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ABSTRACT

Chalcogenides, compounds containing sulfur, selenium or tellurium are materials of great interest due to their unique optical, electronic and thermal
properties, which make them ideal for applications in photonics, memory storage and energy devices. Plasma-based techniques offer a versatile and
efficient approach to the synthesis and modification of chalcogenides, allowing for precise control over composition, structure and surface
characteristics. This paper reviews the role of plasma in enhancing chalcogenide properties, focusing on how plasma-assisted synthesis and
modification methods, such as chemical vapor deposition and plasma surface treatments, improve performance, scalability and environmental
sustainability. Key challenges, including material degradation and scaling difficulties are discussed, as well as future directions that could enable
broader industrial applications. Plasma processing, by enabling low-temperature synthesis and targeted modification has the potential to advance the
utility and versatility of chalcogenide materials in cutting-edge technologies.
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1. Introduction

Chalcogenides, compounds containing elements from group 16 of the periodic table (sulfur, selenium and tellurium), have garnered considerable
attention due to their versatile electronic, optical and thermal properties. These unique characteristics make them valuable in applications such as
photonics, memory storage, energy devices and catalysis. For instance, phase-change chalcogenides are widely used in non-volatile memory devices
because of their ability to switch rapidly between amorphous and crystalline states, an attribute that enables data storage with high density and
endurance (Wuttig & Yamada, 2007). Generally, chalcogenide glasses have a high refractive index and infrared transparency, making them ideal for
photonic devices and infrared optics (Zakery & Elliott, 2003). Traditional synthesis methods for chalcogenides, such as high-temperature solid-state
reactions, have limitations, including energy-intensive processes and potential environmental impacts due to toxic byproducts. These methods often
require high temperatures and long reaction times to achieve desired crystallinity and phase stability, which can restrict scalability and application
potential. Moreover, chalcogenide films and nanostructures synthesized through traditional methods often lack uniformity and suffer from defects that
can impair their performance in electronic and photonic applications (Hodes, 2002). Plasma based materials have emerged as promising alternatives for
the synthesis and modification of chalcogenides. Plasma, an ionized gas containing ions, electrons and reactive species, provides an environment where
chemical reactions can occur at lower temperatures and with greater precision than conventional methods. In plasma-assisted synthesis, reactive
chalcogen species are generated directly within the plasma environment, enabling the formation of thin films and nanostructures at lower temperatures.
This facilitates the integration of chalcogenides on substrates that would otherwise be sensitive to high temperatures, such as flexible polymers and
other low-melting-point materials (Anders, 2010). The role of plasma excited synthesis, as plasma treatment can modify the surface properties of pre-
formed chalcogenide materials. Techniques like plasma-enhanced chemical vapor deposition (PECVD) and radio-frequency plasma allow for precise
control over material properties, including surface morphology, chemical composition and crystallinity (Tsai et al., 2018) . Plasma processing can also
introduce specific dopants or functional groups, enhancing properties like conductivity and catalytic activity, which are critical for applications in
photovoltaics, sensors and catalysis (Zhang et al., 2020). Despite these advantages, plasma process has some challenges. High-energy plasma
environments can introduce defects or even cause material degradation and maintaining process consistency can be difficult at larger scales. However,
advances in plasma control, such as tuning power, pressure and gas composition are enabling more reproducible and scalable processing techniques
(Chu et al., 2015). By overcoming these challenges, plasma-assisted met play a crucial role in the future development of chalcogenide materials for
advanced technological applications. This paper aims to review the state of plasma-assisted synthesis and modification of chalcogenides, providing an
overview of plasma methods, their advantages and challenges. We will also highlight recent advances in the field and explore future directions for
plasma-enhanced chalcogenide materials, especially in the context of photonic, electronic and energy applications.

2. Plasma-Assisted Synthesis of Chalcogenides

Plasma-assisted synthesis of chalcogenides involves using plasma technology to enhance the deposition and modification of these materials. This
method improves control over film properties, allowing for tailored electronic, optical and catalytic characteristics, making chalcogenides suitable for
applications in electronics, photovoltaics and environmental remediation.
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2.1 Overview of Plasma Synthesis Methods

Plasma-assisted synthesis has emerged as a powerful approach for producing chalcogenide materials, offering precise control over chemical
composition, structure and morphology. Plasma synthesis methods, such as radio-frequency (RF) plasma, microwave plasma and plasma-enhanced
chemical vapor deposition (PECVD) are commonly used for chalcogenide formation. These methods enable the production of high-quality thin films
and nanostructures at lower temperatures than conventional methods, providing an efficient, scalable and environmentally friendly alternative for
synthesizing complex materials.

2.1.1. Radio-Frequency (RF) Plasma

RF plasma synthesis uses alternating electromagnetic fields to generate plasma, allowing the excitation and dissociation of precursor gases into highly
reactive species. This process enables the deposition of uniform chalcogenide films, often at relatively low substrate temperatures. RF plasma can be
tuned to control film properties such as thickness, crystallinity and roughness, making it highly versatile for fabricating thin films of various
chalcogenides (Kumari et al., 2018). For example, RF plasma has been used to synthesize sulfur-based chalcogenide films for infrared optics, where
controlled thickness and homogeneity are essential for optical performance (Jain et al., 2013).

Applications of RF Plasma in Chalcogenide Synthesis

RF plasma methods are used for applications in photonics and data storage, where thin films with high purity and specific thickness profiles are
essential. The ability to control film crystallinity with RF plasma is especially valuable for phase-change materials, as it influences the switching speed
and data retention of non-volatile memory devices (Wuttig & Yamada, 2007).

2.1.2. Microwave Plasma

Microwave plasma synthesis utilizes microwave radiation to ionize gases and create plasma, which generates reactive species for material deposition.
This technique is particularly advantageous for producing nanostructures, as the energy transfer is rapid and uniform, promoting the nucleation and
growth of nanocrystals with controlled morphology and size (Behrendt et al., 2015). Microwave plasma has been employed to create telluride-based
chalcogenide nanostructures with applications in thermoelectrics, where nanostructuring can enhance thermal and electrical transport properties (He et
al., 2017).

Applications of Microwave Plasma in Nanostructure Synthesis

Microwave plasma is highly effective for synthesizing nanostructures like nanowires, nanoparticles and thin films with unique morphologies, making it
valuable for applications in sensors, catalysis and thermoelectric devices. For instance, microwave plasma-assisted synthesis has shown promise in
fabricating nanostructured bismuth telluride, a material widely used for thermoelectric applications due to its excellent electrical and thermal
conductivity properties (Poudel et al., 2008).

2.1.3. Plasma-Enhanced Chemical Vapor Deposition (PECVD)

PECVD is a widely used method for depositing chalcogenide films by activating precursor gases in plasma and driving chemical reactions on a
substrate surface. PECVD allows for precise control over deposition rates, film composition and thickness, making it ideal for producing uniform
chalcogenide layers for optical and electronic devices (Tsai et al., 2018). Additionally, PECVD offers flexibility in choosing precursor gases, allowing
for easy incorporation of dopants and other elements to modify the material’s properties.

Applications of PECVD in Thin Film Deposition

PECVD is commonly used in optoelectronics and infrared optics due to its ability to produce highly uniform chalcogenide films with adjustable
refractive indices and excellent infrared transparency (Zakery & Elliott, 2003). The technique is also suitable for developing phase-change
chalcogenide materials, where precise control over film thickness and crystallinity is critical for device performance in applications like data storage
(Kim et al., 2010).

2.1.4. Atmospheric Pressure Plasma Deposition

While many plasma techniques operate under low pressure, atmospheric pressure plasma deposition (APPD) provides a means to perform plasma
synthesis at atmospheric conditions, eliminating the need for vacuum systems and simplifying the setup. APPD is used to create large-area coatings and
is well-suited for applications requiring scalable processes. For example, APPD has been used to deposit thin films of chalcogenides on flexible
substrates, enabling applications in flexible electronics and sensors (Sun et al., 2017).

Applications of APPD in Flexible Electronics

APPD’s compatibility with flexible substrates makes it valuable for emerging applications in wearable and bendable electronics. Chalcogenide films
synthesized through APPD can maintain their electrical and optical properties on flexible substrates, opening new possibilities for lightweight and
flexible electronic devices (Gupta et al., 2016).

Plasma-assisted synthesis methods provide versatile, efficient and environmentally friendly approaches to chalcogenide production, allowing precise
control over the material's properties. RF plasma, microwave plasma, PECVD and APPD each offer distinct advantages for synthesizing thin films and
nanostructures, meeting the requirements of various applications in optoelectronics, thermoelectrics and flexible electronics. Continued advancements
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in plasma technology, including improved control over plasma parameters and expanded precursor options, will further enhance the applicability and
scalability of these techniques for chalcogenide materials.

2.2 Mechanisms of Plasma Synthesis in Chalcogenides

The use of plasma in the synthesis of chalcogenides introduces unique mechanisms that enhance the efficiency and control over material formation.
Plasma, as an ionized gas, creates a reactive environment with various energetic species, including ions, radicals and electrons, which interact with
precursor materials. These interactions drive chemical reactions and promote the growth of chalcogenide structures at lower temperatures than
conventional methods. The primary mechanisms of plasma synthesis in chalcogenides include precursor activation, enhanced surface reactions and
controlled morphology, each of which plays a significant role in tailoring the properties of chalcogenide materials for various applications.

2.2.1. Activation of Precursors

Plasma synthesis is distinguished by its ability to dissociate and ionize precursor molecules, breaking them down into reactive atomic or molecular
species. In chalcogenide synthesis, these activated species often include sulfur (S), selenium (Se) or tellurium (Te) radicals and ions, which are more
reactive than their neutral counterparts. This activation step is particularly important as it enables the formation of chalcogenide compounds at lower
temperatures, reducing the thermal budget and making the process compatible with a broader range of substrates (Behrendt et al., 2015). For example,
in the synthesis of Ge-Sb-Te chalcogenide films, plasma-generated reactive tellurium species enhance the incorporation of tellurium into the film,
allowing precise control over film composition (Tsai et al., 2018).

2.2.2. Enhanced Surface Reactions

The presence of highly reactive plasma species enhances surface reactions during chalcogenide film growth. lons and radicals in the plasma are
attracted to the substrate surface, where they release energy upon impact, promoting localized heating and enabling surface reactions that contribute to
thin film formation. This effect is crucial for achieving uniformity and high purity in chalcogenide films. Additionally, the kinetic energy from plasma
ions can break bonds within precursor molecules directly at the surface, aiding in the incorporation of chalcogen atoms into the material structure
(Anders, 2010). The localized heating from ion impacts also allows for film growth on temperature-sensitive substrates, which is especially beneficial
for flexible electronics (Gupta et al., 2016).

Surface Reactions and Phase Control

One key advantage of plasma-enhanced surface reactions is the ability to influence phase formation and control crystallinity. The energy delivered by
plasma ions can drive amorphous-to-crystalline phase transformations in materials like Ge-Sb-Te, which are essential for phase-change memory
applications. Adjusting plasma parameters, such as power and pressure, allows for precise control over these transformations, enabling the production
of chalcogenide films with tailored phase compositions and crystallinity (Kim et al., 2010).

2.2.3. Controlled Morphology and Growth

Plasma synthesis techniques offer excellent control over the morphology and growth of chalcogenide nanostructures. Parameters such as plasma power,
gas composition and pressure can be fine-tuned to achieve desired morphologies, including thin films, nanowires and nanoparticles. The plasma
environment provides a high concentration of reactive species, promoting rapid nucleation and enabling the growth of nanostructures with specific
orientations and morphologies (Zhang et al., 2020). For example, in the microwave plasma synthesis of bismuth telluride (Bi2Te3) nanowires, adjusting
the plasma power and gas flow rate allows for control over the nanowire diameter and length, optimizing their properties for thermoelectric applications
(He et al., 2017).

Nucleation and Growth Kinetics

Plasma-assisted synthesis facilitates nucleation by creating supersaturation conditions at the surface, enabling controlled growth Kinetics. This is
particularly advantageous for chalcogenides where morphology strongly influences electronic and thermal properties. Plasma parameters can be
optimized to favor different growth modes, such as layer-by-layer or island growth, allowing for fine control over film thickness and structural quality
(Chu et al., 2015). This ability to control nucleation and growth is essential for applications requiring precise dimensions, such as photonics and
optoelectronics.

2.2.4. Doping and Composition Control

Plasma environments provide a flexible approach to introducing dopants into chalcogenide films. By incorporating specific gases or adjusting the
plasma composition, desired dopants can be embedded directly into the growing film. This capability is crucial for modifying the electronic properties
of chalcogenides, enabling the creation of p-type or n-type materials with tailored carrier concentrations (Luo et al., 2019). In the synthesis of selenium-
based chalcogenides, for instance, controlled oxygen doping via plasma enables tunable electronic and optical properties suitable for optoelectronic
applications (Zhao et al., 2021). The mechanisms of plasma synthesis in chalcogenides—activation of precursors, enhanced surface reactions,
controlled morphology and doping—offer distinct advantages for producing high-quality materials with specific properties. These mechanisms enable
low-temperature synthesis, precise control over phase and morphology and targeted doping, making plasma synthesis an attractive option for advancing
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the functionality of chalcogenide materials across various technological domains. The flexibility and control inherent in plasma-based methods hold
promise for the continued development of chalcogenides in applications such as memory storage, thermoelectrics and flexible electronics.

2.3 Applications of Plasma-Synthesized Chalcogenides

Plasma-synthesized chalcogenides exhibit properties that make them highly suited for advanced technological applications, especially in fields
requiring precision, versatility and control over material properties. These applications span across data storage, photonics, thermoelectrics and flexible
electronics, leveraging the unique benefits of plasma processing, such as low-temperature synthesis, compositional control and the ability to produce
complex morphologies. Below, we discuss the key application areas of plasma-synthesized chalcogenides, highlighting how plasma synthesis enhances
the performance and functionality of these materials.

2.3.1. Data Storage and Phase-Change Memory

One of the most significant applications of chalcogenides is in phase-change memory (PCM) devices, where materials such as Ge-Sb-Te (GST) can
rapidly switch between amorphous and crystalline phases, allowing for non-volatile data storage. Plasma-assisted synthesis offers precise control over
film thickness, composition and crystallinity, which are crucial for optimizing the switching speeds, stability and endurance of PCM devices (Wuttig &
Yamada, 2007). For example, plasma-enhanced chemical vapor deposition (PECVD) allows the deposition of highly uniform GST films with
controlled phase compositions, directly improving data retention and read/write speeds (Tsai et al., 2018). Additionally, plasma treatments can reduce
the activation energy for phase switching, enabling faster and more efficient PCM devices (Kim et al., 2010).

Advantages of Plasma-Synthesized PCM Materials

Plasma synthesis provides a low-temperature alternative for integrating chalcogenide PCM materials onto substrates, enabling compatibility with
existing semiconductor processing and reducing thermal stress. This control over phase purity and crystallinity is essential for high-density data storage
applications, where reliability and endurance are paramount (Ovshinsky, 2004).

2.3.2. Photonic and Optical Devices

Chalcogenide glasses are known for their high refractive indices and transparency in the infrared (IR) region, making them ideal for photonic
applications, including IR optics, waveguides and sensors. Plasma-synthesized chalcogenides, particularly those produced via RF plasma and PECVD,
provide the precise control over composition and thickness needed to achieve specific optical properties (Zakery & Elliott, 2003). For instance, sulfur-
based chalcogenides synthesized by plasma deposition methods offer excellent IR transmission and high thermal stability, which are essential for
devices like IR sensors and night-vision systems (Kumar et al., 2019).

Enhanced Optical Properties through Plasma Processing

Using plasma, it is possible to produce chalcogenide films with minimal defects and fine-tuned refractive indices, critical for photonic device
performance. Plasma treatments can also adjust the bandgap of chalcogenide films, broadening their functionality across various optical wavelengths
(Gupta et al., 2016).

2.3.3. Thermoelectric Materials

Chalcogenides such as bismuth telluride (Bi2Te3) and lead telluride (PbTe) are among the leading materials for thermoelectric applications due to their
high electrical conductivity and low thermal conductivity. Plasma synthesis enables the growth of nanostructured chalcogenides with controlled
morphologies, such as nanowires and thin films, which enhance thermoelectric efficiency by increasing phonon scattering and reducing thermal
conductivity (Poudel et al., 2008). Microwave plasma, for instance is particularly effective in producing Bi2Te3 nanowires, which exhibit improved
thermoelectric performance due to their high surface-to-volume ratios (He et al., 2017).

Advantages of Nanostructured Thermoelectrics

Plasma-synthesized nanostructured chalcogenides demonstrate enhanced thermoelectric properties, as the controlled morphology allows for
optimization of charge carrier transport and thermal resistance. These improvements make plasma-synthesized chalcogenides attractive for energy
conversion applications, including waste heat recovery and cooling systems (Zhao et al., 2020).

2.3.4. Flexible Electronics and Wearable Devices

The low-temperature synthesis capability of plasma methods is advantageous for creating chalcogenide films on flexible substrates, a key requirement
in wearable and bendable electronics. Plasma-enhanced chalcogenide films, such as those made from Ge-Sb-Te or selenium-based compounds, exhibit
excellent flexibility, conductivity and adhesion to substrates, making them ideal for applications in flexible displays, sensors and electronic skins (Sun
et al., 2017). Atmospheric pressure plasma deposition (APPD) further enables large-area coatings on flexible substrates, broadening the use of
chalcogenides in wearable electronics (Gupta et al., 2016).
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Advantages for Flexible Electronics

Plasma processing allows for the synthesis of high-performance chalcogenide films on lightweight and flexible substrates without compromising
electronic or optical properties. This expands the application of chalcogenides in emerging technologies, especially in portable and wearable devices
requiring durability and flexibility (Li et al., 2018).

2.3.5. Catalysis and Energy Storage

Recently, chalcogenides have gained attention in catalysis and energy storage applications, particularly for electrocatalysis and battery materials.
Plasma techniques facilitate the doping and surface modification of chalcogenide materials, enhancing their catalytic activity and stability. For instance,
plasma-modified molybdenum disulfide (MoS2) and other transition metal dichalcogenides exhibit improved performance as electrocatalysts for
hydrogen evolution reactions (HER) due to the increased surface area and defect sites introduced by plasma treatment (Zhang et al., 2020). Plasma-
assisted synthesis also allows for the creation of doped chalcogenides with enhanced ionic conductivity, making them suitable for battery electrodes
(Luo et al., 2019).

Enhanced Catalytic and Energy Storage Properties

Plasma processing introduces controlled defects and dopants that improve the catalytic efficiency and stability of chalcogenides, making them ideal for
renewable energy applications, such as water splitting and energy storage. The ability to tailor surface properties via plasma further enhances the
potential of chalcogenides as next-generation catalysts and battery materials (Zhao et al., 2021).

The versatility of plasma-synthesized chalcogenides supports a wide range of applications across data storage, photonics, thermoelectrics, flexible
electronics and catalysis. Plasma synthesis enables precise control over material properties, such as composition, phase and morphology, which are
critical for optimizing performance in these applications. The flexibility, low-temperature processing and ability to introduce dopants position plasma-
synthesized chalcogenides as key materials in advanced technological fields, particularly in areas requiring specialized electronic, optical or catalytic
properties.

3. Plasma-Assisted Modification of Chalcogenides

Plasma-assisted modification of chalcogenides utilizes plasma techniques to alter their structural, electronic and optical properties. This approach
enables precise doping, surface functionalization and phase transformations, enhancing performance in applications such as photovoltaics, sensors and
thermoelectric devices, thereby expanding the functional potential of chalcogenide materials for advanced technologies.

3.1 Surface Functionalization and Doping

Surface functionalization and doping are essential techniques for tuning the properties of chalcogenides, enabling a wide range of applications by
modifying electronic, optical and catalytic characteristics. Plasma-based techniques have shown great promise in enhancing these processes due to their
ability to introduce dopants and functional groups with high precision and control. By altering surface chemistry and creating controlled defect
structures, plasma-based functionalization and doping enable optimized performance in applications like catalysis, optoelectronics and energy storage.

3.1.1. Plasma-Assisted Doping for Enhanced Electronic Properties

Doping chalcogenides through plasma-assisted methods allows for precise control over carrier concentration and type (n-type or p-type), which is
critical for optimizing electronic properties in semiconductors. In materials like Ge-Sb-Te, doping with elements such as nitrogen, oxygen or silicon via
plasma treatments can stabilize certain phases, modify crystallization temperatures and improve data retention and switching speeds in phase-change
memory (PCM) devices (Wuttig & Yamada, 2007; Kim et al., 2010). Plasma doping enables low-temperature processes, which are especially beneficial
for integrating chalcogenides with flexible and sensitive substrates (Chu et al., 2015). For instance, oxygen doping via plasma in chalcogenide thin
films can introduce oxygen-related defect states, enhancing carrier mobility and modifying the bandgap to fit specific optoelectronic applications (Zhao
et al., 2021). Similarly, nitrogen plasma treatment of MoS: results in nitrogen-doped MoS. with improved electrical conductivity and catalytic
properties due to enhanced edge activity, which is beneficial for energy conversion applications like hydrogen evolution reactions (HER) (Zhang et al.,
2020).

3.1.2. Surface Functionalization for Catalytic and Photonic Applications

Plasma-based surface functionalization can create active sites or modify surface composition, thereby enhancing the catalytic and optical properties of
chalcogenides. For catalytic applications, such as HER or CO: reduction, surface functionalization is crucial for improving reactivity by introducing
defect sites, dopants or additional functional groups that promote better electron transfer and adsorption of reactants. Plasma treatment has been shown
to activate the basal planes of MoS:, increasing the density of active sites and thereby significantly boosting its catalytic performance (Li et al., 2018).
In photonics, surface functionalization using plasma can tune the refractive index and optical absorption characteristics of chalcogenide materials. For
example, functionalizing As.Ss chalcogenide films with sulfur plasma can improve infrared transparency and enhance transmission for optical devices
operating in the IR spectrum (Kumar et al., 2019). Functionalization with fluorine plasma has been shown to reduce refractive index values in
selenium-based chalcogenides, making them more suitable for optical coatings and waveguides (Gupta et al., 2016).
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3.1.3. Defect Engineering via Plasma Treatments

Plasma techniques enable defect engineering, a powerful approach to manipulating electronic, catalytic and optical properties of chalcogenides.
Plasma-induced defects, such as vacancies, interstitials or surface roughness, can tailor the electronic band structure and create localized states within
the bandgap. This capability is particularly important for optoelectronic applications, where defect states can enhance light absorption and improve
photoresponse (Zakery & Elliott, 2003). For instance, controlled sulfur vacancies introduced in MoS: through plasma treatment have been shown to
enhance conductivity and electron mobility, which is beneficial for both photocatalytic and electronic applications (Zhao et al., 2020). Similarly,
plasma treatments can introduce selenium vacancies in Bi.Ses, a topological insulator, improving its surface conductivity for spintronic applications
(Luo et al., 2019).

3.1.4. Selective Doping for Thermoelectric Optimization

In thermoelectric applications, selective doping is used to optimize the Seebeck coefficient, electrical conductivity and thermal conductivity of
chalcogenide materials like Bi-Tes and PbTe. Plasma-based doping methods, including plasma ion implantation, allow for targeted introduction of
dopants, such as tellurium or antimony, into specific layers of the material. This controlled doping enhances phonon scattering, thereby reducing
thermal conductivity and improving thermoelectric efficiency (Poudel et al., 2008). For example, tellurium-doped Bi-Ses synthesized via plasma doping
exhibits enhanced thermoelectric properties by reducing lattice thermal conductivity and optimizing carrier concentration (He et al., 2017). Plasma-
assisted synthesis and doping allow for precise control over dopant distribution, which is essential for high-performance thermoelectric materials.
Plasma-assisted surface functionalization and doping play critical roles in enhancing the performance of chalcogenide materials across a variety of
applications. These techniques enable precise control over material properties, including carrier concentration, catalytic activity, optical transparency
and thermal conductivity, by introducing dopants, defects and functional groups in a controlled manner. Plasma-based approaches continue to advance
the development of chalcogenides, particularly in fields requiring high-performance materials with tailored electronic, optical and catalytic properties.

3.2 Structural and Phase Modifications

Plasma-based techniques are highly effective for modifying the structure and phase of chalcogenides, providing the ability to control crystal structure,
induce phase transitions and create specific morphologies. These structural and phase modifications are crucial for enhancing the functional properties
of chalcogenides in applications such as phase-change memory, thermoelectrics and optoelectronics. By adjusting plasma parameters, such as power,
pressure and gas composition, researchers can fine-tune structural and phase characteristics to optimize the performance of chalcogenide materials.

3.2.1. Control of Crystal Structure and Morphology

Plasma-assisted synthesis enables precise control over the crystallinity and morphology of chalcogenide films and nanostructures, which is essential for
tailoring their electronic, optical and thermal properties. For instance, varying plasma parameters in the synthesis of Ge-Sh-Te (GST) can lead to
different crystal structures, such as face-centered cubic (FCC) and hexagonal close-packed (HCP) phases, which have distinct phase-change behaviors
(Wuttig & Yamada, 2007). Plasma-enhanced chemical vapor deposition (PECVD) has been particularly effective in growing GST films with uniform
morphology and tailored crystallinity, improving phase-change speed and stability in memory applications (Tsai et al., 2018). The ability to control
morphology is also crucial in thermoelectric applications, where nanostructured chalcogenides, such as nanowires or nanoplates, can improve
thermoelectric performance by enhancing phonon scattering. Plasma-based methods can produce well-defined nanostructures in materials like Bi.Tes
and SnSe, enabling low thermal conductivity and improved energy conversion efficiency (He et al., 2017). Additionally, plasma-assisted growth allows
for the synthesis of vertically aligned chalcogenide nanostructures, which can be advantageous in electronic and photonic devices (Liu et al., 2016).

3.2.2. Induced Phase Transitions for Memory Applications

Chalcogenide materials such as Ge-Sh-Te are known for their ability to switch between amorphous and crystalline phases, a property that is central to
phase-change memory (PCM) technology. Plasma processing can facilitate these phase transitions, enabling controlled switching between phases at
lower temperatures and improving device longevity. For example, plasma annealing has been shown to assist in the crystallization of amorphous GST
films, allowing for fine-tuning of the crystal phase and faster switching speeds in PCM devices (Kim et al., 2010). In addition to accelerating phase
transitions, plasma treatment can also stabilize specific phases. Oxygen plasma treatment, for instance, has been used to selectively stabilize the
amorphous phase of GST, which is crucial for preventing unwanted crystallization and enhancing data retention in PCM (Chu et al., 2015). By
controlling plasma parameters, researchers can achieve targeted phase stability, improving the reliability of PCM devices.

3.3.3. Amorphization and Defect Engineering

Plasma treatment offers an effective method for introducing defects and inducing amorphization in chalcogenides, which can significantly impact their
electronic and optical properties. Amorphization is especially valuable in phase-change applications, where switching between crystalline and
amorphous phases is required. Argon or nitrogen plasma can induce amorphization in materials like GST and MoS:, creating localized disorder that
enhances phase-change speeds and reduces energy consumption in PCM (Ovshinsky, 2004). Defect engineering through plasma treatments, such as
introducing vacancies or interstitials, also enables fine-tuning of material properties. For instance, sulfur vacancies created by plasma treatment in MoS:
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films increase their catalytic activity and carrier mobility, which is advantageous for catalysis and electronic applications (Zhao et al., 2020). Plasma-
induced defects can also enhance light absorption in chalcogenides, making them more efficient for optoelectronic applications (Kumar et al., 2019).

3.3.4. Phase-Selective Growth and Stabilization

Plasma-assisted synthesis allows for the selective growth of specific phases in chalcogenide materials, making it possible to stabilize phases that are
difficult to obtain via conventional methods. For instance, the HCP phase of Ge-Sb-Te, which is typically metastable, can be stabilized through plasma-
assisted deposition, providing enhanced thermal stability and faster phase-change behavior (Loke et al., 2012). This phase selectivity is crucial for
developing high-performance PCM devices that require robust phase stability under thermal cycling. Selective growth techniques also enable the
synthesis of heterostructures, such as layered chalcogenides with alternating phases, which can exhibit unique electronic and optical properties. Plasma-
assisted growth of phase-selective Bi2Tes/Sb2Tes heterostructures, for example, has been shown to improve thermoelectric properties by reducing lattice
thermal conductivity through interface scattering (Poudel et al., 2008).

3.3.5. Tailoring Optical and Electronic Properties via Phase Modulation

Phase modulation through plasma processes allows for the tuning of optical and electronic properties in chalcogenide films, which is important for
photonics and optoelectronics. For example, phase transitions in chalcogenide films such as Sb2Ses can alter their optical transparency and refractive
index, enabling their use in reconfigurable photonic devices (Zakery & Elliott, 2003). Plasma-induced phase transitions can also lead to the formation
of intermediate phases with distinct bandgaps, enabling bandgap engineering for specific optoelectronic applications (Gupta et al., 2016).

By manipulating the phase composition of chalcogenides, plasma treatments can adjust material conductivity and optical response, expanding their
functionality for applications in sensors, IR optics and tunable photonic devices. Plasma-based methods provide a versatile and precise approach to
modifying the structure and phase of chalcogenide materials, enabling control over crystal structure, morphology and phase transitions. These structural
and phase modifications play a critical role in enhancing the performance of chalcogenides in various applications, including memory storage,
thermoelectrics and photonics. The ability to achieve targeted phase stability, controlled defect introduction and tailored optical properties highlights
the transformative potential of plasma processing in developing next-generation chalcogenide-based devices.

3.3 Effects of Plasma Parameters on Chalcogenides

Plasma parameters play a crucial role in the synthesis and modification of chalcogenide materials. Variables such as gas composition, pressure, power
and exposure time directly influence the physical and chemical properties of chalcogenides, impacting their crystallinity, morphology, doping levels
and ultimately their functional characteristics. Understanding the effects of these plasma parameters is essential for optimizing chalcogenide
performance in various applications, including electronics, optoelectronics and thermoelectrics.

3.3.1. Gas Composition

The choice of gas composition in plasma processing significantly affects the growth and properties of chalcogenide films. For instance, using different
chalcogen precursor gases (such as H.S, H.Se or H.Te) during plasma deposition can lead to variations in film composition and morphology. The
introduction of sulfur plasma into the synthesis of MoS: has been shown to enhance the growth rate and crystallinity of the material, resulting in
improved electrical conductivity and catalytic performance (Zhang et al., 2020). Additionally, the presence of inert gases such as argon can influence
the energy of the ions and radicals generated during plasma processing, which in turn affects the surface reaction kinetics. For example, argon plasma
treatment of Ge-Sbh-Te films can increase the formation of crystalline structures while minimizing unwanted oxidation, leading to enhanced phase-
change properties (Kim et al., 2010).

3.3.2. Plasma Power

Plasma power is a critical parameter that affects the ionization and excitation levels of the gas, thereby influencing the energy delivered to the growing
chalcogenide film. Higher plasma power typically increases the density of reactive species, leading to enhanced film deposition rates and improved
material properties. For instance, increasing RF power during the deposition of SbzSes films has been shown to enhance the crystallinity and decrease
the surface roughness, which is essential for applications in optoelectronics (Zhao et al., 2021). Conversely, excessively high plasma power can lead to
damage or excessive heating of the substrate, resulting in degradation of material properties. For example, excessive power can induce stress in the
films, leading to cracking or delamination (Tsai et al., 2018). Thus, optimizing plasma power is crucial to achieving the desired structural and
functional characteristics of chalcogenides.

3.3.3. Pressure and Temperature

The operating pressure during plasma processing affects the mean free path of ions and radicals, which in turn influences the deposition dynamics and
film morphology. Low-pressure conditions typically facilitate higher ion energy and better control over the deposition process, allowing for improved
crystallinity and uniformity in chalcogenide films. For instance, lower pressures during the plasma deposition of Ge-Sh-Te films have been associated
with improved phase stability and faster switching speeds in phase-change memory applications (Wuttig & Yamada, 2007). Temperature is another
vital parameter that influences the kinetics of the growth process and the thermal stability of the material. Elevated substrate temperatures during
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plasma treatment can promote crystallization and enhance the alignment of grains in chalcogenide films, leading to better electronic and optical
properties. For example, high-temperature plasma treatments of Bi-Tes have been shown to improve thermoelectric performance by optimizing carrier
mobility and reducing defects (He et al., 2017).

3.3.4. Exposure Time

The duration of plasma exposure significantly impacts the characteristics of chalcogenide materials. Longer exposure times can lead to increased film
thickness and enhanced incorporation of dopants or functional groups. However, excessive exposure may result in undesirable effects, such as
excessive roughness or the introduction of too many defects. For instance, prolonged exposure to sulfur plasma during the synthesis of MoS: has been
shown to enhance the formation of active edge sites, improving its catalytic activity (Li et al., 2018). Optimizing exposure time is crucial for achieving
a balance between desired material properties and potential degradation effects. Controlled exposure times allow for tailoring the electronic structure
and surface characteristics of chalcogenides, thus enhancing their functionality in specific applications.

3.3.5. Impact on Electronic and Optical Properties

The interplay of plasma parameters directly affects the electronic and optical properties of chalcogenides. For instance, variations in gas composition
and plasma power can modulate the bandgap, carrier concentration and mobility, influencing the performance of devices such as photodetectors and
transistors. Plasma-induced changes in morphology and crystallinity also affect light absorption and emission properties, making chalcogenides suitable
for applications in photonics and optoelectronics. For example, plasma doping with nitrogen in MoS: has been shown to enhance its photoluminescence
and electrical conductivity, resulting in improved performance in photonic devices (Zhao et al., 2020). Similarly, optimizing plasma parameters during
the synthesis of GST films can lead to tunable optical properties, facilitating the development of advanced optical storage devices (Kumar et al., 2019).
The effects of plasma parameters on chalcogenides are multifaceted and significantly influence their structural, electronic and optical properties. By
carefully tuning factors such as gas composition, plasma power, pressure and exposure time, researchers can optimize the synthesis and performance of
chalcogenide materials for various applications. Understanding these relationships is crucial for advancing the development of high-performance
chalcogenide-based devices in electronics, optoelectronics and energy conversion.

4. Challenges in Plasma Processing of Chalcogenides

Plasma processing of chalcogenides offers significant advantages for the synthesis and modification of these materials, including enhanced control over
structure and properties. However, several challenges persist that can hinder the efficiency, reliability and scalability of plasma techniques in the
production of chalcogenide-based materials. This section outlines key challenges in plasma processing, including material stability, uniformity of
deposition, scalability, contamination and cost-effectiveness.

4.1. Material Stability and Degradation

One of the primary challenges in plasma processing of chalcogenides is maintaining material stability during and after the synthesis process.
Chalcogenides, particularly those used in phase-change memory applications, can be sensitive to plasma-induced damage, which may lead to unwanted
amorphization, crystallization or the introduction of defects. For instance, exposure to high-energy ions in the plasma can result in the deterioration of
the crystal structure of materials like Ge-Sh-Te, compromising their phase-change properties (Wuttig & Yamada, 2007). Moreover, some chalcogenides
are prone to oxidation when exposed to atmospheric conditions or reactive plasma environments, which can alter their electronic properties and degrade
performance. Strategies to mitigate these effects include optimizing plasma parameters and using inert gas environments; however, achieving consistent
stability remains a challenge (Cao et al., 2018).

4.2. Uniformity of Deposition

Achieving uniform deposition of chalcogenide films is crucial for their performance in applications such as electronics and photonics. Non-uniformities
can arise from several factors, including gas flow dynamics, plasma distribution and substrate positioning. For example, variations in plasma density
across the substrate can lead to differences in film thickness and morphology, adversely affecting device performance (Ahn et al., 2016). In addition,
maintaining uniformity becomes increasingly challenging when scaling up from laboratory to industrial processes. Variations in environmental
conditions, such as temperature and pressure, can exacerbate uniformity issues during large-scale production. Researchers continue to explore methods
for enhancing uniformity, such as optimizing reactor designs and employing advanced plasma diagnostics to monitor deposition conditions in real-time
(Kumar et al., 2019).

4.3. Scalability and Process Control

Scalability is a significant concern in plasma processing of chalcogenides, particularly for commercial applications. While plasma processes can be
highly effective at the laboratory scale, translating these methods to larger-scale production while maintaining control over material quality and
properties poses challenges. The reproducibility of plasma conditions across different reactors or batches is critical for ensuring consistent material
performance (Boyer et al., 2020). Process control is also essential for optimizing plasma parameters, such as power, gas composition and pressure.
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Small deviations in these parameters can lead to substantial changes in the resulting chalcogenide properties. Implementing feedback control systems
and real-time monitoring technologies is crucial for achieving the precision necessary for scalable plasma processing (Chen et al., 2020).

4.4. Contamination and Purity

Contamination during plasma processing can significantly affect the quality and performance of chalcogenide films. Sources of contamination can
include residual gases, impurities in precursor materials or interaction with the reactor environment. For instance, even trace amounts of oxygen or
moisture can lead to unwanted oxidation of chalcogenide materials, altering their electronic and optical properties (He et al., 2017). To mitigate
contamination risks, rigorous control of the processing environment is necessary, including the use of high-purity gases and maintaining low-pressure
conditions. Implementing vacuum systems and inert gas atmospheres can help minimize exposure to contaminants. Nevertheless, ensuring high purity
and low contamination levels during plasma processing remains a key challenge.

4.5. Cost-Effectiveness and Economic Viability

The economic viability of plasma processing technologies for chalcogenides is another significant challenge. Plasma systems, especially those capable
of advanced functionalities, can be costly to acquire and operate. High-energy requirements, maintenance and the need for specialized equipment can
contribute to the overall cost of production (Maller et al., 2018). Developing cost-effective plasma processing methods that can compete with
traditional synthesis techniques is critical for broader adoption in industrial applications. Research into more efficient plasma sources, reduced
precursor consumption and lower energy requirements can contribute to making plasma processing more economically feasible (Boyer et al., 2020).
While plasma processing of chalcogenides presents unique advantages in terms of material control and modification, several challenges must be
addressed to enhance the reliability, scalability and cost-effectiveness of these methods. Tackling issues related to material stability, deposition
uniformity, contamination and process control will be vital for advancing the use of plasma techniques in the production of high-performance
chalcogenide materials for various applications.

5. Future Directions and Applications

The exploration of plasma processing in the synthesis and modification of chalcogenides is an evolving field with considerable potential for advancing
materials science and engineering. Future research is likely to focus on improving process efficiencies, enhancing material properties and broadening
the scope of applications for plasma-synthesized chalcogenides. This section discusses key future directions and potential applications of chalcogenide
materials processed via plasma techniques.

5.1. Advanced Plasma Techniques

As plasma processing technology continues to advance, researchers are likely to explore novel plasma techniques that enable more precise control over
the synthesis of chalcogenides. Techniques such as atomic layer deposition (ALD) and pulsed plasma deposition show promise for achieving atomic-
scale control over film thickness and composition. These methods can enhance the uniformity and reproducibility of chalcogenide films, which is
critical for applications in electronics and optoelectronics (Hwang et al., 2019). Moreover, integrating machine learning and artificial intelligence into
plasma processing can facilitate the optimization of synthesis parameters, allowing for real-time adjustments based on feedback from in-situ
diagnostics. This integration could lead to a more streamlined and efficient production process, reducing the time and cost associated with developing
high-performance chalcogenide materials (Kumar et al., 2020).

5.2. Hybrid Materials and Nanocomposites

The development of hybrid materials and nanocomposites incorporating chalcogenides with other materials is a promising direction for future research.
Combining chalcogenides with metals, oxides or polymers can enhance their properties and broaden their application scope. For instance, chalcogenide
quantum dots can be integrated into polymer matrices to create flexible optoelectronic devices with tunable properties (Choi et al., 2020). Additionally,
plasma processing can facilitate the fabrication of these hybrid structures by enabling the deposition of multiple materials in a controlled manner. This
capability can lead to innovative materials with tailored functionalities, such as improved thermoelectric performance or enhanced photocatalytic
activity (Kumar et al., 2020).

5.3. Energy Applications

Chalcogenides have shown significant promise in energy-related applications, particularly in photovoltaics and thermoelectrics. Future research should
focus on optimizing plasma processing techniques to enhance the efficiency of chalcogenide-based solar cells and thermoelectric materials. For
example, optimizing the doping process through plasma techniques can improve the charge carrier concentration and mobility, leading to higher
efficiency in solar cells (Bera et al., 2021). Furthermore, the development of chalcogenide nanostructures via plasma methods for use in thermoelectric
generators can enable the harvesting of waste heat for energy conversion. Research into the optimization of material properties, such as thermal
conductivity and Seebeck coefficient, will be crucial for enhancing the performance of these devices (Wang et al., 2019).
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5.4. Flexible and Wearable Electronics

The demand for flexible and wearable electronic devices presents a significant opportunity for the application of plasma-synthesized chalcogenides. By
leveraging the unique properties of chalcogenides, such as their tunable bandgap and high charge mobility, researchers can develop lightweight,
flexible devices for various applications, including sensors, displays and energy storage systems (He et al., 2017). Plasma processing techniques enable
the deposition of chalcogenides on flexible substrates, which is essential for the development of bendable and stretchable electronics. Continued
research in this area can lead to innovative solutions in wearable technology, such as health monitoring devices and smart textiles (Kumar et al., 2020).

5.5. Environmental Applications

Chalcogenides also hold potential for environmental applications, particularly in photocatalysis and water treatment. The tunable optical properties of
chalcogenides make them ideal candidates for photocatalytic applications, where they can facilitate the degradation of pollutants under light irradiation
(Zhao et al., 2021). Plasma processing can enhance the surface area and reactivity of chalcogenide materials, leading to improved photocatalytic
performance. Additionally, the integration of plasma techniques in the synthesis of chalcogenides can help in the development of novel materials for
environmental remediation, such as adsorbents for heavy metal removal or catalysts for waste treatment processes. Research in this domain can
contribute to sustainable solutions for environmental challenges (He et al., 2020). The future of plasma processing of chalcogenides is bright, with
numerous avenues for research and development. Advancements in plasma techniques, the exploration of hybrid materials and a focus on energy,
flexible electronics and environmental applications will drive the next generation of chalcogenide materials. By overcoming existing challenges and
leveraging the unique properties of chalcogenides, researchers can unlock new possibilities for innovative technologies in various fields.

6. Conclusion

Plasma processing of chalcogenides represents a dynamic and promising area of materials science, offering unique advantages in the synthesis and
modification of these materials for various advanced applications. This review has highlighted the critical role of plasma techniques in tailoring the
structural, electronic and optical properties of chalcogenides, enabling their use in cutting-edge technologies ranging from electronics and
optoelectronics to energy harvesting and environmental remediation. Despite the significant advancements achieved thus far, challenges remain that
must be addressed to optimize the efficacy and scalability of plasma processing. Issues such as material stability, uniformity of deposition,
contamination control and the economic viability of plasma technologies require continued research and innovation. As scientists and engineers refine
plasma techniques and explore novel applications, the potential for chalcogenides in flexible electronics, hybrid materials and sustainable energy
solutions will expand. Looking ahead, the integration of advanced plasma methods, including atomic layer deposition and machine learning-based
optimization, will be pivotal in overcoming existing challenges and unlocking new functionalities in chalcogenide materials. By leveraging the unique
properties of these compounds and enhancing plasma processing capabilities, future research can pave the way for the development of high-
performance chalcogenide-based devices that meet the demands of modern technology and contribute to a sustainable future. As the field continues to
evolve, the impact of plasma-synthesized chalcogenides will undoubtedly resonate across various industries, underscoring their importance in the
advancement of materials science and engineering.
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