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Abstract
With distinctive phase-change and switching properties, chalcogenide materials have emerged
as critical components in various cutting-edge technologies. This review attempts to provide an
overview of chalcogenide materials, from their fundamental properties to their diverse
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applications with focus on memory and sensing technologies, which are indispensable
components in human-like electronic artificial sensory systems. After reviewing the synthesis
and application of chalcogenide materials with respect to dimensionality, we focus on the key
advances in (1) memory devices, including phase-change memory (PCM), ovonic threshold
switching (OTS) selectors, and selector-only memory (SOM), and (2) sensing devices,
including optical sensors, gas sensors, and neuromorphic sensors. Emphasis will be given on
how chalcogenide materials can be integrated into next-generation systems, such as wearable
platforms, artificial intelligence, and neuromorphic/quantum computing systems, to meet the
growing demands for high-performance memory and multi-functional sensing. We also provide
an overview of emerging research trends as well as a comprehensive perspective on the current
status of research on chalcogenides. Finally, we attempt to provide insights into how
chalcogenides can continue to drive technological breakthroughs in both memory and sensing
applications while shaping the future landscape of intelligent systems, smart sensing platforms,

and sustainable technology development.

Keywords: functional chalcogenides, materials synthesis, device integration,
artificial sensory system, phase-change memory, sensing modalities

1. Introduction

1.1. Overview of chalcogenide materials

Chalcogenide materials are known for their intrinsic ver-
satility and functionality, making them attractive across a
wide range of applications. Compared to oxide- or carbon-
based materials, chalcogenides offer distinct advantages, such
as lower phonon energies, higher polarizability, and super-
ior optical nonlinearities, which are critical for applications
in infrared photonics, memory, and sensing. Unlike oxides,
which often require high processing temperatures and exhibit
wide bandgaps, many chalcogenides are processable at low
temperatures and provide tunable bandgaps spanning from the
visible to the infrared. In contrast to carbon-based materials
that may suffer from stability or integration issues, chalcogen-
ides offer well-established compatibility with existing semi-
conductor processes. Moreover, reversible phase transitions,
multi-level resistance states, and high sensitivity to external
stimuli of chalcogenide materials enable multi-functionality
in a single material platform, making chalcogenides particu-
larly appealing for emerging applications in memory, sensing,
and neuromorphic computing.

Chalcogenide materials are compounds formed by at least
one chalcogen element—sulfur, selenium, or tellurium—
combined with electropositive elements, such as metals!'].
These materials are known for their diverse and remark-
able physical and chemical properties, including tunable
electrical/optical properties!?!, high refractive indices!*!, and
low phonon energies!*!. Furthermore, chalcogenides exhibit
unique atomic structure and bonding characteristics, allowing
for significant flexibility in manipulating their electrical and
optical behavior.

Among a wide range of chalcogenide materials,
germanium-antimony-tellurium (GST) alloys, a widely stud-
ied class of phase-change materials, have received much
attention owing to their ability to switch between discrete
states of electrical resistancel®!. This switching behavior

renders them ideal for non-volatile devices like phase-change
memory (PCM)!®. On the other hand, chalcogenide glasses
(ChGs) exhibit high transparency in the infrared region,
and therefore have found use predominantly in the field of
infrared optics and sensing components for applications in
thermal imaging!”!, environmental monitoring!®!, and infrared
spectroscopy!®!, where low loss and high transmission are
cruciall 1!,

Apart from electronic/optical applications, chalcogen-
ides are also considered as appealing candidates for
thermoelectrics!''! and nanophotonics!'?! as they exhibit
tunable bandgaps which can be adjusted based on their
composition!?!. By adjusting their composition, the elec-
tronic properties of chalcogenides can be optimized to achieve
efficient charge transport while minimizing heat conduc-
tion, which is essential for high-performance thermoelec-
tric devices!’!. Moreover, their tunable bandgaps allow for
improved absorption and/or bandwidth of the solar spectrum,
which leads to maximization of photon-to-electron conver-
sion, and ultimately the efficiency of solar cells!!.

The inherent atomic flexibility and diverse structural modi-
fication options of chalcogenide materials enable significant
advancements in applications such as quantum computing,
artificial intelligence, and advanced sensor systems!'>~151,

1.2. Chalcogenides for next-generation memory and sensing
systems

The modern era of electronics is characterized by a relent-
less pursuit of higher performance, miniaturization, and
lower power consumption. Traditional memory technolo-
gies, such as dynamic random-access memory (DRAM) and
flash memory, are now facing fundamental scaling limita-
tions, creating issues associated with data retention, reliab-
ility, and power dissipation!>!. Chalcogenide materials, with
their unique phase-change behavior, offer a promising solu-
tion to these challenges. Their ability to transition between
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Figure 1. An overview of human-like electronic artificial sensory system based on chalcogenide materials. Parts of elements in this figure
were generated using OpenAl’s generative Al tool (DALL-E) based on author-provided descriptions.

amorphous and crystalline phases with corresponding changes
in electrical resistance makes them an appealing class of
materials for emerging non-volatile memory devices, namely,
PCMP!. Compared to DRAM and flash memory, PCM offers
non-volatility, fast switching speed, and high endurance,
which makes it a strong candidate for addressing key limita-
tions of conventional memory technologies, such as the volat-
ility of DRAM and slow write/erase speeds of flash memory.
In addition, PCM supports multi-level data storage, all of
which are essential for mimicking the rapid, high-throughput
information processing of sensory systems. These capabilities
enable the development of next-generation electronic sensory
platforms that can efficiently capture, store, and interpret large
volumes of complex data in real-time.

The integration of memory and sensing devices into arti-
ficial sensory systems is also an essential technology for the
development of platforms designed to mimic human per-
ception and cognition. In these systems, memory devices
are vital not just in the sense of storing information, but
also for enabling adaptive learning and response to stimuli—
analogous to how human brains rely on memories for the
interpretation and response to sensory input. As stated earlier,
chalcogenide-based memory technologies, such as PCM,
provide the speed, efficiency, and multi-level storage needed
to enable these human-like capabilities, where real-time pro-
cessing of sensory data is critical. On the sensing side, chalco-
genides are becoming increasingly important for creating arti-
ficial sensory organs mimicking those of the mankind, such
as neuromorphic sensors, which aim to replicate the way the
human nervous system processes sensory information. Among
various traits, their sensitivity to environmental stimuli, such
as temperature, light, and chemical exposure, makes them

ideal for developing sensing elements (e.g., optical, gas, chem-
ical, vibration, tactile, etc.). These sensors can be engineered
to serve as artificial sensory organs (e.g., eye, nose, tongue,
ear, skin, etc.), which can relay information to brain-inspired
computing systems (Figure 1). For instance, chalcogenides
in optical sensors can detect subtle changes in light, making
them key components in vision-like systems. In gas sensing,
they respond to changes in the chemical environment, allowing
for real-time environmental monitoring, much like a human’s
sense of smell. Along with the artificial sensory systems, the
ability to seamlessly integrate memory and sensing functions
is also crucial in the development of autonomous systems
and the Internet of Things (IoT). To this end, chalcogenide
materials offer the unique ability to merge both functionalit-
ies in a single platform, providing a pathway to create multi-
functional, adaptive, and energy-efficient sensory systems that
mimic the human sensory experience!'*). This is an essential
feature for creating autonomous robots, wearable health mon-
itors, and smart devices that can perceive, process, and react
to their environment in a manner akin to human cognition and
sensory processing! 16181,

In this review, we will attempt to provide a compre-
hensive and focused discussion of chalcogenide materi-
als and devices, highlighting their roles in device integra-
tion to achieve intelligent system solutions. Unlike previous
reviews that have primarily focused on structure and syn-
thesis techniques!'?!%2°1 or specific applications such as neur-
omorphic computing!'421:221_ this review sets itself apart by
exploring how chalcogenide materials are integrated into func-
tional devices, particularly for memory and sensing techno-
logies, tracing the progression from their fundamental struc-
ture/dimensionality to diverse fields of applications.
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We start by familiarizing the readers with the fundament-
als of chalcogenides, such as structure, fabrication, and gen-
eral applications. We then move onto introducing their applic-
ations in memory and sensing. On the memory front, we con-
centrate on advancements in PCM, ovonic threshold switch-
ing (OTS) selectors, and selector-only memory (SOM), high-
lighting how these technologies leverage the unique proper-
ties of chalcogenides. For sensing applications, we emphasize
optical sensors, gas sensors, and neuromorphic sensors, illus-
trating their potential in artificial sensory systems. Based on
these technologies, we aim to underscore the underexplored
opportunities for chalcogenides in enabling human-like elec-
tronic artificial sensory systems. Moving forward, we attempt
to provide insights into how chalcogenides can continue to
drive technological breakthroughs in both memory and sens-
ing applications, as well as contribute to the future landscape
of intelligent systems, smart sensing platforms, and sustain-
able technology development.

2. Materials: chalcogenides

The development of functional chalcogenide materials has
evolved through several key milestones, as summarized in
Figure 2. The foundational discovery of reversible elec-
trical switching in glassy chalcogenides was first reported
in 1968231, followed by the introduction of OTS concept in
19701241, In 1987, the high-speed phase change behavior of
Ge-Sb-Te alloys was reported'®], enabling breakthroughs in
phase-change data storage. The exploration of 2D transition
metal dichalcogenides (TMDs) in 2005 marked a transition
toward device miniaturization and device scaling!?®!. In 2007,
compositional design principles were established to system-
atically tune phase-change behavior!?’!. By 2012, GST-based
devices were shown to emulate synaptic plasticity, demon-
strating their applicability in neuromorphic computing!?®!.
In 2019, OTS devices were proposed for use as standalone
memory elements, expanding their utility beyond conven-
tional selector roles!?®]. The implementation of atomic layer
deposition (ALD) in 2020 enabled scalable fabrication of
OTS devices with improved uniformity and control*%!. In
2022, Ge-doped Se opto-memristors were introduced, offer-
ing advanced neuromorphic functionalities, such as learning
and inhibition3!. Most recently, in 2023, NbTe, was identi-
fied as a phase-change material for the first time, which exhib-
ited fast crystallization and high thermal stability, expanding
the library of 2D chalcogenide materials for the development
of PCMI?2], Together, these developments reflect a dynamic
progress in chalcogenide research, highlighting their expand-
ing potential in emerging memory and sensing technologies.

2.1. Basics of chalcogenide materials

Chalcogenide materials are composed of compounds that
include at least one chalcogen element. While oxygen
is technically a chalcogen, compounds that contain only

oxygen as the anion are typically classified as oxides
rather than chalcogenides!'!). Hence, we will focus our dis-
cussions on sulfides, selenides, and tellurides throughout
the review. As stated earlier, chalcogenide materials have
garnered significant attention from researchers across vari-
ous fields owing to their unique optical and electronic
properties, which include, but not limited to, memory™,
sensing!1>-331 optoelectronics!**], photonics!*!, infrared/non-
linear optics!*°~3%1, and thermoelectrics!*"].

Chalcogenides can be classified into binary, ternary, and
quaternary (or higher-order) compounds, depending on their
elemental composition. They can be further classified into sub-
groups, such as ChGs, which are typically amorphous, and
crystalline metal dichalcogenides, which feature crystalline
2D layered structure, often involving transition metals (e.g.,
molybdenum, tungsten, etc.), hence given the name transition
metal dichalcogenides (TMDs). As a result of variations in
the classification criteria, an overlap can exist between these
categories.

The crystal structure of chalcogenides varies widely
depending on the composition, and therefore, is a key factor
determining their intrinsic properties (Figure 3). For example,
an archetypal phase-change material Ge,Sb,Tes (GST-225)
exhibits low electrical/thermal conductivity and low optical
reflectivity in its amorphous state. Upon heating, the material
undergoes reversible phase transitions to face-centered cubic
(fce) (Figure 3(b)), trigonal (t1) (Figure 3(c)), and hexagonal
close packed (hcp) (Figure 3(d)) phases, with correspond-
ing increases in electrical/thermal conductivity and optical
reflectivity. This behavior makes GST-225 an ideal material
for applications in switching devices such as PCM. Another
important example is layered TMDs, such as MoS, and WS,.
Unlike the bulk TMDs exhibiting an indirect bandgap, mono-
layer TMDs transition into direct bandgap systems. Such
modification in the bandgap results from quantum confine-
ment and the absence of interlayer coupling in monolayers,
which makes TMDs highly promising for applications in semi-
conductor devices and optoelectronics. The chalcogenide fam-
ily also exhibits a huge structural diversity, including fcc for
crystallized GST-225 (Figure 3(b)), tetragonal for CulnSe,
(Figure 3(h)), hexagonal for layered MoS,/WS, (Figures 3(i)
and (j)), orthorhombic for SnSe (Figure 3(k)), and monoclinic
for GaTe (Figure 3(1)). Their unique crystal symmetries sup-
port discrete electronic, optical, and thermal behaviors, mak-
ing them highly adaptable across diverse technological fields,
and therefore highlight the broad versatility, which allows for
chalcogenides to be tailored for various applications, from
memory devices and sensing technologies to energy storage
and catalysis.

2.2. Composition of chalcogenide materials

Binary chalcogenides represent the simplest form, consist-
ing of only one chalcogen element combined with another
element, typically a metal. A well-known example is ZnSe,
an infrared-transparent material, which is commonly used
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Figure 2. Historical timeline of key milestones in the development of functional chalcogenide materials. Image of a 5 x 5 OTS isolated
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permission from'!, Copyright (Year) American Chemical Society. V-I curve of an OTS device (2019). ALD made OTS device (2020).
Reprinted (adapted) with permission from[*”). Copyright (2020) American Chemical Society. Sketch of synaptic plasticity and reinforcement

learning emulation (2022). Reproduced from™!1. CC BY 4.0. Comparison of crystallization and melting temperature of various 2D materials
(2023). Reproduced from!*?!. CC BY 4.0.
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Figure 3. Crystal structure of chalcogenide materials. (a) Reversible phase-change process of GST-225. GST-225 exhibiting.[*!! John Wiley
& Sons.© 2024 Wiley-VCH GmbH. (b) face centered cubic. Reproduced from'*>). CC BY 4.0. (c) trigonal. Reprinted from'**!, with the
permission of AIP Publishing. And (d) hexagonal structures. Reproduced from'*?!. CC BY 4.0. (e) Phase change process in a memory device.
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in various chalcogenide based materials. Reprinted (adapted) with permission from!?. Copyright (2020) American Chemical Society. (h)
Tetragonal structure of CulnSe,. Reproduced from!*!. The Author(s). CC BY 4.0. Hexagonal structures of (i) MoS, with top and side view.
Reproduced from!*3!. CC BY 4.0. And (j) WS, with top view. Reproduced from!*¢!. CC BY 4.0. (k) Orthorhombic structure of SnSe. Reprinted
figure with permission from*’}, Copyright (2017) by the American Physical Society. (I) Monoclinic structure of GaTe. Reprinted figure with
permission from{*®¥!, Copyright (2015) by the American Physical Society.

in optical devices!*!. On the other hand, metalloid chal-
cogenides, such as As,S;, are generally integrated into
nonlinear optics. Third-harmonic generation measurement
of As,S3; shows a third-order optical susceptibility x® of
5.6 x 1071 m?.V~2 at the fundamental-light wavelength of
2.1 um, which is more than 300 times higher than that of a
silica glass[50]. Notably, binary TMDs (e.g., MoS,, WS, etc.),
traditionally known as lubricants, have found new applications
in optoelectronics, catalysis, and spintronics, among others,
when present in 2D layered structures!>!/.

Ternary chalcogenides incorporate two different metals
(or a metal and a metalloid) combined with a chalcogen.
CulnS, is an example of ternary chalcogenide compounds,
which offers promising solutions for thin-film optoelectron-
ics (e.g., photodetectors, solar cells) across various struc-
tural configurations!>?!. Another widely studied ternary chal-
cogenide is GST, which is almost exclusively used in PCM
devices based on its phase transition characteristics. Utilizing
the changes in infrared emissivity upon phase transition, GST
has also shown promise for applications in adaptive radiative
cooling, demonstrating its versatility!>3!.

Quaternary and higher-order chalcogenides consist of
three or more elements combined with a chalcogen!>*>31,

For instance, copper zinc tin sulfide (CZTS) is a com-
monly used quaternary chalcogenide compound, which is
widely used as a charge transport material in thin film solar
cells!>®. More complex multi-chalcogen compounds, such as
zinc sulfide-selenide, have also been explored for applica-
tions in optoelectronic devices, laser diodes, and hard coat-
ings designed to operate in the infrared spectral region'>’!.
Nevertheless, these devices fall outside the scope of this
review, and therefore, the readers are directed to the relevant
literature for further details on this topic!?:33-38:31,

2.3. Dimensionality of chalcogenide materials

The versatility of chalcogenide materials emerges not only
from their composition but also their ability to adopt vari-
ous structural dimensionalities ranging from 0D to 3D, which
influences their optical, electronic, and mechanical properties.
Consequently, the dimensionalities of chalcogenide materials
can be tailored to meet the specific requirements depending on
the nature of intended applications'®-®'l. However, synthes-
izing chalcogenide materials with a particular dimensionality
involves specialized synthesis methods, each with its own set
of benefits and challenges (Figure 4).
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Society. (g) Mechanochemistry method. Adapted from!®®! with permission from the Royal Society of Chemistry. (h) Atomic layer deposition.
Adapted from!®®), with permission from Springer Nature. (i) Magnetron sputtering. Reproduced from'®’!. CC BY 4.0. (j) Chemical vapor
deposition. Adapted from{®®!, with permission from Springer Nature. (k) Template-based method. Reproduced from!®!. CC BY 4.0. (As the
synthesis methods for different dimensionalities often overlap, they are not presented in one-to-one correspondence.).
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0D chalcogenide materials (i.e., quantum dots, nano-
particles) are confined in all three spatial dimensions, giving
rise to quantum confinement effects. Their size-tunable optical
and electronic properties make them highly suitable for use in
optoelectronic devices!”! as well as fluorescent markers!’!],
while their large surface-to-volume ratio allows for applica-
tion in sensing devices!’?). One common synthesis method
for 0D chalcogenides is hydrothermal/solvothermal process,
where precursors are dissolved in water or an organic solvent
and then heated in a sealed autoclave. This method allows
for control of particle size and morphology while operating
at relatively low temperatures. However, the requirement for
high-pressure equipment limits the scalability of this method.
MoS; quantum dots, widely studied for their optoelectronic
properties, are often synthesized using this technique!’3-741,
The hot-injection method is another approach, where a pre-
cursor solution is rapidly injected into a hot solvent con-
taining another precursor. This method provides precise con-
trol over nanoparticle size and composition, making it ideal
for the production of quantum dots. Nevertheless, its applic-
ation in industrial production has been largely limited as
it produces rather small quantities of the material. CdSe
quantum dots, widely used in displays and optoelectronics,
are often synthesized using this technique!’3!. Researchers
have also explored the possibility of synthesizing crystalline
chalcogenides under ambient conditions (e.g., the reaction of
bis(cyclopentadienyl) tungsten dihydride with sulfur at room
temperature and ambient pressure)’>!. With WS, nanodots
being an exemplary material for energy applications, this tech-
nique offers lower energy consumption and avoids the need for
high-temperature processes!’>!. However, poor material uni-
formity and crystallinity are seen as major drawbacks asso-
ciated with this method. Mechanochemistry, which involves
grinding or milling precursors together, can also produce 0D
chalcogenide materials in an energy-efficient and solvent-free
manner. However, this method often falls short in providing
control over particle size and morphology, in addition to the
possibility of introducing impurities associated with the grind-
ing process!’®!.

1D chalcogenide materials such as nanowires, nanotubes,
and nanorods are characterized by their high surface-area-
to-volume ratio, making them ideal candidates for sensing
devices!7?]. These structures can also accommodate facilitated
charge transport, making them useful in optoelectronics!’”-781,
Similar to OD chalcogenide materials, hydrothermal/solvo-
thermal process is commonly used for 1D materials, which
offers delicate control over length and morphology. However,
maintaining high pressure and temperature required for syn-
thesis poses practical challenges, particularly for large-scale
production, as discussed previously. SnS, nanowires for
applications in optoelectronic devices (e.g., photoelectrodes,
solar cells, and photodetectors) are often produced using this
method. Mechanochemistry can also be employed to produce
1D materials, such as MoS, nanorods. However, as with its
use in 0D materials, mechanochemistry for 1D chalcogen-
ides offers limited control over morphology and can result in

contamination from grinding media, which can influence the
purity of the final material!7®].

2D chalcogenide materials, such as MoS, and WS,, are
particularly attractive for applications in field-effect transist-
ors (FETs)!7?), gas sensors!’?), catalysts!’®), and photoelec-
trodes as they possess high surface area as well as unique
surface chemistry!®!, Chemical vapor deposition (CVD) is a
widely used technique for the synthesis of 2D materials, which
involves high temperature chemical reaction and/or decom-
position of precursors on the substrate!®!!. While this method
offers excellent thickness uniformity and scalability, various
issues remain for commercialization: (1) the cost prohibitive
precursors associated with the difficulties in their develop-
ment, and (2) imperfections in stoichiometry for complex sys-
tems owing to incorporation of impurities from the gas phase
reactions!®?]. To this end, atomic layer deposition (ALD), a
deposition technique based on the sequential introduction of
metal-organic precursors to achieve self-limiting gas-phase
surface chemical reactions, can be helpful. In strict terms,
ALD is considered as a subgroup of CVD, although ALD
mainly utilizes surface chemistry instead of precursor decom-
position. A complete cycle of self-limiting surface reactions
results in the growth of a single atomic layer, and thus atomic-
scale thickness control can be achieved under ideal condi-
tions. Moreover, ALD offers excellent conformality even on
the most complex geometries, which makes it particularly
appealing for synthesizing 2D materials. Thus far, materi-
als such as MoS;, WS,, SnS,, etc. have been deposited by
ALD!%1_ Recently, atomic layer etching (ALE), a reverse pro-
cess of ALD, has attracted much attention as a highly con-
trolled, layer-by-layer etching method to synthesize 2D chal-
cogenides, such as WSe}®3!. Mechanical exfoliation is a simple
yet effective method for producing high-quality monolayers,
primarily for laboratory-scale research, which involves peel-
ing thin layers from bulk crystals using adhesive tape. On
the other hand, liquid-phase exfoliation involves dispersing
bulk chalcogenides in a solvent, which is then exfoliated into
2D layers by sonication or other mechanical forces!®*]. More
recently, electrochemical exfoliation based on the intercala-
tion of ions into the layers of bulk chalcogenides to weaken the
interlayer forces to generate 2D layers has become popular in
producing high-quality solution processible 2D TMDs!3%-831,
Finally, molecular beam epitaxy (MBE) is another technique
which allows for precise epitaxial growth of 2D materials.
However, it is not a scalable approach when it comes to indus-
trial production, making it suitable primarily for academic and
small-scale experiments 0!,

3D chalcogenide materials encompass porous structures,
nanophotonic structures, and inverse opal structures, all of
which have important applications in energy storage!®¢!,
photonics!®7), catalysis!®®!, and sensing devices!®®. The high
surface area is advantageous in energy storage and catalysis,
while the ordered structure provides improved light manage-
ment in optoelectronics. Template-based methods, including
electrochemical deposition, sol-gel, and self-assembly, have
been frequently used to fabricate 3D chalcogenide materials.
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These methods offer excellent control over pore size and archi-
tecture, making them suitable for producing complex 3D struc-
tures. However, the removal of the template may introduce
defects or impurities within the material, and the scalability
of self-assembly remains a challenge.

Thin film chalcogenide materials are crucial in many
applications owing to their thicknesses, being suitable to
exploit reliable/reversible phase change as well as to manipu-
late light-matter interactions in the visible/near-infrared range.
GST thin films, for example, have been widely used in Blu-
ray discs, phase-change memory, and other optoelectronic
devices. For thin-film synthesis, physical vapor deposition
(PVD) techniques, such as magnetron sputtering and thermal
evaporation, are commonly used. PVD offers good control
over film thickness and uniformity, and despite its reliance
on high-vacuum systems with significant maintenance costs,
it remains the preferred deposition method for GST thin films.
CVD, on the other hand, provides better control over film com-
position and conformality, though it comes with higher pre-
cursor and equipment maintenance costs. MoS; thin films,
used in flexible electronics, are commonly produced using
CVD. Finally, ALD offers atomic-level control over film
thickness, which is also critical for producing ultra-thin con-
formal layers required in complex structured memory devices.
However, one of the main limitations of the ALD process
is its slow deposition rates and high operational costs. SnS;
films, used in advanced memory architectures, are often syn-
thesized using this method!'”!. MBE can also be used to fab-
ricate thin films, providing precise control over thickness as
well as composition. However, owing to the high equipment
costs and low throughput, this method is better suited for
fundamental research rather than industrial-scale production.
Nanophotonic MoS; structures, which are used in optoelec-
tronic devices, are often synthesized using MBE!®®l. As thin
films are predominantly used for memory and sensing applic-
ations, these are best aligned with the focus of this review.
Therefore, we will attempt to provide a more detailed insight
into the devices technologically relevant to human-like artifi-
cial sensory systems.

It is important to emphasize that the choice of syn-
thesis method has a direct impact on the resulting mater-
ial properties, and consequently, device performance!*°!.
In thin films, for instance, ALD offers precise thick-
ness and conformality, critical for ensuring uniform and
stable switching behavior in memory devices!?’!. CVD,
on the other hand, enables the synthesis of large-area
films with high crystallinity, making it well-suited for
applications in transistors and photodetectors®'!. In con-
trast, solution-based or mechanochemical methods offer
low-cost processing routes, but may lead to higher defect
densities, potentially compromising electrical conductivity,
optical uniformity, or thermal stability!®?). Therefore, align-
ing the synthesis strategy with the specific functional require-
ments of the intended device is essential for optimizing
performance!®3!.

2.4. Applications of chalcogenide materials

Phase-change chalcogenide materials, particularly GST-based
alloys, exhibit reversible transitions between amorphous and
crystalline states, enabling their use in non-volatile memory
devices. In phase-change random-access memory (PCRAM),
electrical switching of GST allows for high-speed, low-
power, and multi-level data storage!*'!, with alternatives like
scandium-doped antimony tellurides expanding performance
characteristics™®). OTS devices, typically using ChGs based
on selenides and tellurides, transition from high to low res-
istance at threshold voltage, making them essential as select-
ors in resistive memory crossbar arrays!>?-*1. Chalcogenide
materials can also exhibit dual functionalities, integrating
phase-change, electrical switching, and sensing properties.
For example, doped GST can serve both as memory and
OTS device, enabling the creation of dual-functional selector-
only memory.[**! Materials like AgInSeTe (memory and
light sensitivity)!®*), GaSe (bandgap tunability and nonlin-
ear optics)°!, and SnSe;., Sy (high thermoelectric efficiency
and semiconducting properties)'!!! demonstrate the versatil-
ity of chalcogenides for multifunctional applications in neur-
omorphic, photonic, and energy-harvesting devices.

Beyond their roles in data storage and memory, chalcogen-
ide materials exhibit remarkable versatility, enabling their use
across a wide range of device platforms. In Figure 5, represent-
ative applications of chalcogenides are illustrated with more
comprehensive details provided in Table 1. In optoelectron-
ics, chalcogenides are integral to the development of devices
for optical communication, holographic 3D imaging, and next-
generation wearable electronics due to their unique interaction
with light. Their high sensitivity to environmental changes also
makes them ideal candidates for gas and light sensors, as well
as chemical detection, enabling real-time monitoring and ana-
lysis in industrial and environmental settings. In the energy
sector, chalcogenides contribute to the advancement of solid-
state batteries, solar cells, and thermoelectric devices, where
their ability to efficiently convert energy forms is crucial for
improving device performance. Additionally, their piezoelec-
tric properties open avenues for applications in energy harvest-
ing and mechanical sensing. Chalcogenides are also increas-
ingly investigated for catalysis, particularly in processes such
as water splitting and environmental remediation, where their
catalytic properties can be fine-tuned for specific reactions.
In the medical and biotechnology fields, these materials are
being explored for biodegradable electronics and nanomedi-
cine, offering new possibilities for therapeutic delivery and
diagnostics. Moreover, chalcogenides are attracting signific-
ant attention in emerging areas like quantum information sci-
ence, where their unique electronic and optical characterist-
ics are being leveraged for developing quantum devices and
systems. This broad range of applications, beyond traditional
memory and sensing roles, underscores the exceptional adapt-
ability of chalcogenides and their potential to drive innovation
across multiple disciplines, ensuring their continued relevance
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Figure 5. Representative applications of functional chalcogenide materials. (a) Schematic of OTS selector devices.'**! John Wiley & Sons.©
2023 Wiley-VCH GmbH. (b) Principle of phase-change memory. Adapted from'™®! with permission from the Royal Society of Chemistry.
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(d) Schematic view of a MoS, photodetector illuminated by a monochromatic laser beam. Reprinted (adapted) with permission from

[97]

Copyright (2023) American Chemical Society. (¢) Schematic of the TMD catalytic platform. Reproduced with permission from!*®!. Copyright
© 2021 The Authors. Published by American Chemical Society. This publication is licensed under CC BY-NC-ND 4.0. (f) NO, gas sensor
based on few-layered InSe. Reprinted (adapted) with permission from!®!. Copyright (2020) American Chemical Society.

in future technological advancements. A table outlining vari-
ous applications based on previous reports utilizing chalco-
genides is provided in Table 1.

In the following section, we will provide an in-depth dis-
cussion on key applications of chalcogenides, focusing on
two major areas: (1) memory devices, including phase-change
memory (PCM), ovonic threshold switching (OTS) selectors,
and selector-only memory (SOM); and (2) sensing devices,
including optical sensors, gas sensors, and neuromorphic
Sensors.

3. Device and integration

3.1 Phase change memory (PCM)

3.1.1. Device characteristics. PCM is a non-volatile
memory technology that leverages the reversible phase change
of chalcogenide materials between amorphous (high resist-
ance) and crystalline (low resistance) states. This bistable
property allows PCM to store data as binary information.
The two primary operations in PCM are the SET and
RESET processes, corresponding to writing binary ‘1’ and
‘0, respectively!?*!. The SET operation involves heating the
chalcogenide material above its crystallization temperature
(typically around 423 K to 573 K) using a relatively long,

low-amplitude electrical pulse (50 to 200 ns), allowing the
material to crystallize into a low-resistance state. The RESET
operation is more energy-intensive, which requires melting of
the chalcogenide material with a short, high-amplitude pulse
(10 to 50 ns) and rapid quenching to revert it back to the high-
resistance amorphous state. This pulse is typically sharp and
rectangular with a short trailing edge to maximize heating effi-
ciency, reduce thermal budget, and enable rapid cooling.
While PCM offers high endurance (up to 10'?
cycles)!138:1391 " fast switching speeds, and good data reten-
tion at high temperatures, it faces challenges such as high
programming currents and power consumption, particularly
during the RESET operation. This can cause thermal disturb-
ances in adjacent cells, an issue which becomes more pro-
nounced as device dimensions continue to scale. Additionally,
the relatively slow crystallization speed can limit SET speed
and endurance. To mitigate these challenges, recent research
has concentrated on tailoring material properties and refining
device architectures to enhance switching speed, reduce power
consumption, and improve scalability. However, because
PCM relies on heat-driven phase transitions, there are inherent
limitations in improving its performance. As a result, selector-
only memory devices, which operate based on threshold
voltage shifts without involving phase transitions, have been
proposed as a potential successor to PCM. Table 2 provides
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Table 1. Composition, dimensionality, and characteristics of chalcogenide-based materials categorized into their respective applications.

Application category Subcategory Materials (e.g.) Dimensi-onality Characteristics of chalcogenide enabling applications References
Data storage Blu-ray discs GST Thin film Reversible optical phase change with distinct 100,101}
reflectivity contrast
PCRAM GST Thin film Fast, reversible electrical switching between (20.102.103]
amorphous and crystalline phases
Magneto-optical storage EuSe, EuTe Thin film Strong magneto-optical response in chalcogenide thin to4]
films
Memory and computing OTS GeSe Thin film Sharp threshold switching due to electronic excitation [30,94,105]
in disordered structure
Memristors GST Thin film Multi-level resistance states for analog information [12.106]
storage
Artificial MoS,, MoTe, 2D/Thin film Layered structure enabling gradual conductance (21,107)
synapses/neuromorphic modulation
Spintronics Fe;GeTe, 2D Intrinsic ferromagnetism in 2D layered chalcogenides [108.109]
Optoelectronics Optical AsyS3, AsySes 3D High refractive index and wide IR transparency [3.1101
communication/photonics
Phase-change displays GST, GeTe Thin film Optical property tuning via phase transition (. 1z]
Holographic and 3D GST, ITO-GST Thin film High phase modulation depth from refractive index [7.113]
imaging changes
Wearable and flexible ZnSe, MoS,;, WS, 2D/Thin film Mechanical flexibility and strain-tolerant electronic [112,114]
electronics properties
Sensing and detection 2D gas sensors InSe, MoS,, WS,, SnS» 2D Surface-sensitive electronic states for gas adsorption 199.115]
2D light sensors Sip Tes, MoS,, WS, 2D Strong light-matter interaction with tunable bandgap [116-118]
Chemical sensing AglAs;S3, CuAgAsSe 2D Compositional versatility enabling high selectivity [15.33.119]
Energy and power Solid-state Li-ion batteries Lij0GeP,S12 (LGPS) 3D High ionic conductivity in chalcogenide-based 1120.121)
superionic conductors
Solar cells Cu(In,Ga)Se,, CdTe 0D/1D/Thin film Direct bandgap and high absorption coefficient [34.74.122]
High-temperature MoS,, PbSe, SnS 3D Low thermal conductivity and high Seebeck coefficient [45,123,124]
thermoelectrics
Flexible and stretchable Cu,Se, Ag,S Thin film High ZT under strain due to phonon scattering control [125.126]
thermoelectrics
Piezoelectric devices BaZrS3, CaZrS; 0D/3D Distortion-induced dipole generation in perovskite-like (127]
structures
Cryogenic applications Ta;NiSes/GaSe, TiS» 0D/3D Layered structure with low thermal conductivity at 19.128]

cryogenic temperatures

(Continued.)
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Table 1. (Continued.)

Application category Subcategory Materials (e.g.) Dimensi-onality Characteristics of chalcogenide enabling applications References
Catalysis applications Catalysis for energy Co9Ss, WS, 0D/3D Catalytically active sites with tunable electronic [118,129,130]
conversion structure
Environmental remediation Cu,InSnS4 0D/2D/3D Visible-light-responsive photocatalytic activity [59.791
Medical and biotechnology Biodegradable applications CdSe, Se, ZnS 0D Biocompatibility and controlled degradation in (31
physiological environments
Nanomedicine CdSe, Se, ZnS 0D Size-tunable fluorescence and surface [131.132]
functionalizability
Metamaterials Metamaterials GST 3D Large, reversible refractive index modulation 15941
/plasmonics Surface plasmon resonance MoS,, WS, 2D Enhanced light-matter coupling at surface plasmon [133.134]
/nanophotonics (SPR) resonance frequencies
Photonic crystals As,Ses, As-Se-Te, Sb-Se 1D/3D Periodic dielectric structure supporting photonic 78,135]
bandgaps
Emerging technology Quantum information MoS;, WS,, ZnS 0D Strong quantum confinement and spin-orbit coupling [136.137]

science and technology
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Table 2. Key performance parameters of selected PCM devices.

Device Set latency/ns Reset Current/pA Endurance/cycles Retention/yr References

uTrench PCM (0.18 pm CMOS) 100 600 10" 300 @ 358 K [1401

AgInSbTe (AIST) PCM 0.25 N/A N/A N/A L4

CVD GST confined PCM N/A 260 10° N/A (4]

ALD GST confined PCM 80 N/A 2 x 10" N/A (1391

key performance parameters of selected PCM devices based
on previous reports.

Chalcogenide-based memory can also be utilized in optical-
based applications. Unlike electrically driven PCM, chalco-
genide optical memory leverages the material’s ability to
reversibly switch between amorphous (high resistance) and
crystalline (low resistance) states when exposed to light or
heat!!*>1441In chalcogenide-based optical memory, laser
pulses induce phase transitions that write data by switching the
material between amorphous and crystalline states. The intens-
ity and duration of the laser determine whether the material
transitions into an amorphous or crystalline state. For reading
operations, a low-power laser measures the reflectivity differ-
ence between the two states: the high reflectivity crystalline
state and the low reflectivity amorphous state. This is a non-
volatile memory technology, enabling powerless data reten-
tion. Moreover, the amorphous and crystalline states are stable
over time, making them suitable for long-term data storage.
The switch between the two states occurs within nanoseconds,
allowing for high-speed data storage applications. Based on its
scalability, fast switching speeds, and multi-level storage cap-
ability, chalcogenide-based optical memory is gaining atten-
tion for advanced technologies, such as neuromorphic and
quantum computing.

3.1.2. Device structure and integration. ~ PCM devices have
evolved from the mushroom structure to the confined struc-
ture and finally to the crossbar array to improve perform-
ance, scalability, and bit density. The mushroom structure
was known for ease of fabrication and ability to produce
high-quality thin films, both essential for reliable operation.
However, it required high current densities, which led to
electrode degradation from electromigration and significant
thermal effects. These issues became increasingly problematic
with continued device scaling, resulting in thermal crosstalk
and reduced endurance. To overcome these limitations, the
confined structure was developed, confining the phase-change
material within a narrow, insulated opening. This design
reduced the active volume, lowered power consumption, and
improved thermal isolation, effectively mitigating the issues of
the mushroom design. As the demand for higher memory dens-
ities continued to grow, the crossbar array structure emerged,
forming memory cells at the intersections of perpendicular
word lines and bit lines. This architecture significantly reduced
the area required for each cell and enabled the stacking of mul-
tiple memory layers in 3D configuration.

The mushroom structure, also known as the T-shape struc-
ture, is one of the earliest and most traditional designs for PCM
devices!'#] (Figure 6(a)). It features a chalcogenide phase-
change material layer sandwiched between a small bottom
electrode and a larger top electrode. The name ‘mushroom’
originates from the shape of the heated region in the phase-
change material, which resembles a mushroom cap in cross-
section (Figure 6(b)). The main advantage of this structure is
its ease of fabrication, allowing for the deposition of high-
quality thin films that are essential for reliable PCM oper-
ation. However, the mushroom structure requires high cur-
rent densities, which can accelerate degradation of the bottom
electrode through electromigration and/or temperature gradi-
ents, ultimately reducing device endurance. Only about 2%
of the generated heat contributes to PCM operation, while
the remaining 98% is lost as thermal dissipation. The dissip-
ation of excess heat leads to thermal crosstalk between adja-
cent cells, undermining the overall performance and reliabil-
ity of the device!'#6!. With continued scaling of PCM devices,
managing thermal effects becomes increasingly challenging as
programming induced heat more readily impacts neighboring
cells, intensifying thermal crosstalk!'4?!,

The shape of the bottom electrode in a mushroom-
structured PCM cell has a significant influence on the device’s
electrical and thermal performance, scalability, and reliab-
ility. Circular electrodes have been traditionally employed
for their ability to provide uniform current distribution and
localized heating within the chalcogenide layer. This sym-
metrical design ensures consistent phase transitions, enhan-
cing the reliability of both SET and RESET operations.
However, as memory arrays continue to scale, circular elec-
trodes may cause increased thermal crosstalk between adja-
cent cells, potentially compromising data integrity and limit-
ing the achievable packing density.

p-Trench electrodes offer improved current confinement
by channeling the electrical and thermal energy into nar-
rower regions“‘“’*mg] (Figures 6(c) and (d)). This enhanced
confinement reduces power consumption and minimizes
thermal interference with neighboring cells, making p-trench
designs better suited for high-density memory applications
(Figure 6(e)). Additionally, p-trench structures promote more
efficient heat dissipation, thereby improving the endurance
and longevity of PCM devices. To this end, Pellizzer et al.
reported that PCM cells featuring p-trench electrode struc-
tures, fabricated using a 90 nm node process, required a
reset current approximately 57% lower than that of mushroom

structured cells at the same node! 1481,
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Ring-shaped electrodes offer an alternative geometry that
further provides enhanced current confinement while main-
taining a high degree of symmetry!'47-131:152] (Figures 6(f)—
(h)). The ring shape enhances the uniformity of the electric
field around the chalcogenide material, promoting more con-
sistent phase changes and reducing variability in device-
switching behavior. This geometry also allows for a more
efficient use of space within the memory array, potentially
increasing the overall storage density.

The confined structure, also known as the vertical pillar or
pore structure, evolved from the mushroom design to improve
scalability and thermal managementl!3%:142.149.153,154] "1 this
structure, the phase-change material is confined within a nar-
row cylindrical or pore-shaped opening surrounded by an insu-
lating material such as SiO, (Figures 6(i) and (j)). This con-
fined space ensures that current flows vertically through a well-
defined volume of chalcogenide material, reducing the active
volume, lowering power consumption, and improving thermal
isolation. Simulation results comparing the performance of the

confined structure with the mushroom structure have demon-
strated that, with identical contact sizes, the confined structure
can reduce the reset current by over 50%!1491, Furthermore,
thermal interference between neighboring cells spaced 100 nm
apart is reduced by 573 K!'*?! (Figure 6(1)), highlighting
the advantage of this structure for high-density memory
applications.

ALD!"31 or CVD!#?! are commonly used for deposit-
ing chalcogenide materials in confined structures owing to
their excellent step coverage, which ensures uniform/con-
formal deposition even along the sidewalls of narrow and
deep trenches. The integration process starts with etching
deep trenches or pores into an insulating layer to create con-
fined spaces, followed by depositing a bottom electrode. The
chalcogenide material is then deposited using ALD or CVD
to achieve uniform coverage. Subsequent planarization pro-
cesses, such as chemical mechanical planarization (CMP),
may be used to create a flat surface for the deposition of a
top electrode. This process minimizes the active volume of
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the chalcogenide material, reducing power consumption and
enhancing thermal isolation. While confined structures theor-
etically offer superior performance, in practice, thin films pro-
duced by ALD or CVD tend to experience greater degrada-
tion during integration. In contrast, crossbar array structures
can leverage higher-quality thin films fabricated by PVD!!501,
providing performance advantages in actual devices.

The crossbar array structure is a commonly adopted config-
uration to achieve high-density integration in PCM devices. In
this architecture, memory cells are formed at the intersections
of perpendicular word lines and bit lines, with each intersec-
tion representing a memory cell composed of a chalcogenide
layer and a selector device, such as an OTS (Figure 6(1)). This
structure minimizes the footprint of each memory cell, allow-
ing densities comparable to those of DRAM and flash memory.
Furthermore, it supports multiple layers of memory cells in a
three-dimensional stack, as demonstrated in technologies like
3D XPoint!'>! (Figures 6(m) and (n)). The main challenge
of the crossbar array structure is suppressing sneak currents,
unintended currents flowing through unselected cells, which
can degrade read and write performance. As selector devices at
each memory cell intersection are designed to suppress sneak
currents, reducing power consumption and increasing reliabil-
ity, effective selector devices are crucial for controlling these
currents and ensuring precise access to memory cells.

3.1.3. Chalcogenide materials for PCM. Chalcogenide
materials in PCM devices have continuously evolved to
enhance performance and reliability. GST remains the stand-
ard material, but it requires high RESET power and has
lower thermal stability. To address these limitations, mater-
ials such as GeSb and GeTe were explored offering faster
switching speeds and lower power consumption. Nevertheless,
these materials suffer from reduced data retention owing to
their tendency for rapid crystallization. To further enhance
the performance of these materials, doped GST variants
such as N-doped, C-doped, and Sn-doped GST have been
developed. These modifications improve thermal stability and
reduce RESET power, enhancing data retention and device
endurance.

As discussed earlier, GST exhibits reliable phase-change
characteristics, making it suitable for both planar and 3D
device structures!>-1%! Its unique crystal structure and bond-
ing nature enable rapid crystallization and excellent scalabil-
ity for high-density applications (Figure 7(a)). Notably, GST
maintains a prearranged atomic network in its amorphous
phase, which closely resembles the crystalline phase at the
local level, requiring only minimal bond rearrangements for
crystallization, ultimately enabling rapid phase transitions! 37}
(Figure 7(a)). However, GST requires relatively high power
during the RESET process, which involves melting of the
material to re-establish the amorphous state. Additionally, its
limited thermal stability can compromise data retention, par-
ticularly under high-temperature environments.

Although Ge-Sb-Te systems beyond conventional GST
show distinct phase-transition behaviors depending on

composition, they can offer complementary properties to
GST (Figure 7(c)). GeSb alloys, such as GeSby, have sim-
pler structures with the absence of tellurium from the material
system, resulting in faster switching speeds and lower power
consumption compared to GST. However, GeSb’s fast crystal-
lization kinetics compromises data retention, as the material
crystallizes more readily at elevated temperatures! 2!, GeTe,
known for its high-speed switching and relatively lower power
consumption compared to GST!'® also features a simple
phase-change mechanism, which makes it attractive for high-
performance memory applications. However, GeTe’s rapid
crystallization tendency similarly leads to reduced data reten-
tion and phase separation issues compared to GST.

AgInSbTe (AIST), which replaces Ge with Ag and In in
Ge-Sb-Te compounds, was originally used in optical data stor-
age and later explored for PCM due to its fast switching and
high resistivity contrast between phases!'*!*'>%1 In AIST, six
Sb atoms form an octahedral arrangement with three long
bonds and three short bonds, creating a distorted structure.
Phase transition occurs utilizing a bond-interchange mechan-
ism, where short and long bonds simply swap during crys-
tallization, yielding a low energy barrier and exceptionally
fast phase transitions (Figure 7(d)). However, AIST suffers
from poor thermal stability, especially at elevated temperat-
ures, leading to potential data loss.

Extensive efforts have been devoted to doping diverse ele-
ments into Ge-Sb-Te systems to tailor their properties for PCM
applications. Dopant atoms can substitute Ge, Sb, or Te, or
occupy interstitial sites or vacancies, altering material’s struc-
tural and electrical properties! %! (Figure 7(e)). N-doped GST
improves the thermal stability and endurance by stabilizing
the amorphous phase and reducing grain growth in the crystal-
line phase, which helps maintain consistent resistance and pre-
vents resistance drift (Figure 7(f)). It also reduces the required
RESET current, making the material more energy-efficient
(Figure 7(g))!'°!1. However, nitrogen doping can retard the
overall switching speed, making it less ideal for high-speed
memory applications. Much like nitrogen doping, C-doped
GST further enhances device endurance and thermal stabil-
ity, while also reducing RESET current, thus lowering over-
all power consumption during the operation of PCM!!64,
However, achieving uniform carbon incorporation into GST
during deposition poses fabrication challenges. Sn-doped GST
stabilizes both the amorphous and crystalline phases, improv-
ing data retention and reducing resistance drift to enhance
long-term reliability!'®>]. However, similar to nitrogen doping,
Sn-doped GST may exhibit slower switching speeds compared
to undoped GST due to its enhanced phase stability.

While sputtering is well-suited for flat and large-area PCM
applications, advanced device structures, such as confined
PCM cells and high-density 3D architectures require more
conformal deposition methods, including CVD and ALD.
Common CVD precursors include GeHy, SbCl;, and TeCly.
Metal-organic CVD (MOCVD) utilizing alkyl-based chem-
istry is particularly effective as it offers fast growth rates, pre-
cise control over film composition, and excellent gap-filling
capabilities, ideal for confined PCM devices. Frequently used
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Publishing. (c) Ternary phase diagram of the Ge-Sb-Te system phase change materials. Adapted from!'*®!, with permission from Springer
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Chemical Society.

precursors include Ge(i-Bu)y, Ge(allyl)4, and Ge(NMe,),4 for
Ge sources that provide high vapor pressure, which facilit-
ates the deposition process, especially when used in conjunc-
tion with Sb precursors such as (i-Pr);Sb and (Me,N);Sb.
For Te, (i-Pr),Te is preferred owing to its relatively high
vapor pressure and ease of activation under plasma or thermal
conditions in reducing gas environment. In CVD processes,
the combinations of Ge(i-Bu)4, (i-Pr);Sb, and (i-Pr),Te have
been extensively studied for their ability to balance growth
rates and control film stoichiometry!!9%:1%1 By controlling
the cycling of each precursor, film composition can be finely
tuned. For instance, increasing the number of Ge cycles
leads to an increase in both Ge and Te content, while Sb

content remains stable. Achieving the desired GST composi-
tion requires careful control of the Te feeding time, as Te tends
to incorporate preferentially into the Ge layers over Sb layers.
Plasma-enhanced CVD (PECVD) has been developed to lower
the deposition temperatures while maintaining film quality.
Plasma activation allows for the deposition of smooth, con-
formal films at temperatures below 573 K. In PECVD, hydro-
gen gas serves as a reducing agent to help break the bonds in
metal-organic precursors and enhance step coverage.

In recent years, there has been growing interest in ALD
for GST film deposition owing to its superior step cover-
age and precise thickness control. However, developing a
compatible set of precursors remains challenging as Ge, Sb,
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and Te precursors differ in chemical reactivity. In ALD pro-
cesses, Ge(NMe, )4 and Ge(N(SiMes),)4 are commonly used
for Ge, while (Me,;N)3Sb and ((Me3Si) ,N);Sb are selected
for Sb. For Te, (i-Pr) ,Te, which can be reduced by H, plasma
at high temperatures (above 573 K), is often employed!'®’!.
However, differences in bond strengths between Ge-C, Sb-
C, and Te-C complicate optimization of deposition condi-
tions, leading to issues such as unwanted impurities (Si, C,
and N) in the films. To address these issues, several research
groups have developed ALD processes for GST films using
silyl-based Te precursors, such as (MesSi),Te, which exhibit
higher reactivity!!93-198-172 (Figure 7(i)). These precursors
enable the formation of GeTe and Sb,Te; compounds through
ligand exchange reactions at relatively low temperatures (as
low as 363 K), eliminating the need for additional redu-
cing gases (e.g., hydrogen). This results in improved film
coverage and smoothness with lower impurity concentration
(Figure 7(j)). Furthermore, researchers have demonstrated that
GST films can be grown at even lower temperatures (around
333 K) using GeCl,(dioxane), Ge(OMe)4, and Ge(OEt), for
Ge; SbCl; and Sb(OEt); for Sb; and (Me3Si),Te, (Et3Si),Te,
and (t-BuMe,Si), Te for Te. Here, ligand exchange reactions,
including Ge(OMe); + 2(Me3Si) ,Te — GeTe, + 4Me;Si-
OMe and 2 Sb(OEt); + 3(Me;Si),Te — Sb,Te; + 6Me;Si-
Ome, facilitate the formation of GeTe and Sb,Te; layers. The
deposition of GST films through these low-temperature ALD
reactions helps prevent crystallization during growth, enabling
the formation of smooth, amorphous films with low impur-
ity content. The amorphous nature of these films is crucial
for preventing grain formation, which can negatively impact
device performance by increasing surface roughness and film
instability.

3.14. Chalcogenide materials for optical memory.

Chalcogenide-based optical memory also holds promise in the
field of quantum information science. As an emerging tech-
nology, chalcogenide-based quantum optical memory lever-
ages the unique properties of chalcogenide materials with
the principles of quantum computing and quantum optics.
Chalcogenide materials such as GST-225 offer great potential
for quantum information storage and processing due to their
ability to reversibly switch between amorphous and crystalline
states. Quantum optical memory is a technology that stores
information encoded in quantum states, typically the quantum
states of light, such as photons, which enables applications in
quantum communication, quantum computing, and quantum
encryption through processes of quantum state storage and
retrieval. Moreover, chalcogenides exhibit transparency in the
infrared spectrum, making them ideal candidates for quantum
communication systems utilizing infrared photons!!'73:!741_ In
chalcogenide-based quantum optical memory, photons car-
rying quantum information can be stored within the materi-
als system. Here, the phase transitions in chalcogenides can
be controlled by optical or electrical pulses, enabling pre-
cise storage and manipulation of photon states. The ability to
interact and control single-photon states makes chalcogenides

highly suitable for quantum information processing. Notably,
foundational research on quantum information has already
explored chalcogenide materials, such as GST, underscoring
their potential in this field. Recent studies have demonstrated
the potential of chalcogenide materials as promising platforms
for quantum optical storage. For example, reversible phase
switching in GST-based nanostructures has been shown to
modulate the coherence and phase of single photons, enabling
programmable quantum photonic circuits!!7>!. Additionally,
femtosecond laser excitation has been used to induce ultra-
fast phase transitions in Ge-Sb-Te systems, allowing sub-
nanosecond optical switching suitable for quantum logic
operations!!’%!, In another example, chalcogenide photonic
crystal cavities have been utilized to trap and manipulate
infrared photons with minimal loss, showing potential for
quantum memory nodes integrated in on-chip systems!!”’!.
These findings collectively demonstrate that chalcogenides
are not only capable of storing quantum information via
phase modulation but also offer low-loss optical properties
and fast switching, which are essential for practical quantum
information processing. Therefore, continued exploration
of chalcogenide-based quantum optical memory could lead
to novel architectures for quantum networks and integrated
quantum photonic circuits.

As illustrated in Figures 8(a)—(c)!'’®!, an experimental
study was conducted on non-volatile chalcogenide phase-
change metaswitches. In this work, the authors proposed a
metaswitch platform using GST phase-change material, which
controlled optical signals at the nanoscale. Operating across
the near-infrared to mid-infrared spectrum, this platform offers
thinner and faster operation compared to conventional optical
switches. The study exploits GST’s phase transitions to tune
the optical properties of the metamaterial, significantly mod-
ulating signal transmission and reflectivity. The phase trans-
itions induced by laser pulses shift the resonant frequency of
the metamaterial, producing drastic changes in optical charac-
teristics. The results demonstrated high contrast signal control
over a broad range of wavelengths, providing applications in
nanoscale optical switching, memory, and spatial light mod-
ulation devices based on chalcogenides. Furthermore, chalco-
genide phase-change metamaterials can reversibly switch in
response to diverse stimuli (i.e., electrical, thermal, optical),
offering promising prospects for next-generation high-speed
and multi-level switching devices.

To achieve rapid data processing and encryption, the devel-
opment of high-speed, non-volatile, multi-level, rewritable
memory devices operating in the THz frequency range has
been pursued. To this end, a terahertz (THz) multi-level non-
volatile optically rewritable encryption memory based on
GST-225 was reported (Figures 8(e)—(n))!'”°. By exploiting
the phase-change behavior of GST to create multiple interme-
diate states, large areas of amorphous structures were created.
By controlling the crystalline state of GST via laser pulses, a
wide range of phase-change states were generated, enabling
the storage of multi-level information. This THz memory
device demonstrated fast operation with a response time of
4 ns, high reproducibility, and long-term stability. The device
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Figure 8. Operating principles and dynamics of chalcogenide materials for optical memory applications. (a) Schematic diagram of chalco-
genide hybrid metamaterial switches experiment. (b) Multilayer structure of chalcogenide hybrid metamaterial switches. (c) Ellipsometrically
measured visible/near-infrared index of refraction n and extinction coefficient k of the GST layer in its amorphous and crystalline states. (d)
Reflection, transmission, and absorption spectra of a near-IR resonant metamaterial prior to application of the buffer, GST, and capping
layers. (a)—(d)!'”® John Wiley & Sons. Copyright © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. Operation principle of a
GST-based optical multi-level encryption memory cell. (e) Control pulses with various powers are used to switch the GST from crystalline
to intermediate and amorphous states, as a write channel. Information is stored in the phase states of GST, which exhibit varied THz trans-
mission. (f) By applying short and high-intensity pulses, GST can be transited from crystalline to amorphous state, whereas by using long
and low-intensity pulses, GST can be switched back. Totally different bonding structures between amorphous-GST and crystalline-GST lead
to striking optical contrasts in the two states. (g) Measured time-domain THz signals through the memory cell at sixteen pump energies. A
magnified view of the signals is shown in the inset. (h) Sixteen storage levels and corresponding THz transmissions. (i) The writing speed
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tion storage of designed memory cells has been experimentally verified by using a near-field scanning terahertz microscopy system. (k) The
writing and (1) erasing results of basketball. (m) The writing and (n) erasing results of ‘“THz’. (e)—(n) Reprinted (adapted) with permission
from!'7%!. Copyright (2022) American Chemical Society. (0) Cross-sectional image of Se(5 nm)/BizSe3(7 nm)/NiO(15 nm)/MgO structure
using HR-TEM. A c-axis-oriented BizSe; 7 QL (~7 nm) grew well on NiO (001). Each layer of Bi,Ses has Van der Waals gaps, represented
as the dark image. XRD (6-20 scan) result of the Bi,Ses (001) family grown on (p) MgO and (q) NiO substrates with different crystallinity
according to substrate. The films grown on NiO have a better c-axis orientation than those grown on MgO, which can be inferred by the
clarity of the fringes. (r) lllustration of OPTP measurement with pump beam (800 nm) and probe beam (THz). (s) Schematic decay process
in the band structure of Bi,Se; (5 QL) on MgO and NiO. Atot is defined as Aexchange + Ahybrid. (t) Change in transmitted THz signal
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band, respectively). (0)—(u) ¥ John Wiley & Sons. © 2023 Wiley-VCH GmbH.
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was able to store hexadecimal code information in 16 dis-
crete levels with robust performance over multiple write-erase
cycles. Furthermore, optical printing and encryption memory
functions were implemented successfully. These findings
have contributed significantly to high-speed data storage and
encryption in THz communication and next-generation com-
puting systems, while also laying the groundwork for device
fabrication without the need for optical lithography.

Earlier efforts using chalcogenide materials faced chal-
lenges in enhancing device performance due to limitations
in device patterning. To address this issue, researchers have
developed new materials and patterning-free fabrication tech-
niques for chalcogenide thin films. To this end, Zhen Hu and
co-workers! '8! demonstrated a method for high spatial resol-
ution (~0.6 um) laser-induced oxidation of Sb,S3 to alter the
refractive index. This approach provides precise, multi-level
control of the refractive index, facilitating the fabrication of
integrated photonic devices, such as color printing patterns,
metasurfaces, and Fresnel zone plates. The resulting metas-
urfaces effectively manipulate infrared light, while Fresnel
zone plates demonstrated effective beam focusing capabilit-
ies. By utilizing the phase-change properties of Sb,S3, these
devices offer reconfigurable optical functionalities expand-
ing their applicability as active photonic components, such as
optical communication, sensing, and imaging. Moreover, the
simplified fabrication process is compatible with commercial
manufacturing technologies, representing a significant pro-
gress toward the development of chalcogenide-based photonic
structures for advanced optical systems.

In pursuit of enhanced quantum optical performance,
efforts have also been made to develop synthetic procedures
for high-quality single-crystal chalcogenide thin films. To this
end, a method employing MBE-based self-ordering technique
was reported to achieve single-crystallinity in chalcogenide-
based materials. Recently, researchers investigated the interac-
tion of Bi,Ses, a topological insulator, with antiferromagnetic
NiO (Figures 8(0)—(u))!'®"!. Topological insulators, character-
ized by insulating interiors but conductive surface states, hold
promise for quantum devices due to their spin-polarized Dirac
cones formed by strong spin-orbit coupling (SOC). The study
revealed that when Bi,Se; is grown on NiO, exchange inter-
actions induced by the antiferromagnetic layer suppress the
surface states of Bi;Ses. In thinner films, surface state hybrid-
ization is further accelerated, leading to bandgap opening and
altered topological properties. Using THz spectroscopy, Hall
measurements, and density functional theory (DFT) calcula-
tions, the researchers confirmed surface state hybridization
and its impact on electronic properties. These findings deepen
our understanding of how magnetic interactions affect topolo-
gical insulators and pave the way for new device architectures
that exploit surface state control, with potential applications
in spintronics and quantum technologies. Furthermore, the
synthetic strategies developed for these materials are applic-
able not only to chalcogenides but also to a broader class of
quantum materials.

Advances in spin-charge conversion (SCC) and THz emis-
sion have also been made using bismuth-antimony (Bi;.xSby)
alloy thin films!'82). The ability to convert spin into charge is

crucial in spintronics, and Bi; xSby alloy films exhibited sig-
nificantly stronger THz emission compared to conventional
materials such as Bi-Se and Bi-Te alloys. By varying the
Sb concentration, researchers systematically analyzed SCC
efficiency using THz spectroscopy and identified the origins
of enhanced THz emission. The Bi; 4Sby alloy films exhib-
ited much stronger spintronic THz emission than both plat-
inum (Pt) and Bi,Ses, with exceptionally high SCC efficiency.
Specifically, the topological surface states (TSS) of the mater-
ial were found to play a significant role in enhancing SCC.
The findings highlight the potential of Bi;_«Sby alloys to max-
imize SCC efficiency in topological insulator states, offering
valuable insights for developing high-performance spintronic
devices and THz emitters.

Recent efforts have also focused on utilizing TMDs
to improve the properties of single-crystal-based materials.
Yanyu Jia and co-workers explored metallization-induced
superconductivity on 2D chalcogenide surfaces!'®3l. The
authors introduced palladium (Pd) metallization to monolay-
ers and bilayers of various chalcogenides, such as WTe, and
MoTe,, to create novel superconducting materials. Conducted
at a relatively low temperature (around 473 K), the non-
diffusive metallization process transformed TMDs into new
compounds, such as Pd;WTe, and PdyMoTe,, which exhib-
ited superconductivity at extremely low temperatures. For
example, Pd;WTe, showed a superconducting transition tem-
perature (7.) of approximately 0.45 K, with bilayer WTe,
exhibiting a higher 7. than the monolayer analogue when
combined with Pd. This report provides a promising approach
to introducing superconductivity in a wide range of 2D mater-
ials, with significant potential to advance topological quantum
computing (where superconductivity is essential) as well as
for experimental exploration of exotic quantum states, such
as non-Abelian anyons and Majorana zero modes. Despite
these efforts, achieving high-quality single-crystal chalcogen-
ide materials remains a significant challenge for realizing prac-
tical quantum optical memory. In addition to material devel-
opment, further progress is needed in device integration with
quantum computing and communication platforms, as well
as in manipulating light-matter interactions to fully harness
the potential of these materials for next-generation quantum
technologies.

3.2. Ovonic threshold switching selector

3.2.1. Device characteristics. OTS selectors are critical
components in various non-volatile memory technologies,
including PCM, resistive random-access memory (ReRAM),
and other emerging memory devices. They regulate electrical
current flowing through memory cells, preventing sneak cur-
rents in high-density crossbar array architectures, particularly
in 3D stacked architectures (e.g., 3D XPoint), as illustrated
in Figure 9(a). To increase the density of these two-terminal
devices, they must exhibit highly nonlinear current-voltage (/-
V) characteristic. Compared to the initially explored rectifier
selectors, the threshold switching selectors offer higher non-
linearity, and thus have recently garnered significant attention.
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[185]

CC BY 4.0. (e) and (f) Comparation of OTS materials (e) on and off state current level, (f) band gap and crystallization temperature. (e) and

(H)113%1 John Wiley & Sons. © 2022 Wiley-VCH GmbH.

This enhanced nonlinearity makes threshold switching select-
ors particularly suitable for high-density memory applica-
tions, as it helps reduce leakage currents and improve overall
device performance!'#*1. OTS selectors exhibit a highly non-
linear I-V behavior, maintaining a high-resistance ‘off’ state
until the applied voltage reaches a specific threshold voltage
(V). Upon reaching Vy,, the OTS abruptly switches to a
low-resistance ‘on’ state, allowing current to flow through
the device, thereby enabling selective access to individual
memory cells (Figure 9(b)). Activation of the selector involves
a ‘“first fire’ voltage (V¢), which initiates switching, followed
by a Vy, to sustain ‘on’ state, and reverts to the ‘off” state once
the voltage drops below the hold voltage (V1q). The relation-
ship between these voltages is Vi > Vi, > Vio4. Key electrical
parameters for OTS devices include the ‘on’ state current, ‘off’
state leakage current, on/off ratio, endurance, thermal stability,
threshold voltage/field, and switching speed.

For high-density 3D memory applications, the OTS device
must satisfy several performance requirements, which are
inherently linked to the material properties!>®). First, to effect-
ively drive the connected memory cell, the OTS device must
sustain a high current density, often exceeding 10 MA-cm™—?
for 3D PCM applications. This necessitates the use of mater-
ials with strong covalent bonds to prevent bond-breakage and
recrystallization during operation. Second, to achieve high
storage capacities, ‘off’ state leakage currents must be sup-
pressed below 10~ A, and device selectivity should reach or
exceed 10*. To meet these requirements, materials with large
mobility gaps and high activation barriers are essential. Table 3
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summarizes mobility gaps and activation barriers of select
candidates for OT'S selector materials. Furthermore, the endur-
ance of OTS devices must also exceed 10® cycles to surpass
memory unit lifetimes of typically ~10° cycles. Consequently,
high thermal stability is crucial to prevent crystallization
and phase separation during operation. Compatibility with
advanced logic technologies and lower power consumption
also requires OTS devices to have low Vy,. However, a delic-
ate balance exists between Vy, and leakage current, as excess-
ively low Vy, may create conflict with the need for low leak-
age currents. The switching speed of OTS devices must be
within 100 ns, to match the speed of memory units. To ful-
fil these requirements, OTS devices should operate through
electron-dominated switching mechanism, while avoiding dif-
fusion of materials such as Ag or Cu, which can degrade device
performance.

3.2.2. Device structure and integration. In traditional
rectifier selectors, the rectification characteristics of the metal-
semiconductor interface, such as those found in Schottky
diodes, are often utilized. In these structures, a metal layer is
incorporated occasionally between the selector layer and the
memristor layer to facilitate desired electrical characteristics.
Noble metals with high work functions have been extensively
explored for this purpose, but implementing such structures
in vertical 3D configurations presents fabrication challenges,
particularly with respect to optimizing the etching process. As
aresult, structures that do not require intermediate metal layers
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Table 3. Mobility gap (£}.) and activation barrier (E,) of OTS candidate materials.

Materials E,/eV E./eV References
As-Te ~0.8 ~0.4 (1871
Ga-Se ~1.76 ~0.66 [188]
Ge-S ~1.52 ~0.38 (1891
Ge-Se ~1.2-1.4 ~0.95 (23,1901
Sb-Te ~0.6-0.9 ~0.3-0.4 (o1
Si-S-Te ~1.14-1.27 ~0.45-0.60 (1921
Si-Sn-S ~1.08-1.19 ~0.59-0.61 (1921
Si-Ge-S ~1.26 ~0.56 (1921
Ge-P-S ~1.05-1.14 ~0.58-0.60 (1921
Ge-Sn-S ~1.12 ~0.54 (1921
Si-P-S ~1.05 ~0.46 (1921

are favored. Moreover, there is a strong preference for designs
in which the selector element and the memristor element are
integrated into a single structure, simplifying fabrication and
improving device scalability (Figure 9(c)).

OTS selectors typically feature a thin layer of chalcogen-
ide material sandwiched between two metal electrodes, com-
monly TiN or W, in direct contact with the memory element.
Unlike rectifier selectors, OTS selectors do not require an
intermediate metal layer, as their non-linear /-V characterist-
ics arise from the bulk properties of the chalcogenide mater-
ial itself. This configuration ensures a uniform electric field
across the chalcogenide layer, which is crucial for consist-
ent switching behavior and reliable performance. The quality
of interface between the chalcogenide material and the elec-
trodes plays a critical role in determining the switching char-
acteristics of the OTS device. A smooth, well-defined interface
minimizes leakage currents and ensures the device maintains
a high-resistance state until the threshold voltage is reached,
preserving memory array integrity and preventing sneak cur-
rent induced data corruption. The deposition of chalcogenide
films for OTS devices is a key step that directly influences the
electrical properties and switching behavior. Physical vapor
deposition methods, such as sputtering, allow for precise con-
trol over film thickness and composition, which is essential for
uniform switching characteristics across the wafer. ALD, on
the other hand, provides excellent conformality and thickness
control over complex 3D structures at the atomic level, mak-
ing it particularly suitable for OTS layers in densely packed
memory arrays. Following the bottom electrode deposition,
the chalcogenide film is deposited using sputtering or ALD.
Photolithography is then employed to pattern the device struc-
ture, followed by etching to remove excess material and define
the active areas of the OTS devices. Once patterned and etched,
an encapsulation layer, typically made of dielectric materi-
als such as SizNy, is deposited to protect the chalcogenide
film from environmental exposure and potential damage dur-
ing subsequent processing steps. In advanced memory archi-
tectures, such as 3D crossbar arrays, multiple layers of OTS
selectors and memory cells are stacked vertically to increase
storage density. Such architecture demands precise alignment
and uniform deposition across all layers to ensure reliable
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operation!'>%). CMP is commonly used to create a flat surface
after each layer is deposited, which is essential for sequential
stacking of additional layers and maintaining device integrity.
While PCM materials require both amorphous and crystalline
phases to function properly, OTS materials exist exclusively
in the amorphous state. To meet stringent thermal budget of
back-end-of-line (BEOL) process, OTS materials are designed
to remain stable in the amorphous state at elevated annealing
temperatures of 673-723 K.

3.2.3. Chalcogenide materials for OTS.  OTS selectors used
in memory devices are primarily based on chalcogenide mater-
ials, with Se-, Te-, and S-based systems being the most com-
mon (Figure 9(d)). Each material system offers distinct elec-
trical properties, making them suitable for specific applica-
tions in controlling currents in high-density memory arrays.
The material composition of these OTS selectors directly
influences key device parameters such as Vy,, thermal sta-
bility, switching speed, and endurance. Se-based materials,
primarily consisting of Ge-Se alloys, are known for their
high crystallization temperatures and large bandgaps, both
of which contribute to reduced leakage current during the
off state!!] (Figures 9(e) and (f)). A notable composition
is Se rich GesSej, exhibiting a crystallization temperature
exceeding 873 K, providing excellent thermal stability!!%3],
This makes Se-based materials ideal for applications requir-
ing high-temperature operation and/or long-term reliability.
However, a common drawback of Se-based materials is their
high Vg, which increases with selenium content, resulting
in higher energy consumption during switching. This limits
their suitability for low-power applications where energy effi-
ciency is critical. Te-based materials, such as Ge-Te alloys, are
known for their low Vy,, making them suitable for low-power
applications! . A common composition, GeTes, offers low
switching energy and fast switching speeds. Other Te-based
compositions, including Si-Te!'?1, Zn-Te!1%0!, C-Tel'°7], and
B-Te!'%®1, are tailored to optimize switching speeds and
threshold voltage levels. While Te-based materials are excel-
lent for applications requiring rapid switching and low-power
operation, they suffer from relatively low thermal stability,
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which can lead to shorter device lifetimes under high thermal
loads or extended cycling conditions. Te-based materials have
a strong tendency to crystallize, even when the Ge content is
increased, as in GeTez, and thus, the material still exhibits a
relatively low crystallization temperature of around 533 K.
Such lower thermal stability can limit the use of Te-based
materials in high-temperature environments or applications
requiring extended endurance. S-based materials, such as Ge-
S alloys, offer high thermal stability and wide bandgaps sim-
ilar to Se-based materials (Figures 9(e) and (f)). Compositions
including GeS, Ge;S3, and GeS; have crystallization temper-
atures exceeding 873 K, making them well-suited for applica-
tions demanding high endurance and long-term stability! '],
Other S-based compositions, such as Ge-As-S, have demon-
strated exceptional durability, withstanding over 10'? switch-
ing cycles. This makes them promising for applications such
as 3D memory architectures where long-term endurance and
reliability are essential'%°!. However, S-based materials also
tend to exhibit relatively high Vy,, making them less ideal for
low-power applications.

Beyond binary alloys, multi-chalcogenide OTS materials
have been developed to achieve more balanced performance.
Compositions such as Si-Ge-As-Se-Te incorporate both Se-
and Te-based constituents to strike a balance between low
threshold voltage and high thermal stability!??°!. These materi-
als are being explored extensively for use in advanced memory
applications, where endurance, power efficiency, and thermal
stability are critical.

3.3. Selector-only memory (SOM)

3.3.1. Device characteristics. =~ SOM integrates the selector
and memory functions into a single chalcogenide layer, elim-
inating the need for a separate memory element. This simpli-
fies the device structure, reduces device complexity, reduces
power consumption, and makes SOM scalable for future tech-
nology nodes. SOM is particularly well-suited for high-density
memory arrays, offering advantages in simplifying design and
reducing costs. Additionally, SOM devices exhibit high endur-
ance and reliability, as their switching mechanism involves
significantly lower current densities compared to conventional
PCM!201:202] The concept of SOM originates from the pre-
viously observed instability in OTS devices, specifically the
Vi relaxation effect or drift effect occurring after the extended
delay time between measurement pulses. An early observation
of this behavior was a polarity-induced Vy, shift in SiGeAsTe
OTS, where the magnitude of Vy, increases upon reversal of
pulse polarity (Figure 10(a)). This effect was also observed
in a later work on Se-based SiGeAsSe OTS!%3!. This polarity-
induced shift AVy, is both stable and reversible, allowing the
Vi to be electrically tuned. In SiGeAsTe devices, the AVy, is
about 0.3 V when switching from positive to negative polarity
under low-current conditions. In SiGeAsSe devices, the shift is
more pronounced, with a AVy, of around 1.3 V in the negative
branch and 0.6 V in the positive branch. Even larger polarity-
induced shifts have been reported in GeSe-based OTS devices,
with AVy, reaching up to 3.5 V in the positive polarity branch
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and about 1 V in the negative branch at high current levels of
approximately 4 mA (Figure 10(b)). At lower current levels,
such as 300 pA, the shift is still present but with a smaller
magnitude. This ability to modulate the Vy, by reversing the
pulse polarity provides a useful mechanism for fine-tuning the
performance of these memory devices.

3.3.2. Device structure and integration. SOM devices
typically feature a single chalcogenide layer that serves as both
the selector and the memory element, sandwiched between
two metal electrodes made of TiN or W. The chalcogenide
material is engineered to exhibit both threshold switching
characteristics and memory retention properties. The fabrica-
tion process for SOM devices is similar to that of OTS devices,
involving the precise deposition and integration of the chal-
cogenide layer. Consequently, manufacturers of OTS-based
resistance-variable memory have introduced fully integrated
devices that consolidate selector and memory functionalities
within a unified structure (Figures 10(c) and (d)). Sputtering
remains the primary method used for chalcogenide film depos-
ition in SOM devices, typically employed to deposit both the
chalcogenide layer and the metal electrodes during the initial
stages of fabrication.

3.3.3. Chalcogenide materials for SOM.  SOM technology
utilizes specialized chalcogenide materials that combine both
memory and selector functionalities, eliminating the need for
separate phase-change materials. These materials are cru-
cial for achieving reliable threshold switching and resist-
ive switching performance in high-density memory arrays.
Extensive research has been conducted on optimizing chalco-
genide compositions to achieve desirable properties for SOM,
such as switching speed, endurance, and power consump-
tion. Among a wide range of compositions, GeSe-based alloys
are commonly used in SOM devices?3-2971 with GespSeso
being the standard owing to its balance between low Vi
and high endurance!®>-281. The material also exhibits a stable
switching behavior, making it suitable for low-power applic-
ations where efficiency is critical. Another variant, GegpSeq,
has been studied for its enhanced switching stability!®>-261,
However, as the germanium content increases (e.g., Ge-rich
compositions), performance variability tends to rise, mak-
ing these materials less appealing for long-term operations.
Therefore, careful control over composition is required to
maintain consistent switching behavior over repeated cycles.
Despite these limitations, GeSe alloys are attractive candid-
ates for use in high-density memory arrays. In addition to bin-
ary alloys, multi-component chalcogenides, such as SiGeAsTe
and SiGeAsSe, have also been investigated for SOM. These
materials exhibit a more complex nonlinear /-V behavior,
which is important for preventing sneak currents in crosspoint
array memory architectures. SiGeAsTe alloys are known for
their excellent thermal stability and robust switching perform-
ance, though they may suffer from Vy, drift over time, impact-
ing their reliability in long-term applications. In contrast,
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Figure 10. Key material systems, characteristics, and architectures of chalcogenide-based selector-only memory (SOM) devices. (a) and (b)
Polarity-induced Vy, shift results of SOM devices (a) SiGeAsTe, (b) GeSe materials. (a) and )1 John Wiley & Sons. © 2023 Wiley-VCH

GmbH. (c) and (d) Integrated SOM devices presented by memory companies. (c) © (2023) IEEE. Reprinted, with permission, from'

(d) © (2022) IEEE. Reprinted, with permission, from!?*?,

SiGeAsSe compositions have demonstrated improved stabil-
ity and reduced polarity-induced shifts in Vy,, making them
better suited for memory devices requiring consistent per-
formance under fluctuating operational conditions. A primary
advantage of these chalcogenide materials in SOM techno-
logy is their ability to operate at low threshold voltages, mak-
ing them highly efficient for low-power applications. In par-
ticular, materials such as GeSe and SiGeAsSe have shown
significant promise for minimizing power consumption while
maintaining high endurance, with some compositions cap-
able of withstanding over 103 switching cycles. This makes
them strong candidates for long-term memory storage applic-
ations where reliability and power efficiency are essential.
Nevertheless, there are also challenges associated with using
these materials. For example, SiGeAsTe compositions are
prone to threshold voltage drift, which can cause variability in
performance over time. Additionally, Ge-rich GeSe composi-
tions may exhibit lower thermal stability, which can result in
inconsistent threshold voltages under high-temperature condi-
tions. Furthermore, the use of multi-component systems (e.g.,
SiGeAsSe) introduces added complexity in materials syn-
thesis and integration, requiring stringent control over depos-
ition parameters and integration processes to ensure reprodu-
cibility across large-scale device fabrication.
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3.4. Sensors

3.4.1. Device characteristics. TMDs-based sensors offer
superior performance compared to conventional sensor tech-
nologies owing to the inherent properties of the material.
TMDs possess an atomically thin structure, providing a high
surface-to-volume ratio, which enhances interactions with the
external environment. Despite their atomic thickness, TMDs
exhibit excellent electrical properties, enabling high sensitivity
to trace amounts of gases or chemicals. This remarkable sensit-
ivity is further supported by their high electron mobility, which
facilitates fast response times. For instance, TMDs-based
sensors enable rapid detection through quick interactions
between electrons and analytes, making them highly advant-
ageous for real-time monitoring applications. Additionally, the
intrinsic physical and chemical properties of TMDs can be fur-
ther enhanced by incorporating functional materials, thereby
improving selectivity toward specific analytes. This capabil-
ity allows for the differentiation of various chemical species
as well as selective reactions to specific gases or chemicals.
The ultra-thin structure of TMDs, coupled with their high sur-
face area, also contributes to low power consumption during
sensor operation!??-2!1_ Furthermore, these materials exhibit
high electrical conductivity, which enables low-voltage oper-
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ation and significantly reduces power consumption. TMDs
also exhibit excellent chemical and thermal stability, ensur-
ing long-term reliability of the sensor. Materials such as MoS;
and WSe,, in particular, demonstrate high thermal stability,
allowing for stable operation even under extreme environ-
ments. Moreover, TMDs possess tunable electronic properties
that can be easily modulated by external stimuli, such as elec-
tric fields, mechanical strain, or doping!?'?>~2!4], This tunabil-
ity plays a key role in optimizing sensor performance, allow-
ing the device to function effectively under various operating
conditions. The atomically thin nature of TMDs-based sensors
also facilitates effortless miniaturization, and their compatibil-
ity with existing CMOS technology allows for seamless integ-
ration into integrated circuits (ICs). This makes TMDs suitable
for high-density sensor arrays as well as incorporation into
wearable and portable electronic devices. Additionally, TMDs
are also mechanically flexible, making them ideal candid-
ates for flexible electronics. This mechanical flexibility sup-
ports the development of next-generation sensors for emerging
applications, such as wearable sensors, flexible displays, and
smart patches. Overall, the device characteristics of TMDs-
based sensors, combining high performance, low power con-
sumption, and mechanical flexibility, allow them to overcome
the limitations of conventional sensor technologies. As a res-
ult, they are considered as key components in the development
of next-generation sensing platforms.

3.4.2. Device structure and integration. The unique
properties of TMD materials define both the device struc-
ture and integration approaches for TMD-based sensors, with
their atomic-scale thickness and the ability to form het-
erostructures playing central roles. Single-layer TMD struc-
tures, composed of a single atomic sheet, allow highly effi-
cient interactions with analytes owing to their vast surface-to-
volume ratio. This makes them particularly suitable for high-
sensitivity applications!?’>!. In contrast, multi-layer TMD
structures provide greater mechanical stability and can be
stacked to achieve specific functional enhancements!?16-2!71,
For example, stacking MoS, with WSe; in heterostructures
enhances both sensitivity and selectivity by combining the
complementary properties of constituent materials, enabling
more precise and targeted sensing performance!?'®:21°1. The
structural integration of TMD-based sensors with nanoelec-
trodes is another critical factor in further optimizing device
performance. Nanoelectrodes ensure uniform current distribu-
tion across the ultra-thin TMD layer, enhancing sensitivity and
response time!??°1. These electrodes can be precisely tailored
in terms of shape and composition, allowing fine-tuning of the
sensor’s electrical properties to meet specific design require-
ments. Heterostructure formation is also a key structural
strategy in the design of TMD sensors. By combining dif-
ferent 2D materials, heterostructures such as graphene/WSe,
or MoS,/WSe, are possible to achieve synergistic effects
that go beyond the capabilities of individual materials/?!-2%21,
Controlled stacking within these heterostructures enables pre-
cise modulation of physicochemical properties, such as charge
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transfer, interlayer bonding interactions, and bandgap energy,
which are essential for achieving high-performance sensor
characteristics. Defect engineering and surface functionaliz-
ation also contribute to the structural optimization of TMD-
based sensors??3-224] Defects in the TMD layer provide active
sites for analytes, increasing the material’s chemical reactiv-
ity, while surface functionalization introduces specific chem-
ical groups that further enhance selectivity. These structural
modifications, at the atomic and molecular levels, enable the
development of highly selective and sensitive sensors tailored
for specific detection tasks. The compatibility of TMD mater-
ials with CMOS processes is another significant advantage
for large-scale sensor integration. This compatibility allows
TMD layers to be incorporated directly into existing semi-
conductor manufacturing workflows, supporting the develop-
ment of CMOS-integrated sensor arrays with on-chip data pro-
cessing capabilities. Additionally, the mechanical flexibility
of TMDs enables integration not only with rigid CMOS sys-
tems but also with flexible electronics, expanding the scope of
potential applications. Scalable fabrication methods such as
chemical vapor deposition (CVD) and physical vapor depos-
ition (PVD) play essential roles in the structural develop-
ment of TMD-based sensors, offering the ability to synthesize
large-area high-quality TMD layers!®!:?>], Techniques such
as roll-to-roll processing further support cost-effective produc-
tion of flexible TMD-based sensors, facilitating their use in
emerging technologies such as wearables and smart textiles.
These fabrication methods also support wafer-scale synthesis,
enhancing the integration of TMD-based sensors into existing
silicon-based devices.

3.4.3. Chalcogenide materials for optical sensor. TMDs
are emerging as promising materials for optical sensors due
to their unique electronic and optical properties!?!>-226-2281,
TMDs typically consist of transition metals (e.g., Mo, W,
Ti) sandwiched between layers of chalcogen atoms (e.g., S,
Se, Te), forming atomically thin layers. These materials pos-
sess exceptional optical properties, such as direct bandgaps
in monolayers, high absorption coefficients, and strong light-
matter interactions, making them suitable for various optical
sensing applications. Early research on optical sensors using
TMDs primarily focused on leveraging the intrinsic prop-
erties of the material and exploring new TMD compounds.
However, optical sensors relying solely on the intrinsic proper-
ties of TMDs faced limitations in performance improvement.
To address this issue, various strategies have been developed
to modify the surface of TMDs and improve the perform-
ance of optical sensors. To this end, the use of organic dye
molecules was explored to improve the performance of MoS.-
based photodetectors!?!3]. In this work, three organic dyes—
methyl orange (MO), rhodamine 6G (R6G), and methylene
blue (MB), with different molecular structures and optical
absorption bandwidths—were drop-cast onto MoS: photode-
tectors to examine their impact. Among them, MB showed the
highest performance improvement, increasing the photocur-
rent by approximately 20-fold. The device’s photoresponsivity



Int. J. Extrem. Manuf. 8 (2026) 022003

Synthesis of functional chalcogenide materials for memory/sensing devices...
Liu P et al.

(9.09 A-W™), detectivity (2.2 x 10'" Jones), and external
quantum efficiency (1 729% at 610 nm) were significantly
enhanced. The performance enhancement was attributed to
a photoinduced charge transfer mechanism and an n-doping
effect caused by the dye molecules. MB’s flat molecular
structure and high absorption coefficient were cited as reas-
ons for its superior performance. These findings suggest
that dye-sensitized MoS, photodetectors have potential for
applications in touch panels, environmental sensors, and bio-
sensing devices. High-sensitivity optical sensors have also
been developed using TMDs synthesized using CVDP1,
A notable example involves the use of monolayer MoS;
FETs with a buried-gate structure. These devices achieved
a photoresponsivity of 6.86 A-W~! at 395 nm with zero
gate bias voltage and a light intensity of 2.57 mW-cm™2.
When a buried-gate voltage of 8 V was applied, the photore-
sponsivity increased by nearly 10-fold. The response time of
these devices was approximately 350 ms, demonstrating an
improvement over other MoS, photodetectors using back-gate
FET structures that require high gate voltages (up to 70 V). The
lower operating voltages of the buried-gate structure enhanced
the feasibility of energy-efficient optical sensors for practical
applications such as imaging arrays and low-power photode-
tection systems.

Recognizing that the sensitivity of optical sensors cannot
be significantly improved through engineering of TMD mater-
ials alone, researchers have also investigated approaches to
enhance sensitivity by improving the metal-TMD interface.
One such approach involves the use of femtosecond laser irra-
diation to reduce the contact resistance between MoS, and
metal contacts'!!7). Femtosecond laser irradiation reduced the
contact resistance by more than three orders of magnitude
without causing structural damage or phase changes in MoS,.
A MoS;-based photodetector treated with femtosecond laser
irradiation exhibited a photoresponsivity of 68.8 A-W~! at
a low bias voltage of 0.5 V, which was ~80 times higher
than untreated devices. The improvement was attributed to the
removal of organic contaminants, enhanced interlayer coup-
ling, and reduction in Schottky barrier at the metal-MoS;
interface. This localized laser treatment represents a univer-
sal method for improving the performance of TMD-based
devices, making it suitable for advanced nanoscale electronic
applications such as sensors and optoelectronic devices. An
alternative method involves the formation of van der Waals
(vdW) contacts using buffer layers, such as selenium (Se),
to mitigate Fermi level pinning (FLP)/?*°!, Traditional metal-
semiconductor junctions suffer from high Schottky barrier
heights (SBHs) owing to interfacial defects and orbital over-
lap between metal atoms and the semiconductor. By insert-
ing a Se buffer layer between metals (e.g., Au) and TMDs
(e.g., WSey), physical and chemical interactions are reduced,
preserving the theoretically predicted Schottky-Mott limit and
enabling low-resistance stable contacts. As a result, the fabric-
ated devices demonstrated significant performance improve-
ments, such as low contact resistance (1.25 k{2-um), a high
on/off ratio (>10°), and stable p-type operation. In contrast
to direct metal contacts, which showed higher SHBs and

25

performance degradation owing to FLP, vdW contacts fol-
lowed the Schottky-Mott rule. This method is suitable for
large-scale device fabrication and can be extended to various
metals and 2D semiconductors, making it useful for advanced
electronic and optoelectronic devices. Another way to achieve
highly responsive photodetectors is to control carrier trap-
ping at the MoS; interface!?'#!. Sahoo and co-workers demon-
strated that pulsed gate biasing, as opposed to static direct cur-
rent (DC) biasing, effectively reduces interfacial carrier trap-
ping, resulting in significant increases in photoresponsivity
and photogain. Under positive gate bias (Vs = 5 V), the device
achieved a photoresponsivity of ~4.2 x 10> A-W~! with a
photogain of ~11.3 x 10%. A negative gate bias (Vg = —5V)
yielded a photoresponsivity of ~0.7 x 10> A-W~! with a
photogain of ~1.92 x 103. The pulsed gate bias enhanced
photocurrent and photoresponsivity by reducing hysteresis
and improving mobility. Additionally, the pulsed method
also achieved a better balance between photoresponsivity and
response time, offering a low-power, highly responsive pho-
todetector solution for next-generation optoelectronic devices
such as sensors and imaging systems.

Recently, not only have engineering techniques been util-
ized to enhance the optical properties of TMDs, but the
introduction of heterostructures has also enabled performance
beyond that of single-layer TMDs. One strategy to improve
the performance of MoS,-based photodetectors is interfacial
engineering, as illustrated in Figures 11(f)—(k)!°’!. Here, a
high-performance, broadband photodetector was developed
using an n-type MoS; and p-type silicon heterojunction. The
silicon substrate was pretreated with soft plasma process
to modify the SiO, layer, thereby improving the interface
between MoS, and the underlying silicon. This treatment led
to a marked increase in responsivity and an extended detect-
able spectral range of the device. Specifically, the photode-
tector achieved a maximum responsivity of 4.05 x 10* A-W~!
at 637 nm with a power density of 2 uW-mm™2. Furthermore,
its spectral detection window extended from 447 nm to
1 600 nm, covering a broad spectrum range from visible to the
mid-infrared. The performance improvement was attributed to
activated oxygen bonds on the SiO, surface bonding with sul-
fur atoms in the MoS, channel, reducing the optical bandgap
and enabling infrared detection. Additionally, the plasma treat-
ment induced a gating effect by accumulating electrons at
the MoS; interface, enhancing the photodetector’s photogain.
The interfacial engineering method demonstrated its versat-
ility, as it was also applicable to other 2D materials such as
MoTe, and ReS,. This approach presents a promising route for
developing high-performance next-generation photodetectors
with potential applications in optical communication, environ-
mental monitoring, and biomedicine.

Electrically tunable vdW heterojunctions have also
been explored to realize ultraminiaturized near-infrared
spectrometers (Figures 11(i)—(0))[?*!]. In this approach, a
ReS,/WSe, vdW heterostructure intercalated with Au atoms
was employed to enhance interlayer exciton coupling, thereby
significantly boosting the transition dipole moment and
photoresponsivity in the near-infrared regime. The device
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Figure 11. Contact engineering, interfacial modification, and heterojunction design for enhanced electrical and optoelectronic performance in
2D chalcogenide optical sensors. Field-effect transistor performance of WSe; devices fabricated with van der Waals (vdW) Au contacts versus
those with directly deposited Au contacts. (a) Schematic of the vdW metal contact formation structure on the WSe, sample. (b) Schematic
and optical images of WSe, (yellow dotted line) FETs fabricated with direct Au contact (black dashed line) and vdW Au contact (red dashed
line). (c) Transfer curve of WSe, FET with direct Au contact (Audirect) and vdW Au contact (AuvdW). For both contacts, channel length
L = 1.6 um, channel width W = 5.0 um, and drain voltage V4s = 1 V. (d) Density of W and Se states in WSe, with direct Au contact and
band diagram of WSe;-Au interface. (e) Density of W and Se states in WSe, with vdW Au contact and band diagram of WSe;-Au interface.
Stable point of Au, optimized by adjusting the vdW gap between WSe, surface and Au, is larger (5.10 A) than in the direct contact case
4.36 A); this is consistent with the observed STEM data. DOS is the density of states of the total orbitals combined with those of the s, p,
and d orbitals. E. is the energy of conduction band edge, Ey is the energy of valence band edge, and E is the energy of Fermi level. (a)—(e)
Adapted from!?*°!, with permission from Springer Nature. Interfacial engineering process and characterizing the thicknesses of a series of
samples treated with SF¢/N, plasma over different treatment times. (f) Schematic diagram of the interfacial engineering process. (g) Optical
contrast images of the treated SiO,/Si substrates over different treatment time. (h) Dependence of the treated oxide layer thickness on plasma
treatment time. Insets are the corresponding SEM cross-sectional images of the treated SiO»/Si samples under different treatment time. (i)
Evolution of R, and Ry of the treated oxide layer with thickness. The insets depict the surface topography of the treated SiO,/Si samples at
different thicknesses. (j) Time-dependent photocurrent curves of the photodetectors under laser illumination with different wavelengths of
447, 637,940, and 1 550 nm. (k) Photoresponsivity and detectivity of the MoS, phototransistor with a 100 nm SiO; layer under different laser
wavelengths. (f)—(k) Reprinted (adapted) with permission from'®"!, Copyright (2023) American Chemical Society. (1) Schematic drawing of
the 2D-vdWH spectrometer. The heterojunction is intercalated by heavy metal Au atoms to construct ReS,/Au/WSe,, where the junction
would promote the separation of photo-excited electrons and holes. Vs and Vy,, are bias voltage and back gate voltage, respectively. ‘hy’ and
the red arrow represent the incident light. (m) The absorption spectra of ReS,/Au/WSe;, ReS2/WSe,, ReS,, and WSe; at room temperature
and 80 K in the visible and near-infrared range. (n) Reconstructed spectra from three narrow band spectra of which the peak locations are
1220 nm, 1 310 nm, and 1 410 nm, respectively. (0) Single-pixel scanning image. The scale bar is 50 pm. Broadband white light modulated
by an optical filter was applied for illumination to make sure that spectra of incident light are in the operational range of this designed
spectrometer. (p) Spectral information of position A in (o), which is matched well with a result from conventional equipment (blue-line). (q)
Images of the logo at some selected wavelengths from 1 300 nm to 1 470 nm are schematically shown. To clearly show the spatial information,
false colors are defined for the above spectral range, and the intensities are normalized. (1)—(q) Reproduced from'>!). CC BY 4.0.
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exhibited gate-tunable spectral responses across a wide range
(1 150-1 470 nm), with the absorption enhanced by nearly
two-fold compared to pristine junctions. By integrating regres-
sion algorithms with the gate-dependent photocurrent pro-
files, the spectrometer achieved effective spectral reconstruc-
tion and spectral imaging within an ultracompact footprint
of ~6 um, which is orders of magnitude smaller than con-
ventional designs. This strategy eliminates the need for bulky
optical components or large detector arrays, offering a scal-
able and designable pathway toward on-chip spectroscopy.
Demonstrations of wavelength-resolved detection and ima-
ging further underscored the potential of electrically tunable
vdW junctions for applications in integrated photonics, port-
able sensing, and biomedical diagnostics. The study high-
lights how interfacial engineering with heavy metal atoms can
overcome the intrinsic limitation of weak interlayer exciton
transitions, paving the way for programmable, nanoscale spec-
troscopic devices.

Despite various advantages of chalcogenide materials,
long-term stability and susceptibility to oxidation remain crit-
ical challenges. Additionally, improvements in the quality and
scalability of chalcogenide-based devices are needed, partic-
ularly through advanced manufacturing techniques such as
CVD or MBE. The development of hybrid optical systems that
combine chalcogenides with other materials such as TMDs
or perovskites is actively being sought, offering proposals
for enhanced sensitivity and multifunctional sensing capab-
ilities. Chalcogenide materials are highly promising for the
future of optical sensor technology, especially in applications
that require high sensitivity across a wide wavelength range
and stability in extreme environments. Continuous research
on material optimization, integration with photonic platforms,
and solutions to stability issues will further expand their poten-
tial applications in various fields, including healthcare, envir-
onmental monitoring, and industrial automation.

3.4.4. Chalcogenide materials for gas sensors. ~ Gas sensors
play a critical role in detecting hazardous gases in a wide
range of fields, including industrial safety, environmental
monitoring, and medical diagnostics. Traditional metal oxide-
based gas sensors typically require high operating temperat-
ures, which result in high energy consumption, poor stability,
and elevated safety risks, especially in potentially explosive
environments. TMDs with their atomically thin layered struc-
tures offer high surface-to-volume ratios, excellent adsorption
properties, and tunable electronic characteristics. These fea-
tures allow TMD-based gas sensors to operate effectively at
room temperature, making them ideal for low-power applic-
ations and wearable electronic devices. As a result, extensive
research is being conducted on TMD-based gas sensors.
Among various TMDs, MoS,, a representative TMD, has
emerged as a widely studied material for gas sensing that util-
izes light sources to achieve high sensitivity. As illustrated
in Figures 12(a) and (b), Pham and co-workers developed
a highly sensitive MoS,-based gas sensor capable of detect-
ing NO, at sub-part per billion (ppb) levels!''>!. The sensor
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employs Au electrodes and utilizes red light, which corres-
ponds to the (direct) bandgap of single-layer MoS,, to generate
a photocurrent used for NO; detection instead of the dark cur-
rent. This photo-activated design significantly improved the
sensitivity of the sensor, achieving 4.9% per ppb (or 4 900%
per part per million; ppm). Replacing Au electrodes with
graphene, which has a lower work function, further increased
the photocurrent and improved the signal-to-noise ratio. The
sensor achieved a limit of detection (LOD) as low as 0.1 ppb
for NO,, far exceeding the U.S. EPA’s requirement of 53 ppb
for NO, detection. The enhancement in performance was
attributed to the photocurrent’s role in reducing channel res-
istance and facilitating charge transfer interactions between
NO; molecules and conduction electrons in MoS,. As elec-
tron acceptors, NO, molecules decrease the photocurrent upon
adsorption in the sensor channel, enabling detection at sub-ppb
levels. The device demonstrated fast response and recovery
time, good stability, and high selectivity for NO,, with min-
imal interference from other gases. These characteristics make
it highly suitable for real-time, high-sensitivity environmental
monitoring applications. Further advances in NO, detection
using single-layer MoS,-based gas sensors have also been
achieved through a synergistic approach!?*?!. A flexible NO,
sensor based on single-layer MoS, incorporating both pho-
togating and piezo-phototronic effects was developed, which
modulated the SBHs at the metal-semiconductor junction. A
red light emitting diode (LED) illumination (625 nm) was
used to generate photocurrent, while mechanical strain was
applied to generate piezoelectric polarization, which aided in
detecting NO, gas concentrations. Under 0.67% tensile strain
and 4 mW-cm~2 illumination intensity, the sensor achieved a
671% increase in sensitivity for 400 ppb NO,. Moreover, the
response and recovery time were significantly improved —16 s
and 65 s, respectively—outperforming conventional MoS,
sensors. The enhanced sensitivity and speed were attributed to
the interplay of piezoelectric and photoelectric effects, which
modulate charge transfer at the Schottky junction. Strain-
induced polarization charges reduced the Schottky barrier,
allowing more NO, molecules to adsorb, thereby improving
sensitivity. This approach demonstrates the potential of integ-
rating optoelectronic and piezoelectric effects for next gen-
eration gas sensors. The development of such flexible low-
power, and high-sensitivity devices offers promising prospects
for wearable environmental monitoring systems and portable
gas detection technologies.

Additionally, research is actively being conducted to scale
up gas sensors while maintaining high sensitivity. One such
advance is the development of a scalable and monolithically
integrated gas sensor array based on MoS; thin-film transistors
(TFTs)23# In this study, bilayer MoS, films were fabricated
through a two-step process: radio-frequency magnetron sput-
tering followed by thermal sulfurization. The resulting sensor
array was designed for NO, detection at room temperature,
demonstrating ultra-high sensitivity across a wide detection
range, from 1 ppm to 256 ppm of NO,. The polycrystalline
structure of the MoS; film, featuring abundant grain bound-
aries, facilitated NO, molecule adsorption, enhancing gas
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Figure 12. Gas sensing performance of chalcogenide based device via material engineering and design. (a) Effect of NO, gas exposure at
concentrations from 25 ppb to 200 ppb on normalized resistance of the Au-MoS;-Au device in the dark (black line; gray line shows 5-fold
magnified data) and under red LED illumination (red curve). (b) Dependence of the normalized amplitude of resistance change AR/RN; on the
concentration of NO; gas. Inset shows a temporal trace of experimentally recorded noise of AR/Rn, under LED illumination. All data were
collected under DC bias of 5 V. (a) and (b) Reprinted (adapted) with permission from!!''>!. Copyright (2019) American Chemical Society.
(c) Schematic illustration of the synthesis of the Mo, TiC,Tx/MoS, composite. (d) Real-time resistance variation curves of the gas sensors
based on Mo, TiC,Tx, M0oS;, Mo, TiCo Tx/MoS; to 2—-50 ppm NO; at 50% RH. (e) Resistance response curve of the Mo, TiC, Tx/MoS; sensor
to 200-1 000 ppb NO,. (f) Linear fitting curves of the three gas sensors. (g) Resistance response curve of the Mo, TiC,Tx/MoS; sensor to
2.5 ppb NO;. (h) Repeatability curves of the Mo, TiC,Tx/MoS, gas sensor for 6 cycles to 10 and 50 ppm NO,. (i) Response/recovery time
of the Mo, TiC, Tx/MoS; gas sensor at 10 and 50 ppm NO:. (j) Amplified response curve. (k) Responses of the Mo, TiC, Tx/MoS, gas sensor

to 10 ppm NO; at different RHs. (I) Responses of the Mo, TiC,T,/MoS, gas sensor to 2/10/30/50 ppm NO; in two weeks. (c)—(1)1>**! John
Wiley & Sons. © 2022 Wiley-VCH GmbH.
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sensing performance. The MoS, TFT-based sensors showed
consistent electrical performance over large areas, maintaining
excellent n-type semiconducting properties with a high on/off
current ratio exceeding 2 x 10°. The sensors were capable of
detecting NO, concentrations as low as 1 ppm, with significant
shifts in Vy, and a decrease in mobility (upg) corresponding to
increased NO, concentration. Importantly, this study demon-
strated the feasibility of monolithic integration in large-area
active matrix arrays by constructing a 7 x 6 pixel active-matrix
array, in which each pixel comprised both a sensing TFT and
a switching TFT. The array successfully detected NO, gas
while maintaining reliable switching behavior, underscoring
the scalability and practicality of MoS,-based gas sensors for
applications in air quality monitoring, environmental sensing,
and IoT systems.

To address sensitivity limitations in single-component
TMD-based gas sensors, recent research has explored the
use of heterostructures and p-n junctions. Figures 12(c)—(1)
summarize a study on a novel heterostructure combining
Mo,TiC, Ty MXene and MoS, for NO, gas detection!?*3],
This approach addresses common challenges in conventional
MXene-based sensors, such as limited sensitivity, selectiv-
ity, and a lack of active surface sites. The edge-enriched het-
erostructure provides abundant adsorption sites and enhances
charge transfer efficiency, resulting in a detection limit as
low as 2.5 ppb at room temperature and excellent selectiv-
ity against interfering gases such as NH3 and CO,. This com-
posite platform offers a promising solution for environmental
monitoring and safety applications. In another study, planar
MoS: p-n junctions were formed by stacking CVD-grown n-
type and p-type atomically thin MoS; films to create highly
selective and sensitive NO, gas sensors!?**]. These p-n junc-
tions exhibited significantly improved sensitivity and selectiv-
ity compared to individual p-type or n-type MoS, sensors.
Specifically, the p-n junction sensor demonstrated 60 times
higher sensitivity to 20 ppm NO: compared to p-type MoS,
alone. The LOD for NO, was as low as 8 ppb, and the
sensor demonstrated recovery within 30 seconds under ultra-
violet (UV) irradiation. The enhanced sensing performance
was attributed to modulation of the barrier height at the p-n
junction interface upon molecular adsorption. UV irradiation
effectively reduced the energy barrier for NO, desorption,
enabling rapid and complete sensor recovery. Moreover, the p-
n junction sensor exhibited high selectivity toward NO,, with
negligible response to other gases such as ammonia, formal-
dehyde, ethanol, and acetone. This sensor’s ability to oper-
ate at room temperature while providing high sensitivity, fast
recovery, and strong selectivity makes it a promising tech-
nology for real-time environmental monitoring and industrial
applications.

Chalcogenide materials are also gaining traction in gas
sensing due to their unique electrical and optical proper-
ties. Recent trends focus on improving sensitivity, selectiv-
ity, and operational stability by leveraging tunable bandgaps
and high surface reactivity. Notable advances include the
use of phase-change materials (PCMs) for dynamic sensing,
hybrid structures combining chalcogenides with TMDs, and
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the integration with photonics for optical sensing applications.
Future research directions emphasize miniaturization, integ-
ration with flexible electronics, and real-time environmental
monitoring applications.

3.4.5. Chalcogenide materials for artificial neuromorphic
sensors. Neuromorphic sensing technology based on
TMDs harnesses the unique electronic and optical properties
of these materials to develop systems that mimic the human
nervous system. This area of research plays a crucial role in
Al and machine learning applications, particularly in enabling
low-power, high-speed, and miniaturized sensor systems. Due
to their atomically thin structures and exceptional electronic
and optical characteristics, TMDs are regarded as ideal mater-
ials for constructing neuromorphic systems. Their intrinsic
properties allow for the creation of neuromorphic systems
that can operate at very low power levels, which is essential
for the design of next-generation autonomous learning sys-
tems and neural networks. Furthermore, TMD-based neur-
omorphic devices are highly compatible with complement-
ary metal-oxide-semiconductor (CMOS) processes, allowing
seamless integration with existing semiconductor technolo-
gies and enabling the development of high-density ICs. TMD-
based neuromorphic sensing technology thus offers the poten-
tial to replicate the complex functions of the nervous system
with high energy efficiency, making them key components in
future autonomous learning and Al-based sensor systems.
Various attempts are being made to develop chalcogen-
ide neuromorphic devices, particularly those leveraging OTS
characteristics. As shown in Figures 13(f)—(n), a recent study
reported the development of a highly efficient selector device
based on germanium sulfide (GeS) for applications in non-
volatile memory and neuromorphic systems!>3®!. This GeS-
based selector achieves an impressive drive current dens-
ity of 34 MA-cm~? and high selectivity of ~10°, making
it particularly suitable for future memory technologies such
as 3D-stacked architectures and PCM cells. Notably, GeS is
simple and environmentally friendly alloy, avoiding the use of
toxic dopants commonly used in other selectors. The T-shaped
structure of the Al/TiN/GeS/W layered device exhibits excel-
lent characteristics in both experimental and first-principles
calculations, with low OFF currents (~10 nA), high ON cur-
rents (up to 10 mA), and reliable performance under high-
temperature annealing and DC stress conditions. Additionally,
it supports bidirectional switching, making it compatible with
various memory technologies such as ReRAM. The switch-
ing mechanism is driven by trap states in the GeS band struc-
ture, coupled with electronic transitions and local structural
changes, particularly Ge-Ge chain growth under high elec-
tric fields, resulting in high ON currents and strong nonlin-
earity. Moreover, the GeS selector can mimic biological neur-
ons by operating as an artificial neuron with stochastic dynam-
ics. It exhibits a ‘leaky integrate-and-fire’ behavior, showing
great potential for use in neuromorphic computing systems.
This study highlights the advantages of the simple mater-
ial system and demonstrates the potential for high-density,
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Figure 13. Optoelectronic synaptic and spiking neuron devices based on chalcogenide materials for neuromorphic applications. (a) Schematic
of the human optic nerve system, the h-BN/WSe, synaptic device integrated with h-BN/WSe, photodetector, and the simplified electrical
circuit for the ONS device. Here, the light sources were dot lasers with wavelengths of 655 nm (red), 532 nm (green), and 405 nm (blue) with
a fixed power density (P) of 6 mW-cm 2 for all wavelengths. (b) Excitatory and inhibitory postsynaptic current characteristics and extracted
conductance changes of the h-BN/WSe; ONS device under different light conditions (no light and RGB). (c) A functional/structural/archi-
tectural comparison of a biological synapse with synthetic WSe,/WCL/h-BN synaptic device. (d) X-TEM image of the WSe,/WCL/h-BN
structure, and the high-resolution images corresponding to the WSe>/WCL and WCL/h-BN interfaces. (e) Long-term potentiation and depres-
sion characteristics by different input pulses with an amplitude of 0.3 V, 0.5 V, or 1 V. (a)—(e) Reproduced from!®®!, CC BY 4.0. (f) Schematic
structure of an individual cell. (g) Cross-section TEM image of device displaying the thickness of each layer and corresponding EDS ele-
mental mapping of W, Ge, S, Ti, and Al. The scale bar is 50 nm. (h) Repeatable DC I-V sweeps with uniform compliance current (10 mA) and
low leakage current (10 nA). (i) Schematic of a biological neuron and the artificial spiking neuron. A resistor (10 k€2) is in series with the GeS
device, and the current response across the device is served as the response spiking signal. (j) Stochastic behavior of the stimulated neuron
applied multiple near-threshold voltage pulses with amplitude (V) of 3.3 V, rising/falling time (trise/tfall) of 20 ns, and the duration time
(tduration)> of 300 ns. (k) The response under square pulses with different near-threshold voltages. (1)-(n) Frequency response of the artificial
neuron to which are applied different triangular stimuli pulses, 4.8 V amplitude/30 ps rising/falling time, 4 V amplitude/30 ps rising/falling
time, and 4 V amplitude/8 us rising/falling time, respectively. (f)—(n) Reproduced from!**$!. CC BY 4.0.
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low-power applications in both memory and neuromorphic
technologies.

In addition to OTS device structures, researchers have
reported heterostructure devices constructed from 2D mater-
ials to enhance neuromorphic characteristics. One notable
example involves a novel floating-gate-like transistor incor-
porating an indium selenide (InSe) and hexagonal boron
nitride (hBN) vdW heterostructure!>*’). The transistor con-
sists of an InSe/hBN/O,-hBN heterostructure, where O,-hBN
(oxygen plasma-treated hBN) acts as a charge-trapping layer,
hBN serves as the tunneling layer, and InSe functions as
the conducting channel. This structure mimics conventional
floating-gate transistors while providing improved perform-
ance and flexibility. The device demonstrates excellent syn-
aptic behaviors, such as short-term plasticity, long-term plas-
ticity, paired-pulse facilitation, and long-term potentiation/de-
pression (LTP/LTD), all of which are crucial for emulating bio-
logical neural networks. The excitatory postsynaptic current
(EPSC) reaches a synaptic weight of 104% and remains above
300% after 200 seconds, effectively mimicking biological syn-
aptic behavior. The device demonstrated stable LTP and LTD
curves with high symmetry and linearity, with a Guax/Gmin
(maximum-to-minimum conductance ratio) exceeding 10, all
crucial for neuromorphic computing. The charge-trapping
mechanism driven by the O,-hBN layer offers more flexibil-
ity compared to conventional floating-gate materials such as
graphene, allowing for better charge capture and memory per-
formance. The device’s response is influenced by gate voltage
pulses, where larger pulse widths and amplitudes improve
synaptic weight and plasticity. Under UV laser irradiation
(365 nm), the InSe device also exhibited a large memory win-
dow and high operational stability, confirming its suitability
as a synaptic device in neuromorphic systems.

More recently, the development of an artificial synaptic
transistor based on a 2D SnS,/T-layer (plasma-treated h-
BN) heterostructure, aimed at mimicking essential biological
synaptic behaviors for neuromorphic computing, has been
reported>*®]. The SnS, channel was paired with a T-layer
of oxygen plasma-treated h-BN, which facilitated surface-
level charge-trapping to emulate synaptic functions such as
EPSC, short-term plasticity, and LTP. The synaptic transistor’s
transfer characteristics revealed a clear hysteresis behavior,
indicating charge storage in the T-layer. This charge-trapping
mechanism enabled effective synaptic operations, success-
fully reproducing synaptic responses such as EPSC and STP.
The device exhibited typical synaptic behavior, where EPSC
increases with greater pulse width and amplitude, controlled
by gate voltage pulses. LTP and LTD characteristics were
also observed, demonstrating the device’s ability to mimic
more complex synaptic functions. Under 820 nm light irra-
diation, the synaptic performance was significantly enhanced.
Specifically, the nonlinearity of LTP was reduced to —0.19,
and its symmetry improved to 39.4, making it one of the
best-performing 2D artificial synaptic devices reported to date.
The LTP/LTD dynamic range (Gmax/Gmin) of 9.32 was meas-
ured under dark conditions, while light exposure reduced
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the dynamic range, it also improved stability across mul-
tiple cycles. This work highlights the potential of 2D mater-
ials for developing high-performance light-modulated artifi-
cial synapses, contributing to advancements in neuromorphic
systems.

Moreover, recent research has explored the development
of an artificial vdW (van der Waals) hybrid synapse that
integrate neuromorphic devices utilizing plasma-treated h-
BN with sound recognition devices>*!. These artificial syn-
apses mimic biological synapses by utilizing a hybrid struc-
ture composed of WSe, and MoS,, enabling bidirectional con-
trol over synaptic conductance. The hybrid synapse uses two
channels: WSe; for increasing conductance (potentiation) and
MoS, for decreasing conductance (depression). This dual-
channel approach provides linear and symmetric modulation
of conductance, which is essential for hardware neural net-
works (HW-NNs). The hybrid device demonstrated excellent
synaptic behaviors such as LTP and LTD, with minimized
nonlinearity (1.9 for both potentiation and depression) and
improved symmetry compared to conventional devices. When
applied to an HW-NN for acoustic pattern recognition, the
hybrid synapse achieved a recognition rate of 94.2%, which
is comparable to the 95.3% recognition rate of software-based
neural networks (SW-NNs). This study indicates the poten-
tial of vdW hybrid synapses for real-world neuromorphic
applications such as acoustic pattern recognition and brain-
inspired computing systems. In another study illustrated in
Figures 13(a)—(e)!°%), researchers developed an artificial optic-
neural synapse (ONS) for recognizing color and mixed-color
patterns. The ONS device integrates optical sensing and syn-
aptic functions into a single platform using a h-BN/WSe, het-
erostructure. The device adjusts synaptic behavior based on
different wavelengths of light (red, green, blue), similar to how
the human visual system processes color patterns. The ONS
device operates at a low voltage spike (0.3 V) and consumes
only 66 fJ per spike, highlighting its potential for energy-
efficient neuromorphic systems. It achieved over 90% recog-
nition rates for color and mixed-color patterns and outper-
formed traditional neural networks (NNs) in recognizing com-
plex mixed-color patterns when applied to an optic-neural net-
work (ONN). This research represents a significant advance-
ment in the integration of synaptic and sensory functions for
complex pattern recognition tasks, with promising implica-
tions for developing neuromorphic systems that mimic human
sensory processing.

The development of artificial neuromorphic sensors using
chalcogenide materials is a rapidly growing field. Owing
to their inherent phase-change properties, chalcogenides are
well-suited to emulate the dynamic functions of biolo-
gical neurons and synapses. Current research efforts focus
on developing memory and learning capable devices using
phase-change chalcogenides (such as GST), enhancing neur-
omorphic characteristics through heterostructures with 2D
materials, and engineering scalable, low-power systems
optimized for next-generation artificial intelligence (AI) and
autonomous computing applications. The overarching goal is
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to replicate brain-like information processing with high energy
efficiency.

4. Challenges and future directions

Chalcogenide materials have advanced memory and sens-
ing technologies by leveraging their unique properties, such
as phase-change behavior, high sensitivity to external stim-
uli, and multi-level resistance states. These features enable a
wide range of applications, including non-volatile memory,
neuromorphic computing, wearable electronics, and emer-
ging quantum technologies. However, key challenges remain,
including material stability[>#%-24!1 " scalability!>*?], dimen-
sional control!®?! and integration into modern architectures.
Addressing these issues is essential for seamless incorporation
into platforms such as artificial intelligence, neuromorphic
systems, and quantum devices, as summarized in Figure 14.
Overcoming these hurdles requires the development of innov-
ative synthesis techniques, hybrid systems, and multifunc-
tional device designs.

4.1. Materials challenges

Stability remains as one of the critical material chal-
lenges limiting the performance and broader application of
chalcogenides!'®*. For instance, phase separation, resistance
drift, and unintended crystallization—particularly in materials
like GST-225—compromise device reliability. Additionally,
repeated phase transitions introduce mechanical stress, leading
to fatigue and reduced lifespan. Addressing these challenges
is essential for ensuring long-term stability and the continued
advancement of chalcogenide-based technologies.

Scalability presents another significant challenge. As
devices continue to shrink, the crystallization temperature
and switching energy of phase-change materials become crit-
ical factors that affect device efficiency and reliability. This
is particularly true at the nanoscale, where surface energy
effects disrupt phase-change dynamics, introducing variability
and complicating device performance. Furthermore, advanced
structural designs that aim to retain bulk-like properties in
nanostructures often rely on intricate fabrication techniques,
which are susceptible to defects and reproducibility issues.
To address these challenges, enhanced fabrication techniques,
improved material synthesis methods, and a deeper under-
standing of nanoscale behavior are crucial!'>>1.

Similarly, dimensional control presents synthetic chal-
lenges, particularly for applications that require specific struc-
tural configurations, such as nanophotonic materials or inverse
opal structures!®”-81, Maintaining consistent dimensionality is
critical for achieving desired optical and/or electronic prop-
erties. For instance, the synthesis of 3D chalcogenide struc-
tures often relies on complex template-based methods, which
can introduce defects during template removal, compromising
material’s quality. Additionally, ensuring pore size control and
uniformity in porous chalcogenides remains a challenge, lim-
iting the reproducibility of these structures. Addressing these
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issues necessitates advances in synthetic precision and the
development of defect mitigation techniques.

4.2. Integration with next-generation technologies

Chalcogenides offer immense potential for integration into
next-generation technologies, including quantum computing,
Al, and the IoT. Additionally, these materials are pivotal in
advancing human-like electronic artificial sensory systems—
cutting-edge innovations designed to replicate the human abil-
ity to sense, process, and respond to environmental stimuli.

A key area of focus is the use of chalcogenide PCMs in
neuromorphic computing, which seeks to emulate the syn-
aptic behavior of the human brain. In artificial sensory sys-
tems designed to process information like human senses,
memory plays an essential role in learning, adapting, and
responding to environmental inputs. To enable human-like
perception, chalcogenide materials must reliably demonstrate
multi-level resistance states that can mimic the analog beha-
vior of neurons. These multi-level states allow artificial sens-
ory systems to process and store multiple layers of informa-
tion, much like the human brain, enabling complex, dynamic
responses to environmental changes. Furthermore, ensur-
ing the energy efficiency of chalcogenides in neuromorphic
architectures is essential for large-scale integration. Energy-
efficient, chalcogenide-based synaptic devices could pave the
way for low-power, real-time artificial sensory systems cap-
able of continuous learning and adaptation, all of which are
critical functions in autonomous robots, wearable health mon-
itors, and other Al-driven devices that interact with their sur-
roundings. In the realm of quantum computing, 2D TMDs
like MoS, are promising candidates due to their unique elec-
tronic and optical properties. These materials exhibit strong
spin-orbit coupling, which could be harnessed in quantum
bits (qubits) for quantum information storage. However, chal-
cogenides’ role in human-like sensory systems could also
extend to quantum computing applications by providing ultra-
sensitive quantum sensors capable of detecting subtle envir-
onmental changes. The challenge of integrating chalcogen-
ides into quantum architectures will require advances in mater-
ial deposition techniques, such as ALD or ALE, to achieve
the ultra-thin, defect-free films needed for quantum coher-
ence, which is crucial for precision and accuracy in quantum
sensing.

Sensing is another critical function that bridges chal-
cogenide materials with human-like electronic systems.
Chalcogenides are well-suited for integration into IoT devices
due to their versatility in sensing applications, which are cru-
cial for artificial sensory systems that aim to mimic human
perception. 2D chalcogenides, with their large surface area
and high sensitivity to environmental changes, are ideal can-
didates for low-power, flexible sensors that can monitor tem-
perature, gas concentrations, or light intensity in real-time,
just as human senses continuously gather information from
the environment. These materials have also garnered signi-
ficant interest owing to quantum confinement effects merging
from their atomic-scale thickness. These materials possess a
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Figure 14. A schematic summary of challenges and future direction for chalcogenide materials. Parts of the elements in this figure were
generated using OpenAl’s generative Al tool (DALL-E) based on author-provided descriptions.

layered structure, where individual layers are held together by
weak van der Waals forces, allowing them to be exfoliated into
monolayer or few-layer forms. In such configurations, charge
carriers are confined within a two-dimensional plane, leading
to discrete energy states and significant modifications in their
band structure, optical absorption, and electrical behavior.
These quantum confinement effects enhance optical absorp-
tion and photocurrent generation, enabling high-performance
photodetectors with improved sensitivity. Additionally, the
large surface-to-volume ratio of atomically thin TMDs amp-
lifies their response to external chemical or biological stimuli,
facilitating the detection of trace-level analytes. These prop-
erties are crucial not only for environmental and biochem-
ical sensing but also for neuromorphic applications, where
quantum confinement contributes to nonlinearity, hysteresis,
and conductance switching, which are essential for mimicking
synaptic plasticity in neuromorphic architectures. The synergy
between quantum effects and surface reactivity makes TMDs
promising materials for a broad range of sensing and intel-
ligent electronic applications. These sensors, integrated into
human-like systems, could perform in autonomous vehicles,
smart homes, and wearable devices, providing real-time feed-
back similar to how the human body responds to external
stimuli.

Moreover, the development of neuromorphic sensory sys-
tems, in which sensing and memory are strongly coupled,
relies heavily on the ability of materials like chalcogenides
to process and store sensory information simultaneously. For
example, chalcogenide-based gas sensors could detect envir-
onmental toxins and store historical data on toxin levels, allow-
ing the system to ‘learn’ and improve its response over time.
This integration of sensing and memory in artificial systems
mirrors the way human sensory systems use past experiences
to refine responses to new stimuli. However, the challenge
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remains to develop robust and scalable manufacturing pro-
cesses that can maintain the material performance of chalco-
genides while reducing cost and complexity for large-scale
integration. Future human-like electronic sensory systems will
demand both the precision and reliability of these materials to
function effectively in real-world environments, from health-
care monitoring systems to autonomous robots.

Clearly, the integration of memory and sensing functions
through chalcogenide materials is not only a path toward
enhancing Al IoT, and quantum technologies, but also a crit-
ical enabler of human-like electronic artificial sensory sys-
tems. These materials hold the key to unlocking the poten-
tial of systems that can perceive, learn, adapt, and respond
to their environment, much like human sensory organs, pos-
itioning them at the forefront of next-generation technological
advances.

4.3. Emerging memory architectures

As traditional memory technologies like flash and DRAM
encounter scaling limitations, chalcogenide materials are
being explored as key components in emerging memory archi-
tectures beyond phase-change memory. One such architecture
is ReRAM, which leverages the reversible switching between
high and low resistance states in chalcogenides. OTS, a switch-
ing mechanism inherent to some chalcogenide materials, is
particularly promising for developing selector-only memory
devices that can reduce power consumption and improve data
storage density.

Vertical structured SOM (VSOM) is an emerging configur-
ation that increases storage density by stacking multiple lay-
ers of memory cells vertically, akin to 3D NAND technology.
This structure is advantageous for applications requiring large
storage capacities in a compact area, such as data centers
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and high-performance computing environments. The depos-
ition of chalcogenide films in VSOM requires methods that
provide excellent conformal coverage and precise thickness
control to ensure uniform performance across all layers. ALD
is particularly important for VSOM because it offers atomic-
level precision in film deposition, ensuring that each layer of
chalcogenide material is uniformly coated, even on the side-
walls of deep trenches and other complex 3D structures. To
achieve node separation between layers when forming the
chalcogenide material on the sidewalls of deep trenches in 3D
structures, area-selective ALD (AS-ALD) technology, which
selectively deposits material only on the electrode, is proving
to be highly promising. The AS-ALD process leverages dif-
ferences in adsorption properties of the precursor between the
surfaces where growth is undesired and those where it is inten-
ded (inherent AS-ALD). Alternatively, an inhibitor material,
acting as a surface modifier, can be selectively adsorbed onto
the undesired growth surface to reduce its adsorption prop-
erties with the precursor. Subsequently, a thin film is select-
ively deposited only on the desired growth area through the
selective reaction of the precursor and the active sites during
the ALD process, creating a nanostructure pattern. By utiliz-
ing AS-ALD, it is possible to selectively form chalcogenide
materials only on the electrode surface by exploiting the differ-
ences in adsorption properties between the interlayer dielec-
tric and the electrode. This approach not only enhances the
device’s characteristics but also simplifies the manufacturing
process.

Moreover, neuromorphic computing, which aims to mimic
the behavior of biological synapses and neurons, is another
area where chalcogenides are gaining attention. Chalcogenide
materials, with their ability to exhibit multi-level resistance
states and adaptive behaviors, are ideal candidates for artifi-
cial synapses in brain-inspired computing systems. However,
for these materials to reach their full potential in neuromorphic
systems, there must be further breakthroughs in material sta-
bility, energy efficiency, and scalability.

Finally, optoelectronic memory is another frontier where
chalcogenides are expected to play a significant role. Some
chalcogenide materials exhibit properties that are highly
responsive to optical stimuli, enabling light-driven memory
devices. By controlling the optical reflectivity or refractive
index of chalcogenide materials, multi-level optical memory
can be developed, offering the potential for higher stor-
age capacity and faster access time compared to traditional
electronic memory. However, integrating chalcogenide-based
optoelectronic memory into existing architectures will require
innovations in fabrication and interface design to ensure com-
patibility and performance.

4.4. Future research directions and outlook

Moving forward, there are several areas where breakthroughs
in chalcogenide materials research are expected. One critical
avenue is the development of hybrid material systems that
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combine chalcogenides with other advanced materials such as
2D graphene, metal oxides, or organic semiconductors. These
hybrid systems could enhance the performance and function-
ality of chalcogenide-based devices by offering new path-
ways for charge transport, light-matter interaction, and thermal
management. Additionally, improving the synthesis methods
for chalcogenide materials is a key priority. While techniques
such as ALD and CVD have made significant progress, there
is a need for scalable, low-cost methods that maintain the
high structural precision required for next-generation applic-
ations. Developing solution-based or additive manufacturing
techniques for chalcogenide nanomaterials could unlock new
horizons for low-cost, high-performance devices.

As discussed earlier, material stability under varying envir-
onmental conditions is another important area of focus. In
particular, research on doping or alloying chalcogenides to
improve their thermal and chemical stability, while maintain-
ing their phase-change properties, will be vital for applica-
tions such as non-volatile memory and sensors. And, exploring
alternative phase-change mechanisms beyond the traditional
heat-induced changes in chalcogenides will likely yield new
applications. For example, investigating electric field-induced
or pressure-induced phase changes could lead to the devel-
opment of memory devices with lower power consumption
or faster switching time. Additionally, research into multi-
functional materials, which can perform both memory stor-
age and sensing functions, will be crucial for developing more
integrated and versatile devices in the future.

In summary, chalcogenide materials offer a unique combin-
ation of properties that make them indispensable in memory
and sensing technologies. However, there remain significant
challenges related to material stability, scalability, and dimen-
sional control, particularly in advanced applications such as
phase-change memory, neuromorphic computing, and opto-
electronic devices. While current synthesis methods, such as
CVD, ALD, and template-based approaches, provide prom-
ising pathways for material fabrication, further improvements
in these techniques are needed to ensure the scalability and
performance required for next-generation devices. In emer-
ging fields such as quantum computing, Al, and the IoT, chal-
cogenides are poised to play an increasingly critical role,
though successful integration will depend on addressing the
technical challenges associated with device miniaturization
and energy efficiency. The future of chalcogenide materials
looks promising, as we continue to push the boundaries of
their applications in electronics, sensing, and quantum tech-
nologies. With advances in hybrid material systems, multi-
functional devices, and new phase-change mechanisms, chal-
cogenides are expected to remain at the forefront of materi-
als research. As the demand for high-performance, scalable,
and energy-efficient devices continues to grow, addressing
these challenges will unlock chalcogenides’ further potential,
driving innovation in memory architectures, smart sensors,
and beyond across fields from consumer electronics to next-
generation computing.
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