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Abstract: This review paper provides a comprehensive overview of tin sulphide (SnS) and doped tin sulphide
nanoparticles, focusing on their applications in nonlinear optoelectronics. The synthesis methods, structural and optical
properties, and various doping strategies are discussed in detail. The paper examines the nonlinear optical properties of
these materials and their potential applications in areas such as optical limiting, harmonic generation, and photovoltaics.
Recent advancements and future prospects in this field are also explored, highlighting the promising role of SnS and
doped SnS nanoparticles in next-generation optoelectronic devices.
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l. INTRODUCTION

In recent years, tin sulphide (SnS) and its doped variants have emerged as promising materials for various optoelectronic
applications, particularly in the field of nonlinear optics. The unique properties of SnS, including its earth-abundant and
non-toxic nature, coupled with its excellent optical and electronic characteristics, have attracted significant attention from
researchers worldwide [1]. SnSisa IV-VI compound semiconductor with a layered structure similar to black phosphorus.
It exists in various phases, with the most stable being the orthorhombic a-SnS phase at room temperature [2]. The material
possesses a direct bandgap of approximately 1.3 eV, which makes it suitable for a wide range of optoelectronic
applications, including solar cells, photodetectors, and nonlinear optical devices [3].

The nonlinear optical properties of SnS and doped SnS nanoparticles have been a subject of intense research due to their
potential applications in optical limiting, harmonic generation, and other nonlinear optical phenomena. These properties
can be further enhanced and tuned through various doping strategies, opening up new avenues for the development of
advanced optoelectronic devices [4]. This review paper aims to provide a comprehensive overview of the current state
of research on SnS and doped SnS nanoparticles, with a particular focus on their nonlinear optoelectronic applications.
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By examining the various aspects of SnS and doped SnS nanoparticles, from synthesis to applications, this review aims
to provide researchers and engineers with a comprehensive understanding of these materials and their potential in the
field of nonlinear optoelectronics.

1. SYNTHESIS METHODS

The synthesis of SnS and doped SnS nanoparticles plays a crucial role in determining their structural, optical, and
electronic properties. Various synthesis methods have been developed and optimized to produce high-quality
nanoparticles with controlled size, shape, and composition. This section discusses the most commonly used synthesis
techniques for SnS and doped SnS nanoparticles.
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2.1 Chemical Vapor Deposition (CVD)

Chemical Vapor Deposition (CVD) is a widely used technique for synthesizing SnS thin films and nanostructures. In this
method, volatile precursors are transported to a heated substrate where they react and deposit as a thin film or
nanostructures. The CVD process allows for precise control over the growth parameters, resulting in high-quality SnS
materials with excellent crystallinity. Sinsermsuksakul et al. (2012) demonstrated the synthesis of SnS thin films using
a low-pressure CVD technique with tin (11) acetylacetonate as the single-source precursor. The authors achieved high-
quality SnS films with controlled thickness and composition by optimizing the deposition temperature and pressure [5].

2.2 Hydrothermal/Solvothermal Synthesis

Hydrothermal and solvothermal methods are solution-based techniques that involve the synthesis of materials under high-
pressure and high-temperature conditions. These methods are particularly useful for producing SnS nanoparticles with
various morphologies and sizes. Xu et al. (2016) reported the synthesis of SnS nanoflowers using a simple hydrothermal
method. By adjusting the reaction parameters such as temperature, time, and precursor concentrations, they were able to
control the morphology and size of the SnS nanostructures [6].

2.3 Hot-Injection Method

The hot-injection method is a popular technique for synthesizing colloidal SnS nanoparticles with narrow size
distributions. This method involves the rapid injection of precursor solutions into a hot coordinating solvent, leading to
the nucleation and growth of nanoparticles. Liu et al. (2013) demonstrated the synthesis of monodisperse SnS
nanocrystals using the hot-injection method. By carefully controlling the reaction temperature and time, they were able
to produce SnS nanoparticles with sizes ranging from 5 to 20 nm [7].

2.4 Thermal Evaporation

Thermal evaporation is a physical vapor deposition technique used to synthesize SnS thin films and nanostructures. This
method involves the evaporation of a source material (e.g., SnS powder) in a vacuum chamber and its subsequent
condensation on a substrate. Nwofe et al. (2013) reported the synthesis of SnS thin films using thermal evaporation. By
optimizing the deposition parameters, they were able to produce high-quality SnS films with good optical and electrical
properties [8].

2.5 Electrochemical Deposition

Electrochemical deposition is an attractive method for synthesizing SnS thin films and nanostructures due to its
simplicity, low cost, and scalability. This technique involves the reduction of metal ions from an electrolyte solution onto
a conductive substrate under an applied electric field. Gao et al. (2012) demonstrated the electrochemical deposition of
SnS thin films using an aqueous solution containing SnCl, and Na,S;0s. By controlling the deposition potential and time,
they were able to produce SnS films with tunable thickness and composition [9].

2.6 Microwave-Assisted Synthesis

Microwave-assisted synthesis has emerged as a rapid and energy-efficient method for producing SnS nanoparticles. This
technique utilizes microwave radiation to heat the reaction mixture, resulting in faster reaction rates and more uniform
heating compared to conventional heating methods. Ramasamy et al. (2012) reported the microwave-assisted synthesis
of SnS nanoparticles using tin (11) chloride and thiourea as precursors. The authors were able to produce phase-pure SnS
nanoparticles with controlled size and morphology by optimizing the microwave power and reaction time [10]. Table 1
summarizes the key features and advantages of the various synthesis methods discussed above. The choice of synthesis
method depends on the desired properties of the SnS or doped SnS nanoparticles and the intended application. Each
method offers unique advantages and challenges, and researchers often combine multiple techniques to achieve optimal
results.
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TABLE 1: Comparison of synthesis methods for SnS and doped SnS nanoparticles

Synthesis Method Key Features Advantages Limitations
Chemical Vapor Deposition | High-temperature High-quality films, | Requires  specialized
(CvD) vapor-phase reaction | excellent control over | equipment, high
composition temperatures
Hydrothermal/Solvothermal High-pressure, high- | Versatile, good control | Long reaction times,
temperature solution- | over morphology requires autoclaves

based synthesis

Hot-Injection Rapid injection of | Narrow size | Requires precise
precursors into hot | distribution, good | temperature control
solvent control over size

Thermal Evaporation Physical vapor | Simple setup, suitable | Limited control over
deposition technique for large-area | composition

deposition

Electrochemical Deposition Reduction of metal | Low-cost, scalable, | Limited to conductive
ions on conductive | room temperature | substrates
substrate process

Microwave-Assisted Synthesis Rapid heating using | Fast reaction times, | Requires  specialized
microwave radiation energy-efficient microwave reactors

11. STRUCTURAL AND OPTICAL PROPERTIES

The structural and optical properties of SnS and doped SnS nanoparticles play a crucial role in determining their
suitability for various optoelectronic applications. This section discusses the crystal structure, electronic band structure,
and optical properties of these materials.

3.1 Crystal Structure

SnS exhibits polymorphism and can crystallize in several phases, including orthorhombic (a-SnS), cubic (z-SnS), and
zinc blende (B-SnS) structures. The most stable and commonly observed phase at room temperature is the orthorhombic
a-SnS, which belongs to the space group Pnma [2]. The orthorhombic a-SnS structure consists of double layers of Sn
and S atoms stacked along the b-axis. Within each layer, Sn and S atoms are covalently bonded, while the layers are held
together by weak van der Waals forces. This layered structure gives rise to the material's anisotropic properties and its
potential for exfoliation into 2D nanosheets [3]. Figure 1 illustrates the crystal structure of orthorhombic a-SnS.

Orthorhombic a-SnS Crystal Structure
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=

Fig 1. Crystal structure of orthorhombic a-SnS.
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3.2 Electronic Band Structure

The electronic band structure of SnS is characterized by a direct bandgap at the I" point of the Brillouin zone. The bandgap
energy of bulk SnS is approximately 1.3 eV, which falls within the optimal range for photovoltaic applications [1].
However, the bandgap can be tuned through various methods, including nanostructuring and doping. In nanostructured
SnS, quantum confinement effects can lead to an increase in the bandgap energy as the particle size decreases. This
phenomenon has been observed experimentally and can be described by the Brus equation [11]

Eg(nano) = Eg4(bulk) + (h? / 8R?) * (1/me+1/mp) - 1.86? / (4meoeR)
Where Eg(nano) is the nanoparticle bandgap, Eg(bulk) is the bulk bandgap, h is Planck's constant, R is the nanoparticle
radius, me and my are the effective masses of electrons and holes, respectively, e is the elementary charge, €0 is the

vacuum permittivity, and ¢ is the dielectric constant of the material. Figure 2 shows a simplified band structure diagram
of SnS, highlighting the direct bandgap at the I" point.

Simplified Band Structure of SnS
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Fig 2. Simplified band structure diagram of SnS, showing the direct bandgap at the I point.
3.3 Optical Properties

The optical properties of SnS and doped SnS nanoparticles are of particular interest for their applications in
optoelectronics. These properties include absorption, photoluminescence, and nonlinear optical responses.

3.3.1 Absorption

SnS exhibits strong absorption in the visible and near-infrared regions of the electromagnetic spectrum. The absorption
coefficient of SnS thin films can exceed 10* cm* for photon energies above the bandgap, making it an excellent material
for photovoltaic and photodetector applications [1]. The absorption spectrum of SnS nanoparticles typically shows a
blue shift compared to bulk SnS due to quantum confinement effects. This shift can be used to estimate the particle size
and tune the optical properties for specific applications [7].

3.3.2 Photoluminescence

Photoluminescence (PL) studies of SnS nanoparticles provide valuable information about their electronic structure and
optical quality. The PL spectrum of SnS typically shows a broad emission peak near the bandgap energy, with the exact
position and width of the peak depending on factors such as particle size, defects, and surface states [6]. In doped SnS
nanoparticles, additional PL features may be observed due to the introduction of dopant-related energy levels within the
bandgap. These features can be used to confirm successful doping and provide insights into the electronic structure of
the doped material [4].
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3.3.3 Nonlinear Optical Properties

The nonlinear optical properties of SnS and doped SnS nanoparticles are of particular interest for applications in nonlinear
optoelectronics. These properties include:

1. Third-order nonlinear susceptibility (x®): This parameter quantifies the material's response to high-intensity
light and is responsible for effects such as nonlinear refraction and two-photon absorption.

2. Nonlinear refractive index (n2): This describes the intensity-dependent change in the refractive index of the
material.

3. Nonlinear absorption coefficient (B): This parameter characterizes the intensity-dependent absorption of the
material.

The nonlinear optical properties of SnS nanoparticles can be enhanced through various strategies, including doping, size
control, and surface modification. These enhancements will be discussed in more detail in Section 5. Table 2 summarizes
the key structural and optical properties of SnS nanoparticles. The structural and optical properties of SnS nanoparticles
can be further tailored through doping and nanostructuring, opening up new possibilities for their application in nonlinear
optoelectronics.

TABLE 2: Summary of structural and optical properties of SnS nanoparticles

Property Value/Description Reference

Crystal Structure Orthorhombic a-SnS (most common) Hegde et al., 2018[2]

Lattice Parameters a=4.329A b=11193 A c=3.984 A Banai et al., 2016[3]

Bandgap ~1.3 eV (direct) Sinsermsuksakul et al., 2014[1]
Absorption Coefficient | > 10*cm? Sinsermsuksakul et al., 2014[1]
Photoluminescence Broad emission near bandgap energy Xuetal., 2016[1]

Nonlinear ~10% esu (varies with size and doping) Zhai et al., 2019[4]
Susceptibility (x)

V. DOPING STRATEGIES

Doping is a powerful technique for modifying the electronic, optical, and structural properties of SnS nanoparticles. By
introducing impurity atoms into the SnS crystal lattice, researchers can tune the material's bandgap, enhance its
conductivity, and introduce new functionalities. This section discusses various doping strategies employed for SnS
nanoparticles and their effects on the material properties.

4.1 Types of Doping

Doping in SnS nanoparticles can be broadly classified into two categories:

1. n-type doping: Introduces excess electrons into the material

2. p-type doping: Introduces excess holes into the material

The choice of dopant and doping concentration depends on the desired properties and applications of the SnS
nanoparticles.

4.2 Common Dopants

Several elements have been successfully used as dopants in SnS nanoparticles. Table 3 summarizes some of the most
common dopants and their effects on the material properties.
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TABLE 3: Common dopants for SnS nanoparticles and their effects

Dopant | Doping Effects on Properties References
Type

Sh n-type Increases conductivity, enhances nonlinear optical | Zhang et al., 2018[17]
response

Bi n-type Modifies band structure, improves photocatalytic activity | Liu et al., 2019[15]

In n-type Enhances visible light absorption, increases photocurrent | Wang et al., 2017[16]

Al p-type Improves hole mobility, enhances thermoelectric | Hegde et al., 2018[2]
properties

Ag p-type Increases carrier concentration, enhances photovoltaic | Chandrasekhar et al.,
performance 2018[20]

Cu p-type Modifies band structure, enhances nonlinear optical | Zhai et al., 2019[4]
properties

4.3 Doping Methods

Several methods have been developed to incorporate dopants into SnS nanoparticles. The choice of doping method
depends on factors such as the desired doping concentration, uniformity of dopant distribution, and compatibility with
the synthesis process. Some common doping methods include:

1. In-situ doping: Dopants are introduced during the synthesis of SnS nanoparticles. This method often results in
a uniform distribution of dopants throughout the nanoparticles.

2. Post-synthesis doping: Dopants are incorporated into pre-synthesized SnS nanoparticles through processes such
as ion exchange or surface modification.

3. Co-precipitation: Dopant precursors are added to the reaction mixture during the precipitation of SnS
nanoparticles, allowing for simultaneous formation and doping.

4. Thermal diffusion: SnS nanoparticles are annealed in the presence of dopant atoms, which diffuse into the crystal

lattice at elevated temperatures.
4.4 Effects of Doping on Material Properties

Doping can significantly alter the properties of SnS nanoparticles, leading to enhanced performance in various
applications. Some key effects of doping include:

1. Bandgap modification: Doping can introduce new energy levels within the bandgap or shift the band edges,
resulting in changes to the optical absorption and emission properties of the material.

2. Carrier concentration and mobility: Appropriate doping can increase the concentration of charge carriers
(electrons or holes) and improve their mobility, leading to enhanced electrical conductivity.

3. Defect engineering: Doping can be used to passivate existing defects or introduce beneficial defects, influencing
the material's optical and electronic properties.

4. Crystal structure modification: Some dopants can induce changes in the crystal structure of SnS, potentially
leading to new phases or improved stability.

5. Enhanced nonlinear optical properties: Certain dopants can significantly increase the nonlinear optical response

of SnS nanoparticles, making them more suitable for applications in nonlinear optoelectronics. Figure 3 illustrates the
effect of doping concentration on the bandgap of SnS nanoparticles for a hypothetical dopant.
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Effect of Doping on SnS Nanoparticle Bandgap
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Fig 3 Hypothetical effect of doping concentration on the bandgap of SnS nanoparticles.
4.5 Challenges in Doping SnS Nanopatrticles

While doping offers numerous advantages, there are several challenges associated with doping SnS nanoparticles:

1. Solubility limits: The solubility of dopants in the SnS lattice may be limited, restricting the maximum achievable
doping concentration.

2. Dopant segregation: Dopants may segregate to the surface or grain boundaries of the nanoparticles, leading to
non-uniform distribution and reduced effectiveness.

3. Compensation effects: The introduction of dopants may lead to the formation of compensating defects, which
can counteract the desired doping effects.

4. Size-dependent doping: The incorporation of dopants may become more challenging as the size of the
nanoparticles decreases, due to increased surface-to-volume ratio and quantum confinement effects.

5. Characterization challenges: Accurately determining the dopant concentration and distribution in nanoparticles

can be challenging and may require advanced analytical techniques.

Despite these challenges, doping remains a powerful tool for tailoring the properties of SnS nanoparticles for specific
applications in nonlinear optoelectronics.

V. NONLINEAR OPTICAL PROPERTIES
The nonlinear optical properties of SnS and doped SnS nanoparticles are of particular interest for their applications in
nonlinear optoelectronics. This section discusses the fundamental concepts of nonlinear optics, the nonlinear optical
properties of SnS nanoparticles, and the effects of doping on these properties.
5.1 Fundamentals of Nonlinear Optics
Nonlinear optics deals with the interaction of intense light with matter, where the optical response of the material depends

on the intensity of the incident light. In the nonlinear regime, the polarization P of the material can be expressed as a
power series in the electric field E [12].

P = g0 (\VE +¢PE2 + B3 + ..)

Where & is the vacuum permittivity, ¥ is the linear susceptibility, and x® and ¥ are the second- and third-order
nonlinear susceptibilities, respectively.
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The nonlinear optical properties of materials give rise to various phenomena, including:

Second-harmonic generation (SHG)
Third-harmonic generation (THG)
Two-photon absorption (TPA)
Optical Kerr effect

Four-wave mixing (FWM)

akrwdE

5.2 Nonlinear Optical Properties of SnS Nanoparticles

SnS nanoparticles exhibit significant nonlinear optical responses, making them attractive for various applications in
nonlinear optoelectronics. The key nonlinear optical properties of SnS nanoparticles include:

1. Third-order nonlinear susceptibility (x). This parameter quantifies the material's response to high-intensity light
and is responsible for effects such as nonlinear refraction and two-photon absorption. For SnS nanoparticles, ¥ values
on the order of 102! to 10°° esu have been reported, depending on the particle size and measurement conditions [4].

2. Nonlinear refractive index (nz): This describes the intensity-dependent change in the refractive index of the
material. The nonlinear refractive index of SnS nanoparticles is typically on the order of 10 to 102 cm?/W [13].
3. Nonlinear absorption coefficient (B): This parameter characterizes the intensity-dependent absorption of the

material. For SnS nanoparticles, B values ranging from 10°to 107 cm/W have been reported [14].
The nonlinear optical properties of SnS nanoparticles are strongly influenced by factors such as particle size, shape,

crystallinity, and surface properties. Figure 4 illustrates the size-dependent nonlinear optical response of SnS
nanoparticles.

Size-Dependent Nonlinear Susceptibility of SnS Nanoparticles
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Fig 4. Hypothetical size-dependent nonlinear susceptibility (x®) of SnS nanoparticles.
53 Effects of Doping on Nonlinear Optical Properties
Doping can significantly enhance the nonlinear optical properties of SnS nanoparticles. The introduction of dopants can
modify the electronic structure, create new energy levels, and alter the charge carrier dynamics, all of which can
contribute to improved nonlinear optical responses. Some of the effects of doping on the nonlinear optical properties of
SnS nanoparticles include:

1. Enhanced third-order nonlinear susceptibility: Doping with elements such as Cu, Ag, or Sh has been shown to
increase the y(3) values of SnS nanoparticles by up to an order of magnitude [4].
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2. Improved nonlinear absorption: Certain dopants can introduce additional energy levels within the bandgap,
leading to enhanced two-photon absorption and saturable absorption properties [15].

3. Tailored nonlinear refraction: Doping can modify the electronic polarizability of SnS nanoparticles, resulting in
changes to the nonlinear refractive index [16].

4, Resonance enhancement: By carefully selecting dopants and doping concentrations, it is possible to create
resonant conditions that significantly enhance the nonlinear optical response at specific wavelengths [17].

Table 4 summarizes the effects of various dopants on the nonlinear optical properties of SnS nanoparticles.

TABLE 4: Effects of doping on the nonlinear optical properties of SnS nanoparticles

Dopant Effect on ¢©® Effect on n: Effect on B Reference
Cu 1 up to 5x 1 up to 3x 1 up to 4x Zhai et al., 2019[4]
Ag 1 up to 3x 1 up to 2x 1 up to 3x Chandrasekhar et al., 2018[20]
Sh 1 up to 4x 1 up to 2.5x 1 up to 3.5x Zhang et al., 2018[17]
Bi 1 up to 2x T up to 1.5x 1 up to 2x Liuetal., 2019[15]
In 1 up to 2.5x 1 up to 1.8x 1 up to 2.5x Wang et al., 2017[16]
5.4 Measurement Techniques for Nonlinear Optical Properties

Several experimental techniques are used to characterize the nonlinear optical properties of SnS and doped SnS
nanoparticles. Some of the most common methods include:

1. Z-scan technique: This method allows for the simultaneous measurement of nonlinear refraction and nonlinear
absorption by analyzing the transmission of a focused laser beam through the sample as it is scanned along the beam
propagation direction [18].

2. Degenerate four-wave mixing (DFWM): This technique involves the interaction of three input beams to generate
a fourth beam, which provides information about the third-order nonlinear susceptibility [19].

3. Third-harmonic generation (THG): By measuring the efficiency of third-harmonic generation, researchers can
obtain information about the third-order nonlinear susceptibility of the material [12].

4, Nonlinear transmission: This method involves measuring the transmission of a high-intensity laser beam through

the sample as a function of input intensity, providing information about nonlinear absorption processes [13]. Figure 5
illustrates a typical Z-scan setup for measuring nonlinear optical properties.
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Fig 5. Schematic diagram of a Z-scan setup for measuring nonlinear optical properties.
VI. APPLICATIONS IN NONLINEAR OPTOELECTRONICS

The unique nonlinear optical properties of SnS and doped SnS nanoparticles make them promising candidates for various
applications in nonlinear optoelectronics. This section discusses some of the key applications and recent advancements
in this field.

6.1 Optical Limiting

Optical limiting is a nonlinear optical process in which the transmittance of a material decreases with increasing input
light intensity. This property is crucial for protecting sensitive optical components and human eyes from high-intensity
laser radiation. SnS nanoparticles have shown excellent optical limiting performance due to their strong nonlinear
absorption and refraction properties [14]. Doped SnS nanoparticles have demonstrated enhanced optical limiting
capabilities compared to their undoped counterparts. For example, Cu-doped SnS nanoparticles have shown a lower
optical limiting threshold and a higher dynamic range, making them more effective for optical limiting applications [4].

6.2 Harmonic Generation

Second-harmonic generation (SHG) and third-harmonic generation (THG) are important nonlinear optical processes for
frequency conversion applications. While bulk SnS has a centrosymmetric crystal structure that prohibits second-order
nonlinear effects, nanostructured SnS can exhibit SHG due to surface effects and symmetry breaking at the nanoscale
[13]. Doping can further enhance the harmonic generation efficiency of SnS nanoparticles. For instance, Sh-doped SnS
nanoparticles have shown improved THG efficiency compared to undoped SnS, attributed to the enhanced third-order
nonlinear susceptibility [16].

6.3 All-Optical Switching

All-optical switching is a critical component in future photonic circuits and optical communication systems. The fast
nonlinear response and large nonlinear refractive index of SnS nanoparticles make them promising candidates for all-
optical switching applications. Doped SnS nanoparticles, such as Ag-doped SnS, have demonstrated improved switching
performance with faster response times and lower switching thresholds [20].

6.4 Nonlinear Optical Waveguides
SnS and doped SnS nanoparticles can be incorporated into optical waveguides to create nonlinear waveguide devices.
These structures can be used for various applications, including optical signal processing, wavelength conversion, and

optical regeneration. The ability to tune the nonlinear optical properties through doping allows for the optimization of
waveguide performance for specific applications [16].
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6.5 Saturable Absorbers for Mode-Locked Lasers

ISSN (0O) 2393-8021, ISSN (P) 2394-1588

Saturable absorbers are crucial components in mode-locked lasers, which generate ultrashort pulses. SnS nanoparticles
have shown promise as saturable absorbers due to their strong nonlinear absorption properties. Doped SnS nanoparticles,
such as In-doped SnS, have demonstrated improved saturable absorption characteristics, including lower saturation
intensity and faster recovery times, making them suitable for high-performance mode-locked lasers [16].

6.6 Nonlinear Optical Imaging

The strong nonlinear optical response of SnS nanoparticles can be exploited for nonlinear optical imaging applications,
such as two-photon fluorescence microscopy and third-harmonic generation microscopy. Doped SnS nanoparticles with
enhanced nonlinear optical properties can provide improved contrast and resolution in these imaging techniques [15].
Table 5 summarizes the key applications of SnS and doped SnS nanoparticles in nonlinear optoelectronics.

TABLE 5: Applications of SnS and doped SnS nanoparticles in nonlinear optoelectronics

Application Key Properties Advantages of Doping References
Optical Limiting Strong nonlinear | Lower threshold, higher | Wang et al., 2016; Zhai et
absorption dynamic range al., 2019[14][4]
Harmonic Surface SHG, strong | Enhanced conversion | Liu et al., 2018; Zhang et
Generation THG efficiency al., 2018[13][17]
All-Optical Fast nonlinear response, | Faster  response, lower | Chandrasekhar et al.,
Switching large n, threshold 2018J20]
Nonlinear Tunable nonlinear | Optimized performance Wang et al., 2017[16]
Waveguides properties
Saturable Absorbers | Strong nonlinear | Lower saturation intensity, | Wang et al., 2017[16]
absorption faster recovery
Nonlinear  Optical | Strong nonlinear | Improved  contrast  and | Liuetal., 2019[15]
Imaging response resolution
VIL. RECENT ADVANCEMENTS AND FUTURE PROSPECTS

The field of SnS and doped SnS nanoparticles for nonlinear optoelectronic applications has seen significant advancements
in recent years. This section highlights some of the latest developments and discusses future prospects and challenges in
this area.

7.1 Recent Advancements

1. Novel synthesis methods: Researchers have developed new synthesis techniques to produce high-quality SnS
nanoparticles with controlled size, shape, and composition. For example, Liu et al. (2020) reported a microwave-assisted
synthesis method for producing uniform SnS nanosheets with enhanced nonlinear optical properties [21].

2. Advanced doping strategies: New doping approaches have been explored to further enhance the nonlinear
optical properties of SnS nanoparticles. For instance, Zhang et al. (2021) demonstrated co-doping of SnS nanoparticles
with Sb and Bi, resulting in a synergistic enhancement of third-order nonlinear optical response [22].

3. Heterostructures: The development of SnS-based heterostructures has opened up new possibilities for tailoring
nonlinear optical properties. Wang et al. (2022) reported the synthesis of SnS/ZnS core-shell nanoparticles with improved
nonlinear optical performance and stability [23].
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4, Integration with 2D materials: The combination of SnS nanoparticles with 2D materials such as graphene and
transition metal dichalcogenides has led to novel hybrid materials with enhanced nonlinear optical properties. For
example, Li et al. (2021) demonstrated a SnS/MoS; heterostructure with improved optical limiting performance [24].

5. Theoretical modelling: Advancements in computational methods have enabled more accurate modelling of the
nonlinear optical properties of SnS and doped SnS nanoparticles. These theoretical studies provide valuable insights into
the underlying mechanisms and guide the design of new materials [25].

7.2 Future Prospects

1. Quantum dot lasers: The development of SnS quantum dots with precisely controlled size and composition could
lead to novel quantum dot lasers with tunable emission wavelengths and improved performance.

2. Nonlinear photonic crystals: Incorporating SnS nanoparticles into photonic crystal structures could enable the
creation of compact, highly efficient nonlinear optical devices for applications in optical computing and communication.
3. Neuromorphic computing: The nonlinear optical properties of SnS nanoparticles could be exploited for

implementing optical neuromorphic computing systems, potentially offering advantages in speed and energy efficiency
over traditional electronic systems.

4. Terahertz applications: Further research into the nonlinear optical properties of SnS nanoparticles in the terahertz
regime could lead to new applications in terahertz generation, detection, and imaging.
5. Bio-imaging and sensing: The development of biocompatible, functionalized SnS nanoparticles with enhanced

nonlinear optical properties could enable new approaches to bio-imaging and sensing applications.
7.3 Challenges and Future Research Directions

Despite the significant progress in the field, several challenges remain to be addressed:

1. Stability and long-term performance: Improving the stability of SnS nanoparticles, particularly in ambient
conditions, is crucial for their practical implementation in devices.

2. Scalable synthesis: Developing large-scale, cost-effective synthesis methods for high-quality SnS nanoparticles
with controlled properties is essential for commercialization.

3. Device integration: Optimizing the integration of SnS nanoparticles into practical devices while maintaining
their desirable nonlinear optical properties remains a challenge.

4. Understanding doping mechanisms: Further research is needed to elucidate the precise mechanisms by which
doping enhances the nonlinear optical properties of SnS nanoparticles.

5. Exploring new dopants and combinations: Investigating novel dopants and co-doping strategies could lead to
further improvements in nonlinear optical performance.

6. Advanced characterization techniques: Developing new methods for accurately measuring and characterizing

the nonlinear optical properties of nanoscale materials is crucial for advancing the field.
Figure 6 illustrates a roadmap for future research and development in SnS and doped SnS nanoparticles for nonlinear
optoelectronic applications.

Research Roadmap for SnS Nanoparticles in Nonlinear Optoelectronics
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Fig 6. Research roadmap for SnS and doped SnS nanoparticles in nonlinear optoelectronics.
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VIII. CONCLUSION

This review has provided a comprehensive overview of tin sulphide (SnS) and doped SnS nanoparticles for nonlinear
optoelectronic applications. We have discussed the synthesis methods, structural and optical properties, doping strategies,
and nonlinear optical characteristics of these materials. The various applications of SnS and doped SnS nanoparticles in
nonlinear optoelectronics, including optical limiting, harmonic generation, all-optical switching, and nonlinear
waveguides, have been explored.

Recent advancements in the field, such as novel synthesis techniques, advanced doping strategies, and the development
of heterostructures, have significantly enhanced the nonlinear optical performance of SnS nanoparticles. These
developments have opened up new possibilities for their integration into practical devices and systems.

Looking to the future, SnS and doped SnS nanoparticles hold great promise for emerging applications in quantum dot
lasers, nonlinear photonic crystals, neuromorphic computing, and terahertz technology. However, challenges remain in
areas such as material stability, scalable synthesis, and device integration. Addressing these challenges will require
continued research efforts in materials science, nanofabrication, and device engineering.

As the field continues to evolve, interdisciplinary collaboration between materials scientists, physicists, and engineers
will be crucial for realizing the full potential of SnS and doped SnS nanoparticles in nonlinear optoelectronics. With
ongoing advancements in synthesis, characterization, and modeling techniques, these materials are poised to play a
significant role in shaping the future of photonic and optoelectronic technologies.
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