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Chapter 1

This chapter provides a general review of the global field of nanomaterials, particularly

plasmonic metal nanoparticles (MNPs), and their properties and applications. In the

beginning, a brief introduction of nanotechnology and nanomaterials has been given, which

motivates the inherent capacity to impact manufactures now and hereafter with some

examples. Notably, plasmonic thin films have garnered significant attention in modern

photonics due to their ability to enhance light-matter interactions through localized surface

plasmon resonance (LSPR). This enables superior optical, electronic, and sensing properties

at the nanoscale. Herein, photoexcitation and relaxation of charge carriers within plasmonic

NPs are discussed briefly. This chapter deliberates an overview of the plasmonic MNPs,

which has some important photonic applications in the field of solar cells, plasmonic

photodetector, transparent conductor, memristor, heat reflector, gas sensor, bio sensor, as

well as bio-imaging. These MNPs require a specialized fabrication procedure for their

preparation. At the end of this chapter, these materials are discussed in detail with their

properties and applications, alongside motivation and the scope of the thesis.

1.1 Nanotechnology

The term was first introduced by Prof. Norio Taniguchi of Tokyo Science

University Japan in 1974.[1-3] At this scale, unique properties and behaviors emerge,

enabling the design and creation of materials, devices, and systems with enhanced

functionalities. Nanotechnology encompasses various applications across diverse sectors,

including electronics, medicine, energy, and materials science.[4-10] Researchers

manipulate and control materials at the nanoscale to exploit novel characteristics, such as

increased surface area, improved conductivity, and enhanced reactivity. The potential

benefits of nanotechnology include advancements in drug delivery, more efficient energy

storage, and the development of smaller and more powerful electronic components.[11-13]
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However, ethical and safety considerations accompany the rapid progress in nanotechnology,

necessitating careful exploration of its societal implications.

1.2 Nanomaterials

Nanomaterials are the fundamental components of the nanoscience and nanotechnology

fields. Research and development processes associated with this are expanding

rapidly around the globe. In 1959, physicist and scientist Richard Feynman developed the

term "nanomaterial".[14, 15] Nanomaterials have typical particle dimensions between 1 and

100 nm. Furthermore, nanomaterials belong to a class of materials restricted in the bulk

materials domain. Nanomaterials exhibit qualities that are completely distinct from their

bulk counterparts. The characteristics of these materials are investigated using a precise

length scale, which is generally in the nanoscale range. When bulk material is shrunk below

the nanometer scale, its physical characteristics alter significantly. The properties of

nanomaterials change due to the significant increase in surface-to-volume ratio, leading to

high surface tension, which is shown in Figure 1.1. This tension causes rapid melting. As

particle size reduces, the number of surface atoms increases, impacting free energy and

enhancing electronic, optical, mechanical, and thermodynamic properties.[16-18] Surface

atoms play a significant role in governing nanoparticle properties. Reducing NP size affects

atomic energy levels as the system becomes more constrained, leading to strong variations

in optical and electrical properties due to changes in the density of electronic energy levels,

known as the quantum size effects.[19, 20] This effect is observed more prominently in metal

nanoparticles (MNPs) compared to non-metallic nanoparticles (NMNPs) due to the absence

of a band gap and the Fermi level's position in metals.[21] Designing at the nanoscale is

crucial for developing new products that replace existing chemicals and materials with

enhanced performance and potential cost savings. This also benefits the environment by

reducing material usage. Additionally, nanotechnology offers opportunities to organize and

improve fabrication processes.
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1.3.1 Metal Nanoparticles

A widely recognized definition of a nanomaterial describes it as a material with a structure

where at least one of its phases exhibits a nanometre-scale size in at least one dimension.

Based on this definition, nano-objects can be categorized into three distinct groups:

I. 1D nanoscale objects (e.g., thin films)

II. 2D nanoscale objects (e.g., nanowires, nanorods and nanotubes)

III. 3D nanoscale objects (e.g., nanoclusters or nanoparticles)

The journey of synthesizing MNPs started in 1856 when Michael Faraday successfully

reduced gold chloride with phosphorus, creating gold colloids that exhibited a stable ruby

red color. These samples, some of which are still preserved in the Faraday Museum in

London.[29] The increasing significance of MNPs in modern science has driven the

development of new techniques and enhancements in nanoparticle manufacturing, leading to

particles with remarkable properties. One of the most notable properties of MNPs is their

optical behavior, which differs greatly from that of single molecules or bulk materials. When

reduced to nanoscale, metals like Au and Ag absorb visible light very strongly. These optical

characteristics have been known for a long time and were first explained by Mie theory in

1908. This theory, grounded i

spectra based on the material's dielectric function and particle size within the visible light

wavelength range. Since its introduction, Mie theory has been extensively applied.[30, 31]

Typically, standard colloidal results in roughly spherical particles, and a variety of optical

methods are used to characterize the spectra of these NPs.

1.3.2 Non-Metallic Nanoparticles

Non-metals or metal oxides are pivotal in various fields due to their ability to form a wide

range of compounds with diverse structural geometries and electronic properties, ranging

from metallic to insulating. They are essential in technological applications such as

microelectronics, sensors, fuel cells, and catalysts.[32-35] In nanotechnology, NMNPs

exhibit unique properties, which are not seen in bulk materials, driven by their small size and

high surface area, which introduce significant changes in structural and electronic
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characteristics. As the particle size decreases, structural changes occur due to increased

surface energy, which can lead to modifications in lattice parameters, thermodynamic

stability, and even phase transitions. These changes, along with quantum size effects, alter

the electronic properties, including band gaps and conductivity. The surface properties of

nanostructured oxides are also profoundly affected, with enhanced chemical reactivity and

unique absorption due to the presence of under-coordinated atoms and vacancies, making

them highly valuable for catalytic and other chemical processes.

1.4 Various Synthesis Technique of Metallic/Non-Metallic Nanoparticles

The fabrication of MNPs has seen diverse techniques, reflecting the significant role of NP

preparation in science and technology. Two primary strategies for developing materials at

the nanometer scale are the top-down and bottom-up approaches, which are shown in Figure

1.2 was discovered by Professor Norio Taniguchi of Tokyo

University in 1974 to describe highly precise ultrafine dimensions, introducing the top-down

approach, which involves physical and chemical methods to obtain atomic-scale materials

by removing material from bulk substances. This method, however, is not ideal for producing

uniform small particles. About a decade later, K. Eric Drexler introduced the bottom-up

approach, which assembles atoms into nanostructures and can yield more uniform particles.

The top-down method's drawback is the significant removal of material, while the bottom-

up method can suffer from poor monodispersity due to the challenge of maintaining

consistent growth rates for all nanoparticles. Various techniques exist to fabricate different

types of nanomaterials, such as colloids, clusters, powders, tubes, wires, thin films, and rods,

depending on the target material and nanostructure type. NPs can be synthesized by growing,

shaping, or self-assembling materials through physical, chemical, biological, or hybrid

methods. The top-down approach includes methods like electron beam lithography and

photolithography, while the bottom-up approach encompasses physical, chemical, and

biological methods, including electrochemical, seeding, and thermal and photochemical

reduction methods, with electrochemical and photochemical methods capable of producing

uniform nanorods.[36-39]
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Figure 1.3 Schematic of different synthesis routes for the fabrication of nanomaterials.

In 1951, John Turkevitch reported the synthesis of spherical Au NPs using the citrate

reduction method. This technique, which involves reducing Au ions in solution with citrate

ions, has become a widely used method for producing Au NPs due to its simplicity and

effectiveness. Turkevitch's method remains a fundamental approach in the field of

nanotechnology for the preparation of Au NPs.[43, 44] An admired method for creating

highly spherical and non-spherical NPs is the seeding system. Typically, spherical NPs are

initially developed and then added to a growth solution containing additional metal ions and

surfactants to promote anisotropic particle growth. This process often involves seeds

fabricated using sodium borohydride, a strong reducing agent. The growth solution employs

a weaker reducing agent to partially reduce the metal salt, allowing only the catalyzed

reduction on the NP surface. A schematic comparison between in-situ and ex-situ

methodologies is shown in Figure 1.4.

The stabilization of MNPs can be achieved through various approaches. In ex-situ

fabrication, NPs are dispersed in a solid or liquid medium after their synthesis using different

chemical methods. This approach provides stabilization but poses a risk of reaggregation

over time. In contrast, in an in-situ fabrication, MNPs are grown directly within the

stabilizing medium, which is of great interest due to its technological advantages.[45]
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relatively small, the most likely direct outcome of plasmon decay is the creation of a single

electron hole pair, with a possible carrier distribution illustrated in Figure 1.7b). The

distribution of charge carriers depends on multiple factors, including plasmon energy,

states.[63]

permittivity in the visible spectrum. Understanding this imaginary component is crucial for

optimizing hot carrier generation. For example, adjusting a subradiant plasmon mode to

energy levels where the imaginary component of the permittivity is high allows for the

optimization of hot carrier production. This tuning can be achieved by leveraging the

geometric tunability of LSPRs in MNPs or by designing composite structures composed of

noble metals combined with metals exhibiting strong intraband transitions. Following

plasmon decay, the hot electrons rapidly redistribute their energy among lower-energy

electrons through electron electron scattering mechanisms, such as Auger transitions.[64]

While hot carrier relaxation dynamics have been well studied for extended surfaces, little is

known about these processes at the nanoscale. For extended MNP surfaces, time-resolved

studies[65] suggest that relaxation times range between 100 fs and 1 picosecond (ps), leading

to the formation of a high-temperature Fermi Dirac-like distribution with an elevated

effective electron temperature (Figure 1.7c)). Hot electrons are those electrons that are not

in thermal equilibrium with the atomic lattice of the substance. These hot electrons follow a

Fermi distribution but exhibit an increased effective temperature. In the final stage, heat is

transferred from the metallic nanostructure to its surroundings, a process that occurs over a

timescale ranging from 100 ps to 10 nanoseconds (ns), depending on factors such as material

composition, particle size, and the thermal conductivity of the ambient atmosphere (Figure

1.7d).
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intraband excitations within the conduction band or interband excitations involving

transitions between other electronic bands (such as d bands) and the conduction band. In Ag,

the d band energy levels are positioned 4 eV below the Fermi energy level, allowing only

intraband excitations. Conversely, Au exhibits significant interband excitations under light

exposure due to the shorter energy gap of 2.4 eV between its d-states and the Fermi level.[70,

71] Since Ag only undergoes intraband transitions, hot electrons can be efficiently excited

above the Fermi energy within the same band, making it more favourable for hot electron

collection to the conduction band of metal-oxide at the metal semiconductor interface

compared to Au. However, Au remains the most stable plasmonic nanoparticle among noble

metals. When a bi-metallic Ag Au nanostructure is illuminated, it experiences fewer

interband excitations than Au alone, as its d-states are shifted further from the Fermi level.

This provides enhanced stability along with improved charge carrier collection. Once photo

excited, electrons dissipate energy through electron electron and electron phonon

interactions, ultimately converting into heat. An electron-donor solution or a hole-

transporting layer (HTL) is required to promote hole transfer to the counter electrode in order

to maintain charge balance and electrical current. Figure 1.8b) illustrates the parabolic

density of states (DOS) in the conduction band of a plasmonic nanostructure where the Fermi

energy is used as a function of energy.[72-74] A highly effective method for capturing these

hot electrons is the formation of a Schottky barrier with a suitable semiconductor. Figure

1.8c) presents a Schottky barrier between a plasmonic nanostructure and an n-type

semiconductor, such as titanium dioxide (TiO2). Due to its high DOS in the conduction band,

TiO2 serves as an excellent electron-accepting metal oxide, enabling rapid electron injection.

SB) can be transferred

into the semiconductor, with emission efficiency depending on their energy.[75] Following

electron injection into the adjacent semiconductor, the plasmonic nanostructure becomes

positively charged due to electron depletion. An electron-donor solution or a hole-

transporting layer (HTL) is required to promote hole transfer to the counter electrode in order

to maintain charge balance and electrical current.
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Figure 1.8a) LSPs decay either radiatively, by emitting photons, or non-radiatively, by

exciting hot electrons b) plasmonic energy conversion excites electrons from occupied

energy levels above the Fermi energy c) hot electrons with sufficient energy overcome the

Schottky barrier SB = M S and are injected into the conduction band Ec of a neighboring

semiconductor. where M represents the metal's work function and S denotes the

semiconductor's electron affinity.

These novel MNPs can be easily combined with other materials (e.g., zinc, titanium, tin,

silicon, carbon, and various polymers) for photonic applications.[76, 77] Their synthesis is

generally environmentally friendly compared to other nanomaterials. The plasmonic

properties of noble MNPs, especially their large scattering and absorption cross-sections,

strong field enhancement, and the ability to form various reproducible morphologies, make

them superior to many other nanomaterials. These optical properties enable a wide range of

applications in imaging and sensing, associated with enhanced chemical signals, which is

schematically shown in Figure 1.9. The reproducibility of their fabrication protocols and

tunable optical properties makes metallic plasmonic NPs dominant in both theoretical study

and practical applications within the field of plasmonics.[78-84]
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Figure 1.9 Schematic presentation of wide-range photonic applications of plasmonic NPs.

1.5.1 SPR Band Position of Plasmonic MNPs

Both Au and Ag NPs have plasmonic resonance in the visible range with strong absorption

at wavelengths of ~ 520-550 nm and ~ 420-480 nm, respectively.[85] The spectrum position

depends on diverse factors like size, shape and surrounding dielectric medium. These SPR

bands of MNPs can be tuned by varying their size range of 1 100 nm. In Figure 1.10, we

can observe that a single broad plasmon absorption band breaks into two plasmon bands as

the shape changes from a sphere to a rod. The peak is caused by transverse plasmon

resonance along the shorter axis at a shorter wavelength and longitudinal plasmon resonance

along the longer axis at a higher wavelength. It is observed that nanorods of Au exhibit two

SPR peaks, one for the transverse mode and another for longitudinal mode, which can be

tuned in the spectral region depending on their aspect ratio.[86] Along with the different
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shapes and sizes of the particles, surface plasmon resonance depends on Rayleigh scattering,

charge transfer interactions, changes in the local refractive index and agglomeration of metal

NPs. Due to their broad applications of plasmonic NPs with different shapes, they have been

synthesized by various routes such as sphere, cubes, rods, bimetallic core-shell, and so

on.[85, 87-89]

Figure 1.10 Schematic of SPR band position of plasmonic (Ag or Au) MNPs.

1.6 Properties of Plasmonic MNPs

Plasmonic MNPs are renowned for their unique optical properties, primarily due to the LSPR

effect, where conduction electrons oscillate in resonance with incident light. This leads to

strong light absorption, scattering, and enhanced EM fields.[76, 90] Beyond optical

properties, these materials also exhibit significant catalytic activity due to their high surface

area and active sites, which are enhanced by the LSPR effect, enabling efficient energy

transfer and boosting reaction rates. These NPs have various forms, such as mono-metallic,

bi-metallic nanocomposite, metal/semiconductors nanocomposite, etc. The physical and

chemical properties of these nanostructured materials are closely related to their shape, size

and chemical composition.[91-96] By changing their size, it is possible to tune their different

physical properties, including optical, mechanical, electronic, magnetic, photo-catalytic, etc.,

which are listed in Figure 1.11.
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Figure 1.11 Schematic illustrations of different size dependent physical properties of

plasmonic MNPs.

1.7 Different Applications of Plasmonic Thin Films

Plasmonic thin films of metal, metal-oxide semiconductor or their nanocomposite have

drawn significant attention due to their strong potential applications. These materials have

been fabricated for numerous applications like plasmonic photodetector, solar cell,

transparent conductor, transparent heat reflector, memristor, SERS, photocatalysis, gas

sensor, biosensors, energy storage device, therapeutic and drug delivery, anti-bacterial

coating, etc.[97-105] A few applications are explored below in detail.
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where h, , c, Po, e, , Jph and is plank constant, frequency, speed of light, output power,

electronic charge, the flux of incident photon, photocurrent density and wavelength of the

incident light respectively.

Responsivity (R )

Responsivity is a measure of a photodetector's ability to convert incident light into an

electrical signal, expressed as the output current or voltage per unit of incident light

power.[106] It can be derived from EQE and is given by using equation 1.3-

-------------- (1.3)

Detectivity (D*)

The detectivity of a photodetector quantifies its signal-to-noise ratio within a 1 Hz

bandwidth, normalized to the detector's area. This critical parameter determines the

sensitivity of the device. Taking into account that the primary source of noise originates from

[107] can be expressed mathematically as shown in

Equation 1.4-

-------------- (1.4)

where Jd denote the dark current density

1.7.2 Plasmonic Solar Cells

Photovoltaics have strong potential to play a crucial role in addressing environmental issues

by providing sustainable energy solutions. In recent years, research has focused on.[108-110]

For optimal light absorption, photovoltaic layers need to be sufficiently thick. However,

indirect band gap materials like crystalline silicon require high-quality production to ensure

effective carrier diffusion through thick layers. Currently, around 60-70% of solar cells use

crystalline silicon wafers, which are typically 200-300 µm thick, and these wafers account

for about 40% of the total cost of the solar cell.[111] In recent years, organic & perovskite
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photovoltaics have developed in different research groups throughout the world. Still, power

conversion efficiency needs to improve for that photovoltaics. Plasmonic NPs based

photovoltaics has driven significant research into thin-film solar cells, in which film

thickness is usually 1-2 µm and can be deposited on low-cost substrates such as glass or

plastic. However, the major challenge with thin-film solar cells is their inefficient absorption

of near band gap light.[112] The progress of solar cells are categorized in four different

generations by the development of different materials, which is schematically presented in

Figure 1.13.

Figure 1.13 Schematic of four different generation solar cells with different materials.

Plasmonic NPs can significantly enhance the efficiency of solar cells by increasing the

absorption of light in the active material.[113] These NPs exhibit LSPR, where the

conduction electrons resonate with incident light and enhance strong EM fields around the

NPs. This resonance enhances the local light intensity, broadening the absorption spectrum
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and enabling the solar cell to capture more sunlight across various wavelengths.

Additionally, plasmonic NPs scatter light, increasing the optical path length within the active

layer, which is particularly beneficial in thin-film solar cells. This scattering effect enhances

the probability of photon absorption, leading to greater exciton (electron-hole pair)

generation. Besides, plasmonic NPs also produce "hot electrons" that are injected into the

conduction band of the active material and contribute to additional photocurrent generation.

The size, shape, and distribution of the NPs are essential to optimizing these effects without

introducing recombination sites that could negate the benefits. Overall, plasmonic NPs play

a key role in improving light absorption, enhancing charge carrier generation, and increasing

the power conversion efficiency (PCE) of solar cells, especially in organic and perovskite

thin-film photovoltaic devices.

1.7.3 Transparent Conductor & Heat Reflector

Transparent and flexible conductors play a vital role in the advancement of efficient,

stretchable, and wearable optoelectronic devices.[114, 115] At the core of these systems lies

transparent conductive film (TCF), which must maintain both high optical transparency in

the visible spectrum and excellent electrical conductivity, even under significant strain

deformation. A key challenge in developing flexible and stretchable electronics is the

creation of cost-effective TCFs. Till now, indium tin oxide (ITO) has been the most widely

used transparent conductor, offering high transmittance (>90%) and low sheet resistance

(10 25 [116, 117] However, ITO is inherently brittle and susceptible to cracking.[118]

Additionally, the limited availability of indium, along with the high-cost sputtering

techniques used in ITO film fabrication, makes it less suitable for low-cost and large-area

applications.[119] For instance, in photovoltaics, the use of ITO in TCFs accounts for more

than 50% of the total material and processing expenses. To address these limitations,

alternative TCF materials and cost-efficient solution-phase coating processes are urgently

required to enable the production of affordable, flexible electronics. Several emerging

materials, including conductive polymers, metal grids, carbon nanotubes (CNTs), graphene,

metal/metal-oxide interfaces, and random networks of metal nanowires (such as silver and

copper nanowires), are being explored as potential next-generation replacements for

ITO.[120-122] Solution processed plasmonic material shows emerging merits because of
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their low cost, ease of scalable fabrication, and flexible/stretchable/wearable features to

fabricate transparent conductors and heat reflectors.[123, 124] Transparent heat reflectors

mainly reflect light in NIR/IR region and allow visible light to pass through the film, which

is strongly applicable for the development of energy efficient smart windows.[125, 126]

Fabrication of these novel TCF materials is possible via low-cost physical methods,

including spin-coating, drop-casting, spraying, dip-coating techniques alongside with

thermal or sputtering deposition techniques. However, these solution-processed techniques

are difficult to scale up and are frequently employed for laboratory demonstrations. There is

a pressing demand for a large-scale, large-area fabrication technique with industrialized

potential.

1.7.4 Plasmonic Memristor

Plasmonic memristors, which combine the unique properties of plasmonic nanostructures

and memristive behavior, hold significant promise for advanced applications in

neuromorphic computing, high-density data storage, and optical signal processing.[127, 128]

The integration of plasmonic nanostructures, such as metal NPs or nanowires, into

memristive devices enhances their functionality by enabling strong light-matter interactions

at the nanoscale. This results in the possibility of light-assisted switching, where optical

signals can modulate the resistance states of the memristor, thereby enabling faster and more

energy-efficient data processing. In neuromorphic computing, plasmonic memristors can

mimic synaptic behavior with high precision, offering potential for artificial neural networks

that process information similarly to the human brain but with much greater speed and

efficiency. Additionally, the plasmonic enhancement can lead to more pronounced and stable

resistive switching, improving the performance and reliability of the memristor. In optical

signal processing, the ability to control memristive states with light opens avenues for

integrated photonic circuits, where data can be processed and stored optically, significantly

reducing the energy consumption and enhancing the speed of optical communications.
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1.7.5 Surface Enhanced Raman Spectroscopy (SERS) Substrate

SERS is a highly sensitive and selective vibrational spectroscopy technique that leverages

the inelastic scattering of photons by molecular species. Its advantages, including ultra-

sensitivity, non-destructiveness, speed, and fingerprinting capabilities, make it ideal for

analytical and sensing applications.[129, 130] Despite its potential, the high cost and low

reproducibility of SERS signals limit its broader application. Developing versatile, stable,

flexible and reusable nano-engineered SERS substrates offers a promising solution to these

challenges. In recent time, plasmonic SERS-active nano-substrates with varied morphologies

have gained significant attention due to their ability to create dense hot spots, enhanced

stability, tunable morphology, and surface functionalization.

1.7.6 Chemical and Bio-Sensors

Chemical and biosensors are devices designed to detect and quantify specific chemical

substances or biological entities, often at extremely low concentrations. These sensors are

essential for a number of applications, such as industrial process control, food safety,

healthcare diagnostics, and environmental monitoring.[131-133] Chemical sensors typically

detect analytes like gases, pH, ions, or organic compounds, while biosensors are tailored for

biological molecules such as glucose, proteins, DNA, or pathogens. The performance of

these sensors hinges on their sensitivity, selectivity, and ability to produce rapid and reliable

results, often necessitating the detection of trace amounts of analytes in complex matrices.

Plasmonic materials have emerged as a transformative technology in the development of

advanced chemical and biosensors. These materials exhibit LSPR and collective oscillations

of surface electrons that occur when illuminated by light at specific wavelengths. This

resonance amplifies the local EM fields near the material's surface, significantly enhancing

the detection capabilities of sensors. When incorporated into chemical or biosensors,

plasmonic materials enable ultra-sensitive detection by boosting signal intensities and

allowing for the real-time monitoring of molecular interactions at the sensor surface. This

sensitivity, combined with the ability to functionalize plasmonic surfaces for specific target

recognition, makes plasmonic materials ideal for creating highly responsive and selective
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sensors, pushing the boundaries of detection limits and enabling new applications in

diagnostics and environmental monitoring.

1.7.7 Anti-bacterial Coating

Plasmonic MNPs like Ag, Au, and Cu are known for their unique antibacterial properties,

largely driven by their ability to harness LSPR effect. Upon exposure to light, especially in

the UV-Visible range, the excitation of plasmons leads to the formation of reactive oxygen

species (ROS) such as hydroxyl radicals, superoxide anions, and singlet oxygen. These ROS

can disrupt bacterial cell membranes, damage intracellular components like DNA and

proteins, and ultimately lead to bacterial cell death. Furthermore, the small size and high

surface area of plasmonic NPs enable them to penetrate bacterial cells more efficiently,

enhancing their antimicrobial effects. In addition to /Au+ released from

Ag/Au based plasmonic NPs, interact with bacterial enzymes and disrupt essential biological

processes. These properties make plasmonic NPs highly suitable for applications in

antibacterial coatings for medical devices, wound dressings, water filtration systems, food

packaging, and even air filtration systems, providing a non-toxic, efficient, and long-lasting

antibacterial strategy that is increasingly important in the fight against antibiotic-resistant

bacteria.[134-137]

1.8 Motivation and Scope of the Thesis

Nanotechnology is the emergent technology of different areas of electronics and opto-

electronics including display, sensor, photovoltaics and many other photonic applications.

These materials have been developed for various purposes, including improve chemical and

colloidal stability, fabrication of photovoltaic devices, prevention of bacterial infection,

enhancement of photoluminescence, etc. which enables advanced photonic technologies.

Particularly, plasmonic thin films have garnered significant attention in modern opto-

electronics due to their ability to enhance light-matter interactions through LSPR. This

enables superior optical, electronic, and sensing properties at the nanoscale. These thin films,

typically made from metal NPs like Ag, Au, and Cu are used to improve device efficiency

in applications such as transparent conductors, solar cells, transparent heat reflectors,
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photodetectors, biosensors, and anti-bacterial coating. Their sensitivity to environmental

changes makes them ideal for chemical and biological sensing, while their light-trapping

capabilities enhance energy harvesting and photonic applications. As electronics continue to

miniaturize and demand higher performance, plasmonic thin films offer a scalable, cost-

effective solution with promising integration into next-generation technologies like quantum

computing, wearable devices, and flexible electronics. With advancements in solution-based

fabrication techniques, their future in energy-efficient systems, healthcare diagnostics, and

photonics is particularly bright.

Researchers are increasingly interested in plasmonic thin film devices fabricated via

solution-processed techniques because they offer a groundbreaking combination of cost-

effectiveness, scalability, and versatility, particularly for large-area and flexible applications.

Solution processes such as spin-coating, dip-coating, and inkjet printing allow for the mass

production of high-performance plasmonic devices without the need for expensive

equipment or controlled environments, unlike sputtering or lithography techniques. Solution

processing also allows seamless integration of plasmonic nanoparticles with other materials,

enhancing their optical and electrical properties, thus paving the way for high-performance,

low-cost devices in industries ranging from renewable energy to healthcare. As research

continues, the ability to fabricate these devices with precision and scalability is positioning

solution-processed plasmonic thin films as a transformative technology in modern

electronics.

To address the higher cost of these photonic technologies, We have introduced a novel cost-

efficient technique where an ion-conducting metal oxide (ICMO) ceramic is used as initial

material. This ceramic contains some light ions like Li+, Na+, K+, etc. and these mobile ions

can move through the crystal channel easily. By taking advantage of these mobile ions, We

have chemically implanted conducting ions like Ag or Cu inside the dielectric matrix. This

innovation helps to fabricate plasmonic thin film with muchmore stability, making it feasible

for multi-functional photonic applications. To utilize this phenomena, We have successfully

fabricated an ion conducting dielectric Li4Ti5O12 initially and then by doing surface

chemistry, we have developed an Ag-TiO2 plasmonic thin film. Using Ag-TiO2 thin film,

We have successfully fabricated a narrowband plasmonic hot electron-based photodetector
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in photoconductor geometry. The device shows a very good detectivity with conclusive

evidence of hot electron generation from the plasmonic part. This approach shows a record

detectivity of a plasmonic photodetector with a photoconductor geometry.

Furthermore, by employing surface engineering with an ultra-thin plasmonic layer and Ag-

TiO2 thin film, I have successfully developed flexible transparent conductors, transparent

heat reflectors, plasmonic solar cells, photodetectors, and active SERS substrates using a low

temperature solution process and physical vapor deposition technique.

From the next chapter onward, the thesis carries forward detailed studies encompassing

material characterization and device engineering, systematically addressing the experimental

investigations and their outcomes in a structured manner.


