plasmonic tip composed of Ag-a-SiO,-Pt was fabricated
by Emboras et al.”' By applying a bias voltage to the metal tip,
they induced the formation of an atomic-scale filament that
created a short circuit between the two metals. Subsequently,
directing light onto a small area of the plasmonic tip caused
reversible atomic movements between adjacent positions
under illumination. These atomic rearrangements corre-
sponded to transitions between different electronic quantum
states. Despite its small size, the device exhibited impressive
characteristics, including a notable resistive extinction ratio of
70 dB, a low shutdown current in the range of tens of picoamps,
and reliable operation over weeks at room temperature. It
delivered a characteristic hysteresis loop typical of a memristor
driven by light rather than electricity, maintaining reliable
performance over millions of operational cycles. Therefore,
integrating the atomic point contact (APC) structure with
electronics and photonics is promising for the development
of innovative optoelectronic platforms, with potential applica-
tions such as digital photodetectors that bypass the need for
decision-making circuits or analog-to-digital converters.
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View Article Online

Materials Horizons

6. Summary and outlook

The development of reconfigurable atomic precision control
(APC) structures through nanoionics technology offers a pro-
mising avenue for achieving atomic-level precision alongside
quantum conductance effects. Several excellent review articles
have thoroughly examined the advancements in these devices.
Recent research underscores the growing interest in exploring
one-dimensional (1D) and two-dimensional (2D) materials
beyond the conventional oxide materials typically used for
APC structure development. Additionally, studies on the influ-
ence of various external fields—including electric, optical,
magnetic fields and mechanical stresses—on quantum effects
within APC structures reveal their significant impact on quan-
tum conductance. This review paper explores these aspects,
aiming to deepen our understanding of the complex relation-
ship between quantum conductance phenomena, materials’
properties, and external fields, thereby contributing valuable
insights into these rapidly evolving areas of research.

So far, the resistance-switching devices (known as the mem-
ristors) have been considered promising for constructing APC
structures and achieving quantum conductance. These devices
generate conductive filament channels at the atomic level
through ion migration within the dielectric layer, offering an
efficient method for precise quantum conductance regulation.
Over the past few decades, significant progress has been made
in both the theoretical understanding and experimental obser-
vation of quantum conductance in APC structures within
memristors. Memristors embedded with APC are valued for
their ability to retain historical electrical signal information,
ultra-low power consumption, ultra-fast response speeds, and
precisely adjustable multi-level quantum conductance states.
They are considered highly suitable for applications such as
high-density storage, memory logic circuits, synaptic simula-
tion, photon detection, and neuromorphic computing. They
offer a promising strategy for managing the massive data
growth of the information age.

However, the practical application of quantum conductance
effects in APC structures still faces several challenges. The
origin of stepwise variations in quantum conductance requires
additional investigation to clarify the relationship between this
phenomenon and discrete atomic structures. Moreover,
improving the controllability and stability of quantum conduc-
tance states involves understanding the interaction between
medium materials and migrating ions to achieve rational
coupling of APC components and storage media. To precisely
control and adjust quantum conductance levels, further
exploration of the relationships between migrating ions, med-
ium materials, operating parameters, and device functionalities
is needed, which will guide future optimization of memristor
performance. Additionally, it is crucial to pay close attention to
other physical properties associated with quantum conduc-
tance states, including thermoelectricity, photovoltaics, super-
conductivity, and magnetoresistance effects. To enhance the
reliability of device operation, it is imperative to develop
advanced methods aimed at improving material quality and

This journal is © The Royal Society of Chemistry 2025
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addressing defect characteristics in design. Besides, refining
processing technology to achieve high crystallinity and uniform
thickness of materials will help minimize sample variations.
Future challenges include wafer-level device manufacturing,
high-density integration, and multifunctional interconnection.
Addressing these challenges will be crucial for the practical
application of quantum conductance technology. Given its
numerous characteristics and advantages, quantum conduc-
tance holds great promise for the information field, and
ongoing exploration is expected to lead to rapid development
and a wide range of applications in the near future.
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