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PREFACE

Nanomaterials have drawn significant attention in recent years due to their numerous
potential applications. These materials have been developed for various purposes, including
improved chemical and colloidal stability, fabrication of photovoltaic devices and prevention
of bacterial infection. Besides, tailoring the optical properties of nanomaterials, it’s possible
to apply different nanomaterials for various advanced photonic technologies. Particularly,
thin films of metal nanoparticles have garnered significant attention in modern opto-
electronics due to their ability to enhance light-matter interactions through localized surface
plasmon resonance. 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, 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 and
performance. The coast-effectiveness, scalability, and versatility, particularly suitable for
large-area and flexible device 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, lithography techniques etc. 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
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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
new innovation helps to fabricate plasmonic thin film with much more stability, making it
feasible for multi-functional photonic applications. To utilize this phenomena, | have
successfully fabricated an ion conducting dielectric LisTisOx2 initially and then
by doing surface chemistry we have developed an Ag-TiO2 plasmonic thin film. Using Ag-
TiOz thin film, | have successfully fabricated a narrowband plasmonic hot electron based
photodetector in photoconductor geometry. Device shows a very high detectivity with

conclusive evidence of hot electron generation from the plasmonic part.

Furthermore, by employing surface engineering with an ultra-thin plasmonic layer and Ag-
TiO2 thin film, 1 have successfully developed flexible transparent conductors, transparent
heat reflectors, plasmonic solar cells, photodetectors, and active SERS substrates using a low

temperature solution process and subsequent physical vapor deposition technique.

A concise overview of the subsequent thesis chapters is presented in the following section.

Chapter 1 provides a brief description of nanomaterials and their growing importance in
modern technology. Owing to their unique stability, optical tunability, and multifunctional
applications, nanomaterials have been widely explored in energy, healthcare, and photonics.
In particular, thin films of metallic nanoparticles (Ag, Au, Cu) utilize localized surface
plasmon resonance to enhance light—matter interactions, improving the performance of solar
cells, sensors, transparent conductors, and antibacterial coatings. Their scalability,
sensitivity, and light-harvesting capabilities make them highly promising for next-generation
photonic, healthcare, and flexible electronic systems.
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Chapter 2 provides a detailed synthesis process of a popular ion-conducting metal oxide
dielectric LisTisO12 (LTO), plasmonic Ag-TiO- thin film, semiconducting precursor solution
like SnO2, TiO2, SNO2 NPs, ZnO NPs, TiO2 NPs, and preparation of polymeric solution like
PMMA, P3HT, PC71BM by solution process technique whereas devices are fabricated via
spin coating and thermal evaporation technique. The detailed study of material and device
characterization are explained in a very concise manner. The characterization techniques of
XRD, UV-Visible, photo-luminescence, Raman, FE-SEM, AFM, HR-TEM, semiconductor
parameter analyzer, EQE measurement unit along with reflectance and transmission

measurement unit, etc. has been explained elaborately.

Chapter 3 discusses the development of Ag-TiO: thin film from an ion-conducting dielectric
Lithium Titanium Oxide (LisTisO12) material via an in-situ growth technique and its
application as a hot electron based plasmonic photodetector. The X-ray diffraction (XRD)
measurement has been performed to confirm the phase of the material. UV-visible, and PL
spectroscopy has been used to study the optical absorption and luminescence of active Ag-
TiO2 material. HR-SEM and HR-TEM has been performed to calculate the Ag NPs size and
the composition of the material. This Ag-TiO2 nano-Schottky junction has a low barrier
height, high interface area with least interface state that enables efficient hot electron transfer
to the conduction band (CB) of TiO, which is realized in the EQE data. This EQE data
shows an intense photocurrent formation in the region of plasmonic absorption of Ag NPs,
indicating the primary contribution of hot electrons on photocurrent production. This
photodetector has been fabricated in a glass substrate in photoconductor geometry that shows

a peak detectivity of 3.19x10 Jones at 420 nm with a response time of ~2 sec.

Chapter 4 is separated into two sections; the first section discusses the development of Ag
nanostructured based flexible transparent conductor and its application as a self-biased
plasmonic photodetector and the second section focuses on the fabrication of a cost-effective
Ag/Ag-TiO, flexible transparent heat reflector for energy-efficient smart window

applications.

4.1 Flexible Transparent Conductors with a Percolated Ag Nanostructure and its

Application as Efficient Self-Bias Plasmonic Photodetector
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A percolated Ag nanostructured-based transparent conductor has been deposited by physical
vapor deposition (PVD) technique where lateral growth of Ag has been enhanced by a pre-
deposited Ag-TiO; thin film. This Ag-TiO2 film has embedded Ag nanoparticles (NPs)
within TiO2 thin film which is grown in a low temperature (100°C) solution processed
technique that includes LisTisO12 (LTO) thin film deposition by a sol-gel method followed
by ion-exchange (Li* — Ag") process to yield an Ag-TiO2 thin film. The percolated Ag
network has appeared as soon film mass-thickness reaches close to 10 nm, resulting in an
abrupt drop of electrical resistivity of the film. This percolated Ag nanostructured thin film
(10 nm Ag/Ag-TiO2/plastic) has resistivity of ~50 ohm/[Jand an average visual
transmittance of >70% up to 450 nm. In higher wavelength range, transparency gradually
reduces, and it reaches to ~50% at 600 nm which is mostly due to the plasmon absorption of
this film. By utilizing its combined optical transparency and surface plasmon absorption, this
film has been used to develop plasmonic hot electron photodetectors where Ag-thin film
works as transparent electrode as well as plasmon induced photo-excited hot electron
generation. Device has been fabricated on a highly doped n type Si (n*-Si) with a metal-
semiconductor-metal (M-S-M) device geometry. External quantum efficiency (EQE) data
reveal that photocurrent of this device is mostly generated in the plasmonic absorption region
with a peak detectivity of 2.84x10%? Jones at 510 nm under -3V external bias. Besides, the

device shows fast response with a response time of ~25 ms.

4.2 Cost Efficient Ag/Ag-TiO2 Coating Based Flexible Transparent Heat Reflector for
Energy-Saving Smart Window

This work has demonstrated a mass-producible and low-cost transparent heat reflector (THR)
fabrication method on a flexible substrate by using a per-deposited silver nanostructures thin
film which is grown in two step deposition method. Initially, polycrystalline LTO thin film
has been grown on a plastic substrate by a low temperature processed sol-gel technique.
Afterword, mobile Li* of LTO thin film has been replaced by Ag" by an ion-exchange
method to form Ag-TiO> thin film. In the second step, 10 nm Ag has been deposited on top
of Ag-TiOz thin film by thermal evaporation. This bilayer THR has IR/NIR reflectivity of
~85-90% in combination with its visible transmittance of ~50-70%. For higher

environmental stability of this THR, a polymer film (PMMA) has been coated on top of this
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Ag/Ag-TiO; coating. To realize the practical application of this THR, a prototype box with
one transparent glass window coated with this THR film has been developed and its internal
temperature has been investigated during daytime. A reduction of internal temperature of ~6-
7°C has been observed due to this THR coating w.r.t the reference uncoated box, indicating

its plausibility as energy-saving smart window applications.

Chapter 5 is also categorized into two subparts; the first part discusses about the
development of visible to IR active highly transparent Au-Ag bimetallic conducting film and
its application as an efficient plasmonic photodetector on plastic substrate, and the next part
| demonstrated an enhanced energy conversion plasmonic organic solar cell using this Au-

Ag bimetallic transparent conducting film as a back electrode.

5.1. Visible to IR Active Highly Transparent Au-Ag Bimetallic Conducting Film and
its Application as an Efficient Plasmonic Photodetector on Plastic Substrate

This section of this chapter demonstrated a gold (Au)-based transparent conductor by PVD
technique where nano-porous of Au-Ag bimetallic nanostructured has been enhanced by a
pre-deposited Ag-TiO2/SnO; or ZnO NPs thin film. This Ag-TiO; thin film is an Ag NPs
embedded TiO: thin film that has been grown over SnO2 or ZnO NPs which leads to a
percolated nano-porous-like structure. Prior to this, the surface morphology of the film
shows a clear transition from spherical nanoparticles to percolated nano-porous Au-Ag
bimetallic nanostructure with random hole formation that results in an abrupt jump of
electrical conductivity when deposition reaches to 4 nm mass thickness of Au. This
percolated nano-porous structure thin film (4 nm Au/Ag-TiO2/SnO2 or ZnO NPs /plastic)
has a low resistivity of ~ 5-10 ohm/[J and an average visual transmittance around 75-80 %
in the visible region. This film has been used to develop a metal-semiconductor-metal (M-
S-M) plasmonic hot electron photodetector where Au-Ag thin film works as a photo-excited
hot electron generation. External quantum efficiency (EQE) data reveal that photocurrent
of this device is mostly generated in the plasmonic absorption region with a peak detectivity
of 1.6x10% Jones at 750 nm under -2V external bias. Besides, the device shows fast

response with a response time of ~33 ms.
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5.2. Au-Ag Bimetallic Transparent Conducting Thin Film for Boosting Energy

Conversion Efficiency of Organic Solar Cell

Here, | discussed a new approach for enhancing the power conversion efficiency through an
inverted plasmonic organic solar cells (POSCs) in a cost-effective way. As an alternative to
ITO, I used our developed Au-Ag bimetallic transparent conducting film to back the
electrode. A P3HT or a blended P3HT:PC71.BM organic polymer are used as an active
material of this device whereas PEDOT: PSS and SnO2 NPs are used as hole transport and
electron transport layer respectively. The device with 120-140 nm thick active layer shows
a remarkable power conversion efficiency of 7.8% for P3HT and 11.17% for
blended P3HT:PC7:BM bulk heterojunction solar cells which are record efficiency with this
materials combination that become possible due to enhancement of open circuit voltage by
double, ensuring a tandem cell formation. This research offers a fresh, simple method to
develop innovative plasmonic nanoparticles for enhancing the efficiency of OSCs.

Chapter 6 presents a straightforward method to fabricate a porous Au-Ag bimetallic nano-
film on an inexpensive plastic substrate to detect SERS signal. Hollow and porous percolated
nanostructures hold significant importance in SERS due to their intrinsic EM hotspots,
multipolar resonance, and other factors. Au-Ag bimetallic film is fabricated via the same
method as mentioned in the earlier chapter. This flexible substrate demonstrates effective
SERS-based sensing, detecting Rhodamine 6G (R6G) dye and Vitamin B12 down to 1 pM
and 1 nM concentrations, respectively. The porous nature of the nano thin film aids in
dispersing the analytes, thus lowering particle density for single molecule optical detection

and enabling low-concentration measurements.

Chapter 7 summarizes the key outcomes presented in the thesis. Furthermore, the final part
includes a brief outline of prospective research possibilities related to the current thesis.

List of journals and books used to bind up the thesis has been given at the end of the thesis

as references
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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 “nanotechnology” 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]

1
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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 thisare 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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r=210 um

Figure 1.1 Schematic illustration of the difference in surface to volume ratio between a bulk

microsphere and microsphere formed by NPs.

1.3 Classification of Nanomaterials

Nanomaterials are generally classified into two major categories: MNPs and NMNPs. The
MNPs, such as gold (Au), silver (Ag), copper (Cu), nickel (Ni), platinum (Pt), and palladium
(Pd) etc. and their alloys with combination of bi-metal like Ag-Au, Ag-Cu, Cu-Ni and so on
are composed of metal components only. Due to their small size and large surface area, these
MNPs show unusual electrical, optical, and catalytic properties. On the Other hand, NMNPs,
such as tin oxide (SnOy), titanium dioxide (TiO2), zinc oxide (ZnO), silver sulfide (Ag2S),
copper sulfide (Cu2S), tungsten sulfide (WS:), molybdenum oxide (MoS>), lead sulfide
(PbS), cadmium sulfide (CdS), cadmium selenide (CdSe) and iron oxide (Fe203), consist of
metal atoms bonded to oxygen or Sulphur. These NPs are known for their excellent chemical
stability, magnetic properties, and wide range of applications in energy saving smart
windows, photodetection, photo-catalysis and biomedical fields.[22-28]
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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)
Il. 2D nanoscale objects (e.g., nanowires, nanorods and nanotubes)
1. 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 in Maxwell’s equations, calculates the particle extinction
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. The term “nanotechnology” 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 1.2 Schematic presentation of top-down and bottom-up approach for the synthesis

of metal/metal oxide NPs.

Chemical methods have several advantages over physical methods: they are relatively easy
and economical, can be conducted at low temperatures, produce large quantities of material,
and do not require sophisticated equipment. These methods allow for the preparation of
materials in various compositions and are extensively used for synthesizing nanomaterials.
In this context, capping materials such as surfactants or polymers are utilized to prevent the
aggregation of MNPs in solution. Various shapes, including spheres, cubes, wires, rods,
tubes, triangular prisms, tetrahedral NPs, and quantum dots, have been synthesized from
metals like Au, Ag, Cu, Pt, etc. and metal oxides like SnO., ZnO, TiO;, etc., using different
reduction techniques and capping agents. NPs can also be developed using a combination of
physical and chemical methods. Therefore, the choice of fabrication procedures depends on
the desired physical and chemical properties, such as size, dispersion, mixture homogeneity,
and optical properties. Both physical and chemical methods can result in environmental
contamination and toxicity. In contrast, biological approaches, specifically green synthesis,
are environmentally friendly and less toxic. Still, for the fabrication of opto-electronic
devices, physical and chemical methods are superior as they allow making precious NP size,
shape and morphology, which is very much crucial for photonic applications.[40-42] The

various approaches and methods for NP synthesis are summarized in Figure 1.3.
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Synthesis of Nanoparticles
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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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Figure 1.4 Schematic presentation of in-situ and ex-situ methodology for NP synthesis.

1.5 Plasmonic Metal Nanoparticles

The investigation of optical phenomena related to the electromagnetic (EM) behavior of
metals has driven the rapid growth of a promising research area known as plasmonics. The
intense interaction between EM fields and plasmonic NPs creates new opportunities for
technologies that leverage photophysical processes, enhanced by this light-matter
interaction. The interaction of these metallic NPs with incoming light causes a collective
oscillation of free electrons known as plasmon to become dominant, resulting in the surface
plasmon resonance (SPR).[46, 47] Many of these electrons participate in the SPR, resulting
in high absorption, scattering, and near-field amplification at the plasmonic NPs natural
frequency, which is also known as plasma frequency.[47] Novel metals, including Au, Ag,
Cu, Ni, or their bimetallic nano-film, can be employed as free electron systems whose
electrical and optical properties are determined only by the conduction electrons. According
to the Drude-Lorentz model, metals are considered plasmas because they contain equal
numbers of positive ions and conduction electrons.[48] So, in the presence of an incoming
plane EM wave, charge displacement occurs within this plasma. Volume or Bulk plasmons
are the cases discussed by Pines and Bohm,[49] visualized in Figure 1.5a). So, bulk plasmon
is the outcome of the generation of forward and backward EM waves (due to charge
displacements caused by an incoming plane EM wave), resulting in the formation of an

energy gap.[50] The energy of the bulk plasmon[51] is given by equation 1.1-

Ebulk = hwp ------- (1.1) where @p is the plasma frequency

8



Chapter 1

In the context of metal thin film with finite dimensions and different surrounding dielectric
materials, their collective oscillations are known as surface plasmon polaritons (SPPs) or
surface plasmons. The resonant interaction of optical waves with free electrons in a metal
can generate surface-bound EM modes, often known as surface plasmons, which are
typically excited at the interface of a noble metal and a dielectric. These surface plasmons
have maximum field intensity at the metal-dielectric interface, with evanescent waves
penetrating the surrounding dielectric, making them highly sensitive to refractive index
changes near the metal surface, as shown in Figure 1.5b). Localized surface plasmons
(LSPs) arise when light hits MNPs or metal nanostructures. As the light wavelength is
substantially larger than the nanostructure, a plasmon oscillates around it, as shown in Figure
1.5¢). When light interacts with MNPs or nanostructures, the conduction electrons on their
surface oscillate collectively at a particular frequency, known as plasma frequency.[52]

A

a) Volume or Bulk Plasmon b) Surface Plasmon Polariton c) Localized Surface Plasmon

Dielectric

NANL

Figure 1.5 Comparative diagrams of a) volume or bulk Plasmon, b) surface plasmon

E-field
¢ Metal sphere

\e'-cloud

Light wave

e-cloud

polariton, and c) localized surface plasmon.

LSPR is one primary characteristic of plasmonic MNPs like Ag, Au, Cu, etc. that are widely
used in varieties of applications. This effect is typically excited by direct illumination without
requiring a specific angle that satisfies the resonance condition, with maximum field intensity
at the metal-dielectric interface, decaying exponentially away from it. The light absorption
by MNPs originates from the coherent oscillation of conduction band electrons caused by
interaction with external EM radiation. In MNPs, a disturbance-like interaction with EM
radiation displaces the equilibrium of the negatively charged electron cloud and the
positively charged ion cloud, depicted in Figure 1.6. This disturbance causes electrons to
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oscillate back and forth, creating collective oscillations, which result in strong absorption in
the visible to near infrared (NIR) region.[53, 54]

Electric Field

-

- Magnetic Field /
Metal Sphere
e - cloud

Figure 1.6 Schematic representations of the LSPR effect in plasmonic MNPs.

The illumination of a metallic nanostructure triggers a series of complicated processes in
different time scales, leading to various possible outcomes.[55] These include the rapid
internal relaxation or ejection of hot carriers, the generation of strong optical near-fields, and
the re-emission of photons. The initial stage in hot carrier excitation begins with photon
absorption (Figure 1.7a)), where the probability of absorption is related to the square of the
local electric field inside the metal. In metallic nanostructures, light absorption is further
amplified by the LSPR effect.[56, 57] This enhancement results in an antenna-like effect,
allowing the structure to collect light from an area larger than its actual size.[58, 59]
Consequently, these MNPs or nanostructures act as an EM hotspot. The concentrated light
field generated by this effect has been extensively studied and applied in surface-enhanced
processes such as surface-enhanced Raman spectroscopy (SERS), surface photochemistry,
and the photoexcitation of nearby quantum emitters.[60, 61] In nanostructures, plasmon
resonances can be damped non-radiatively by generating hot electron-hole pairs through
Landau damping or radiatively by photon re-emission (Figure 1.7b)). Landau damping is a
purely quantum mechanical phenomena that transfers a plasmon quantum into a single
electron—hole pair excitation within a timescale (1) ranging from 1 to 100 femtoseconds
(fs).[62] The plasmon-induced electric field, acting as a time-dependent perturbation on the
metal’s conduction electrons, facilitates transitions from occupied to unoccupied electronic

states. However, because the transition matrix elements for electron-hole pair formation are

10



Chapter 1

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,
particle size, plasmon mode symmetry, and the material’s electronic structure and density of
states.[63] Landau damping contributes to the imaginary part of a metal’s dielectric
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).

11
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Figure 1.7 a) Excitation of a LSPs redirects the Poynting vector, channeling the flow of light

toward and into the NP. Following plasmon excitation, the distribution of electronic states
changes, with hot electrons appearing in the orange regions above the Fermi energy (Ef) and
hot holes occupying the blue regions below Er. b) Within the first 1-100 fs after Landau
damping, electron-hole pairs form a thermal distribution that undergoes decay either by
photon re-emission or through carrier multiplication driven by electron—electron interactions.
During this brief period, the hot carrier distribution remains highly non-thermal. c) hot
carriers undergo energy redistribution through electron—electron scattering processes,
occurring within a timescale of 100 fs to 1 ps. d) Thermal conduction facilitates the transfer
of heat from the metallic structure to its surroundings over a longer timescale, ranging from
100 ps to 10 ns.

Following light absorption and LSPR excitation in these nanostructures, EM decay occurs
on a fs timescale. This decay can occur either radiatively, by emitting photons, or non-
radiatively, by transferring energy to hot electrons, as illustrated in Figure 1.8a). In the non-
radiative pathway, surface plasmons initially decay into single-electron excited states, which
may subsequently lead to photoemission if the electron's energy surpasses the work function

of the material.[66-69] Non-radiative decay in noble-metal nanostructures can occur via
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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 (TiO). Due to its high DOS in the conduction band,
TiO2 serves as an excellent electron-accepting metal oxide, enabling rapid electron injection.
Hot electrons with energies exceeding the Schottky barrier energy (®sg) 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 @sg = &m — ys and are injected into the conduction band E. of a neighboring
semiconductor. where @y represents the metal's work function and ys 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]

380 nm light color 780 nm
Ag rods
Ag spheres
Au spheres Au rods

Ag or Au alloyed spheres Au shells with hollow interiors

Ag cubes Ag plates

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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1.7.1 Plasmonic Photodetector

A photodetector is an electronic device that converts a light (photons) signal into an electrical
signal and works by absorbing photons, which generate charge carriers (electrons and holes)
within the material, leading to a measurable current or voltage. A plasmonic photodetector
leverages the interaction between light and free electrons in metal nanostructures, known as
plasmonics, to enhance its performance. By concentrating light into very small volumes and
increasing the local EM field, these photodetectors achieve higher light absorption, leading
to a stronger photocurrent and improved photo-detectivity. These devices can be designed in
three different geometries, such as photoconductors, photodiodes, and phototransistors, as
illustrated in Figure 1.12. The performance of a plasmonic photodetector is typically
evaluated using key parameters, including external quantum efficiency, responsivity,
detectivity and transient time response curve. A high-performance plasmonic photodetector
should have high detectivity and responsivity with fast response. Whereas external quantum
efficiency tells the spectra sensitivity of the device at a particular wavelength range. The key

device parameters are discussed in the following section.

a) c) Active Layer
Top Electrode M
ChargeTransportLayer M Semiconductor

Active Layer Active Layer Gatedielectric

Figure 1.12 Schematic representation of different photodetector geometry a) photodiode b)

photoconductor c) phototransistor.
External Quantum Efficiency (EQE)

EQE is the ratio of the number of charge carriers generated and collected by a photodetector
to the number of incident photons on the device and measures the effectiveness of converting
incoming photons into an electrical signal[106] and is given by the equation 1.2-

_ ]p_h _ lph xhv
EQE - ed - eP,

18

(1.2)



Chapter 1

where h, v, ¢, Po, €, ¢, Jph and A 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 (Rs.)

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-

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
the device’s dark current, the detectivity[107] can be expressed mathematically as shown in

Equation 1.4-

D" = Rl/(Ze]d)l/Z """"""" (14)

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 pm 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 um 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.

First Generation

(Wafers)

Second Generation
(Thin films)

oo ol —

Third Generation
(Organics)

1

DSSC

Organic

Ds

Metal Oxides

Hybrid

Inorganics

Metal NPs

Graphene

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 Q/sq).[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 oxidative stress, Ag*/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 much more stability, making it feasible
for multi-functional photonic applications. To utilize this phenomena, We have successfully
fabricated an ion conducting dielectric LisTisOz12 initially and then by doing surface
chemistry, we have developed an Ag-TiO> plasmonic thin film. Using Ag-TiO> 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.

26



Chapter 2

Experimental Methods:

Material Synthesis, Analysis with
Device Fabrication, and Performance

Evaluation

> -

_—
B B w







Chapter 2

Chapter 2

In this chapter, | explore a variety of experimental methodologies integral to this thesis,
including materials synthesis, characterization techniques, device fabrication processes, and
device performance assessments. The materials synthesis section highlights three distinct
approaches for producing ion-conducting oxide dielectrics, metal oxide semiconductors, and
organic polymeric materials. The characterization of these materials, primarily in thin-film
form, encompasses a comprehensive suite of analytical techniques. The device fabrication
section covers the development of thin film heterostructure photodetectors, transparent
conductors, transparent heat reflectors, SERS substrate, and organic photovoltaics. Finally,
the electrical characterization focuses on critical analyses, including current-voltage (I-V),
current-time (I-t), EQE, and SERS measurement, offering key insights into device behavior

and performance.

2.1 Materials Synthesis

In this thesis work, mainly three different types of materials have been synthesized via low-
cost solution process method. These materials have included i) ion-conducting dielectric, ii)
metal-oxide semiconductor, and iii) organic polymeric materials. The ion-conducting
dielectric material is used as an initial material to synthesize plasmonic Ag-TiO; thin films.
Various kinds of metal oxide semiconductors like SnO2, SnO2 NPs, ZnO, ZnO NPs, TiO:
and TiO2 NPs have been synthesized for different device applications. A non-conducting
polymer, polymethyl methacrylate (PMMA), has been used as a protective layer for some
particular devices. Organic dye rhodamine 6G (R6G) and vitamin Bi2 have been used as
analytic molecules for SERS experiments. Organic polymer poly(3-hexylthiophene) (P3HT)
and [6,6]-phenyl-C71-butyric acid methyl ester (PC7:.BM) are used as an active material.
Conducting polymer poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:

PSS) is used as a HTL for the fabrication of photovoltaic devices. The solution process
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method allows uniform molecular-level reactions, which allow single-compound thin film

formation. The detailed synthesis process is outlined below.

2.1.1 Synthesis of lon-Conducting Dielectric LisTisO12 Precursor Solution

An ion-conducting dielectric (LisTisO12) thin film has been deposited on a plastic substrate
by a solution-processed technique. A two-step process has been adapted to produce a thin
layer of LisTisO12. Initially, we take lithium acetate dihydrate [LIOOCCH3.2H20] (acquired
from Alfa-Aesar, 99% extra pure] and titanium (V) butoxide [Ti(OC4Ho)4] (acquired from
Sigma-Aldrich, >97% pure) as precursor chemicals. Different molarity solutions of both are
prepared in 2-methoxy ethanol (2-MEA) solvent and stirred each for 1 h at 700 r.p.m, and
then both solutions are added in a 4:5 volume ratio to prepare a precursor solution of
LisTisO12 ceramic product. The mixture is then vigorously stirred for the next 1 h at 700-800
r.p.m under ambient atmospheric conditions to yield a clear, transparent, and homogeneous

solution. The synthesis step is schematically present in Figure 2.1.

ithium Acetate Dihydrate Lithium Acetate Dihydres
+ 2-methoxyethanol + 2-methoxyethanol

Stirring for 1 h Stirri
600-700 r.p.m tirring for 1 h
P at RT 700-800 r.p.m ot RT

Titamumm
solution

4:5 ratio

700-800 r.p.m | Stirring for 2 h

Figure 2.1 Synthesis of ion-conducting dielectric LisTisO12 by solution process route.
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2.1.2 Synthesis of SnO2 Precursor Solution

The Solution process SnO- has been employed as a metal-oxide semiconductor channel layer
for photodetector fabrication. Different concentration precursor solution has been prepared
by dissolving tin chloride [SnCl2] (99.99%, obtained from Sigma Aldrich) in 2-MEA solvent,

and the solutions are stirred for 30 minutes at 700-800 r.p.m before spin coating.

2.1.3 Synthesis of Precursor Solution of SnO2 NPs

For the synthesis of SnO2 NPs, at first, a required amount of tin chloride is mixed in distilled
water to make 300 mM concentration precursor solution. During this solution preparation,
cetrimide (Cetyl Trimethyl Ammonium Bromide) (CTAB) (purchased from Aseschem) is
added that works as a reacting agent. This mixture was then stirred for 2 h to obtain a clear
solution. To grow SnO2 NPs, sodium borohydrate (NaBH4, 98% extra pure crystals,
purchased from SRL) are added in this solution dropwise that forms a white precipitation of
SnO2 NPs. White part of this mixture is then cleaned by a centrifuge at 10000 r.p.m for 5
minutes and dried in a preheated hot plate at 60°C for overnight. Then SnO2 NPs are
dispersed it in methanol to make the final SnO2 NPs solution. Detailed synthesis process is

schematically present in Figure 2.2.

Tin Chloride + CTAB

DI Water . _ _ _ u‘.
Dropwise o\ Dispersed in 2 B
added NaBH, N Methanol e
» e ———————— | —
DI water \ WA 4 L
_ White Clean the precipitate
precipitate by Centrifuge at 10000 SnO, NPs
formed rpm for 5 min and then
dry in a preheated hot

plate at 60°C

Figure 2.2 Schematic representation for the synthesis of SnO, NPs by solution process

method.
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2.1.4 Synthesis of Precursor Solution of ZnO NPs

For the preparation of colloidal ZnO NPs with a concentration of 20 mg/ml, zinc acetate
dihydrate (purchased from Sigma-Aldrich, 99% pure) and potassium hydroxide (KOH) have
been selected as the precursor salts. Each salt is individually dissolved in methanol and
heated at 60°C for 10 min. The KOH solution is then injected into the Zinc acetate solution,
resulting in the rapid clouding of the mixture. After 30 minutes, it clarified and stirred for 3
h at the same temperature. The solution is left undisturbed for 4 h to allow particle
precipitation under normal atmospheric conditions. The clear top solution is carefully
decanted, redissolved in methanol, and set aside for 16 h. The subsequent steps involve
centrifuging the solution with the addition of acetone and rinsing with methanol, repeated
three times. Finally, methanol is added to the remaining NPs in the centrifuge tube, followed
by sonication. After allowing for any precipitation, the top solution constitutes the
synthesized colloidal ZnO NPs. Detailed synthesis process is schematically present in Figure
2.3.

Zinc Acetate Potassium
Dihydrate + Hydroxide+

Methanol Methanol
l Continuous Decanted and
Heat Kept undisturbed resuspended
Treatment solution methanol
! u — = ——
60°C for 3 h ) at room temp for 4 h | Undisturbed for -
e 0wt
Solution becomes precipitate precipitate
transparent after 30 mins. formed formed

Centrifuged at
10,000 rpm for 5 mins

Sonicated for 30 Dispersed in
mins | methanol ‘:

= > e/
Figure 2.3 Schematic representation for the synthesis of ZnO NPs by solution process

method.
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2.1.5 Synthesis of Precursor Solution of TiO;

To prepare the TiO: thin film via sol-gel method, 100 mM concentration of titanium (IV)
butoxide [Ti(OC4Ho)4] (acquired from Sigma-Aldrich, >97% pure) solution is prepared by
dissolving it in 2-MEA solvent and stirred at room temperature around 30 min at 600 r.p.m

to prepare a transparent precursor solution.

2.1.6 Preparation of Precursor Solution of TiO2 NPs

For the preparation of TiO2 NPs, 18NR-T transparent titanium paste has been used as a
source material which is dispersed in ethanol to prepare a colloidal solution of concentration
100 mg/ml. A stable colloidal solution is obtained after mixing it through an ultra-sonication
process for 30 minutes. Then the solution is left for 10 minutes at room temperature before

spin coating.

2.1.7 Preparation of PMMA Solution

A PMMA precursor solution is prepared by dissolving powder of PMMA (Sigma-Aldrich,
molecular weight ~350,000), in chloroform solvent (SRL, extrapure AR). The dissolved
process involved vigorous magnetic stirring at 1200 r.p.m for 4-5 h at room temperature.
Subsequently, the prepared solution has been left undisturbed for 30 minutes to stabilize the
solution before spin coating.

2.1.8 Preparation of PEDOT: PSS Solution

1.2 WT% of PEDOT; PSS solution is prepared by adding 80 ml DI water with pure solution
and then sonicate it for 1 hr. using ultra-sonicator for 30 min. The solution is then stored in

a cool & dark place before spin coating.

2.1.9 Preparation of P3HT Solution

Solution of P3HT polymer is prepared by dissolving the required amount of P3HT powder
(Sigma-Aldrich) in chlorobenzene (Sigma-Aldrich). Prepared solution is stirred at 600-700
r.p.m at 60°C for 1 h and then probe sonicate for 5 min to ensure proper mixing before spin

coating the solution.
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2.1.10 Preparation of PC7:.BM Solution

Solution of PC7:BM organic polymer is prepared by dissolving the required amount of
PC71.BM powder (Sigma-Aldrich) in chlorobenzene solution. Prepared solution is probe

sonicate for 30 min to ensure proper mixing.

2.1.11 Preparation of blended P3HT: PC-:BM Solution

Solution of P3HT and P3HT: PC7:BM are blended (1:1 ratio) in the same wt % and then
probe sonicate it for 1 hr. at room temperature for proper mixing. After that, the mixture is

stored at a cool and dark place for 20 min before use.

2.1.12 Solution Preparation of R6G Dye & Vitamin B> Biomolecules

A parent solution with concentrations of 10 M for R6G and vitamin B2 is prepared using
Milli-Q water. This solution is prepared through ultrasonic processing for a duration of 4-5
hours at ambient temperature. Subsequently, through the method of serial dilution, the
concentrations of R6G and vitamin B, are varied in the range from 10 M to 10"*2 M which

are derived from their respective initial concentration.

2.2 Substrate Cleaning Process

In device fabrication, the substrate cleaning process is a critical initial step to ensure the
removal of contaminants from the surface of materials like silicon wafers, glass or plastic
substrates. Effective cleaning is vital for the success of subsequent fabrication stages. The
subsequent sections provide an explanation of the cleaning process for all the devices used

in this thesis.

2.2.1 Glass Substrate Cleaning

For the device fabrication, borosilicate glass has been utilized as substrate. A widely adopted
glass cleaning process is illustrated in the flow chart presented in Figure 2.4. At the
beginning glass substrates of size 15 mm x15 mm are kept inside piranha solution
(concentrated H>SO4 and H20: in a 3:1 ratio) for 15 min to eliminate organic residues from

the substrate’s surface.[138] The substrates are then washed by using DI water for 10 minutes
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with the help of an ultrasonic bath. Subsequently, substrates are transferred to a 2-propanol
solution and kept inside an ultrasonic bath for 10 minutes, followed by a drying process with

an air-blower.

[ow | = (oo =[G ] mp [oess |

15 mm x 15 mm Piranha solution cleaning Rinsed with DI  Sonicated in DI water
substrate (3:1 ratio of concentrated water == iSopropanol
H,SO, and H,0,)

Figure 2.4 Schematic presentation of three-step solution cleaning of glass substrates.

2.2.2 Silicon Substrate cleaning

For the fabrication of thin-film devices, highly n-doped Si (n*-Si) is also used as both
substrates and bottom electrodes. For cleaning, a widely used three- step solution cleaning
process is adopted, illustrated in Figure 2.5. Initially, the surfaces are cleaned with a soap
solution (Extran) and subsequently rinsed with DI water. Following this, the substrates
undergo a series of steps involving immersion in different media (such as DI water, acetone,
and isopropanol) and ultra-sonication for 10 minutes in each step. The substrates are then
dried by passing air and placed in a plasma cleaning chamber at 20 W for 10 minutes.[139]
Plasma treatment enhances the hydrophilic nature of the surface and also removes residual

organic materials, ensuring the fabrication of pinhole-free films.

= [vs |b[ vs Job[ v |op[ws |
15mm x 15mm  Soap solution cleaning Rinsed with Sonicated in DI Plasma cleaning

substrate DI water water == Acetone
isopropanol

Figure 2.5 Schematic presentation of four-step solution cleaning step of traditional silicon
cleaning followed by plasma treatment.

35



Chapter 2

2.2.3 PET Substrate Cleaning

For flexible device fabrication, plastic PET substrates are used, and its step-by-step cleaning
process is identical like silicon substrate cleaning process. At first, plastic substrate is cleaned
with soap solution and then ultra-sonicate those substrates by DI water, acetone and
isopropanol respectively each for 15-20 minutes. After that, the substrates are dried properly
with an air-blower. Then those dried substrates are placed in an oxygen plasma cleaner at 20
W power for 10 minutes. This process is highly effective in removing organic and inorganic

residues from the substrate's surface.

2.3 Device Fabrication

The subsequent sections provide a brief outline of all different device fabrication process

used in this thesis.

2.3.1 Ag-TiO2 Based Heterostructure Photoconductor

This photodetector has been fabricated on a glass substrate in a photoconductor geometry
and the fabrication steps of this device has been shown schematically in Figure 2.6. At first,
glass substrates are cleaned, and the cleaning process is described in Section 2.2.1. These
clean glass substrates are spin-coated with a 300 mM SnOg precursor solution for 40 s at
4000 rpm and transferred on a preheated hot plate at 100°C. The substrates are then annealed
for half an hour at 500°C to form the crystalline SnO- thin film. To get the desired thickness
of SnOz layer, this process is repeated 3 times. A TiO: layer is then deposited on top of the
SnO; film in a similar process. Therefore, the precursor solution of TiO: is spin-coated for
50 s at 5000 rpm and annealed at 500°C for 30 min to grow a highly crystalline layer. The
photoactive Ag-TiO2 nano-Schottky junction thin film has been grown on top of this
glass/SnO2/TiO2 substrate. For this Ag-TiO2thin film deposition, antecedent solution of
LTO is spin-coated over these substrates for 30 s at 3000 rpm and then annealed at 550°C
for 1 hr. to form a crystalline surface. Those crystallization films are submerged in a 100 mM
AgNO:s solution for 1 hr. to exchange Li* of LTO film with Ag* of the solution that forms
Ag4TisO12. Following this ion-exchange procedure, the samples are rinsed with DI water to
eliminate any remaining AgNOs from the surface of the film. After washing, the substrates

are immersed in a 300 mM NaBH3 solution at ambient temperature for 1 hr. which changes
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the color of the substrate from transparent to yellowish. Throughout this process, Ag* has
been transformed to metallic silver (Ag®) to make Ag-NPs, and the initial Ag4TisO12 crystal
is transformed to TiO2to form the final Ag-TiO2 nano-Schottky junction thin film.
Equations (2.1 & 2.2) show the chemical processes of this ion exchange and reduction
procedure, respectively. After reduction, the films are cleaned by dipping inside DI water to
eliminate any remaining NaBHa solution from the surface of the film.[140] Finally, silver
electrodes (electrode area ~ 0.84x0.84 mm?) are deposited by thermal evaporation on top of
this glass/SnO./Ti02/Ag-TiO: film through a shadow mask process.

lon-exchange and reduction reaction:

A Lit— » Agt . .
Li4Tis012 + 4 AgNO3 £ AgsTisO12+ 4 LiNOs ---—---- (2.1)
. Agt—» Ag0 .
AgsTisO12 + NaBHs ——8 & » 4Ag-5TiO2 + NaBO: + 2Hz ------ 2.2)
Spin coating sol-gel a) Spin coating sol-gel b)
precursor of SnO, precursor of TiO, TiO,
./ — Sl — Sno,
Annealing at 500°C Glass Annealing at 500°C Glass
A A Annealing
Spin coating sol-gel at 550°C
precursor of TiO, A
Cc
e — d —— )
Dip in the Dip in the AgNO; solution —
Ag-TiO, NaBH, solution AQ.TI-Om < I L'frT_golz
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Figure 2.6 Depicts the six-step growth process of an in situ grown Ag-TiO; thin film-
based photodetector : a) SnO: thin layer on glass substrate via spin coating of a sol-
gel precursor followed by annealing b) spin coating of TiO- thin film precursor followed by
annealing at 500°C c) spin coating of LTO precursor and 1 hr. annealing at 550 °C to achieve

polycrystalline LTO thin film d) Li* ions are exchanged with Ag* ions in an ion-exchange
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process to form Ag4TisO1, €) reduction process which reduces Ag* ions into AgP to form Ag-
TiOz thin film containing Ag NPs inside the TiO2 matrix f) finally Ag electrode is deposited

on top for electrical contact.

2.3.2 AQ/AQ-TiO. based Transparent Conductor (TC) & Transparent

Heat Reflector (THR) Film
The TC & THR thin film has been fabricated on a plastic PET substrate which is

schematically presented in Figure 2.7. In this fabrication process, at the beginning, plastic
substrates (20x20 mm?) are cleaned, and cleaning process is mentioned in Section 2.2.3.
Then the precursor solution of LTO is spin-coated over the clean substrates for 30 s at 3000
rpm and immediately kept on a hot plate at 100°C. Subsequently, UV light of intensity ~ 9
W/m? is illuminated from that top side of the hotplate and keep it for 1 hr. This combined
heating and UV illumination enable us to deposit crystalline LTO thin film at 100°C.
However, without using UV light, it is required 550°C annealing to achieve this crystalline
phase of LTO where we can’t use common plastic PET as a substrate. These crystalline LTO
films are then immersed in a 100 mM AgNO;solution for 1 hr. where Ag* of the solution are
exchanged with Li* of the film that convert LTOthin film to Ag.TisO:, thin film which
subsequently convert to Ag-TiO> film due to the formation of Ag cluster inside oxide film.
The reduction of Ag* to Ag® occurs due to the unstable nature of Ag.TisO., Moreover, the
residual part of the oxide film also converted to TiO-, resulting an Ag-TiO- thin film. These
individual Ag NPs and TiO2 phases have been identified through XRD study which is
discussed later. Following the ion-exchange process, the samples are rinsed with DI water
to wash any excess AgNO; from the film's surface. The chemical reaction of this process
is illustrated in Equation 2.3. After that, 10 nm Ag thin film is deposited on the top of the
Ag-TiO; thin film using a thermal evaporator to get a TC or THR film. Finally, a very thin
layer of PMMA polymer is deposited over the 10 nm Ag/Ag-TiO: film by the spin-coating
method (75 mg/mL,1000 rpm for 30 s) to provide better chemical and air stability of the

prepared film.

lon-exchange reaction:

- Li+—>Ag’ : :
LiaTis012+4AgNOs3 —» AgaTis012 (unstable) + 4LiNO3  ------- (2.3)

I » Ag-TiO2 (stable)
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Figure 2.7 Schematic presentations of lateral growth of 10 nm Ag/Ag-TiO2/plastic TC or
THR film through low temperature annealed (100°C) process. PMMA is used as a top layer

to protect the film from oxidization.

2.3.2.1 10 nm Ag/Ag-TiO2 TC Film based self-bias Photodetector Device

Furthermore, these fabricated 10 nm Ag/Ag-TiO2 TC thin film have been used as transparent
electrode to develop plasmonic photodetectors in a photodiode geometry which is
schematically represented in Figure 2.8. For this device fabrication, n*-Si has been taken as
an initial substrate. At first, traditional n*-Si substrates are properly cleaned, and the cleaning
process is described in Section 2.2.2.100 mM precursor solution of LTO is spin coated over
the clean substrate for 30 s at 3000 rpm followed by a drying process at 100°C on a hot plate.
Then UV light has been illuminated by keeping the samples on a hot plate at 100°C for 1 hr.
to form the crystalline LTO thin film. After that, samples are dipped in a 100 mM AgNO;
solution for 1 hr. where Ag" of the solution are exchanged with Li* of LTO thin film.
Following the ion-exchange procedure, the samples washed with DI water to remove
any excess AgNO; from the film's surface. Finally,10 nm Ag is deposited in selected areas
of the ion-exchanged thin film through a shadow mask by using a thermal evaporator
technique.
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Figure 2.8 Schematic presentation of the proposed photo-diode device using fabricated 10

nm Ag/Ag-TiO; thin film as a transparent electrode.

2.3.3 Bimetallic Au-Ag based TC & SERS Active Thin Film

The bimetallic Au-Ag TC thin film has been fabricated on a plastic PET substrate which is
schematically presented in Figure 2.9. The cleaning process is mentioned in section 2.2.3.
At first, the precursor solution of as prepared SnO2 NPs is spin-coated over the clean PET
substrates for 30 s at 3000 rpm and immediately kept on a hot plate at 100°C for next 30 min.
After that, film is cooled to room temperature and then spin-coated with LTO precursor
solution at 3000 rpm for 30 s. Then again, film is kept in a pre-calibrated hot plate for next
1 hr. under UV light explorations. UV light of intensity ~ 0.9 mW/cm? is illuminated from
that top side of the hotplate. This combined heating and UV illumination enable us to deposit
crystalline LTO thin film at 100°C. After that, same ion-exchange procedure has been done
where Ag® of the solution are exchanged with Li* of LTO thin film, to form Ag-TiO> thin
film. The whole process is mentioned earlier in Section 2.3.2. The chemical reaction of this
process is illustrated earlier in Equation 2.3. Finally, 4 nm Au thin film is deposited on the
top of the film using a thermal evaporation technique to get the final Au-Ag based bimetallic

TC thin film, which is also used as an active SERS substrate.
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Figure 2.9 Schematic presentation of fabricated Au-Ag bimetallic TC thin film on plastic

PET substrate via low temperature (100°C) synthesis route

2.3.3.1 Bimetallic Au-Ag based TC Film for Self-Bias Photodetector

The Au-Ag bi-metallic TC film is further used for the fabrication of flexible plasmonic
photodetectors in a photodiode geometry (step-by-step device configuration is shown in
Figure 2.10). Initially, plastic PET has been taken as a substrate. The whole cleaning process
is mentioned in Section 2.2.3. Following the earlier step, we have developed Au-Ag
bimetallic TC film at top of the plastic substrate which is mentioned earlier in Section 2.3.3.
And after that a very thin layer of TiO2 NPs is spin coated in a specific area at 3000 rpm for
30 s and followed by annealed at 100°C for 30 min to make the film crystalline. In next step,
for better transport of charge carrier to the top electrode, SnO> NPs is coated over it at 3000
rpm for 30 s and followed by annealed at 100°C for 30 min. Finally, LiF/Al is deposited as
a top metal electrode with specific mask design to develop flexible plasmonic photodetector

with photo diode geometry.
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Figure 2.10 Schematic diagram of hierarchical architecture of Au-Ag TC film based flexible

photodetector device.

2.3.3.2 Bimetallic Au-Ag TC Film for Plasmonic Organic Solar Cell

Furthermore, as synthesized Au-Ag bimetallic TC thin films have been used as a transparent
back electrode to develop inverted plasmonic organic solar cells (device structure shown in
Figure 2.11). Device is fabricated on plastic substrate (cleaning process is described in
Section 2.2.3). Firstly, using the initial step we developed an Au-Ag-based bimetallic TC
film onto the plastic substrate. Next, as a HTL layer, PEDOT: PSS of 1.2 wt% is spin-coated
at 1500 rpm for 40 s and annealed at 120°C for 30 min under vacuum chamber. Now, as an
active layer,15 mg/ml of only P3HT and blended P3HT:PC7:BM (weight ratio 1:1)
polymeric solution are used. Each solution is spin-coated at 1000 rpm for 60 s to get the
desired thickness of the active layer and after spin coating sample is immediately annealed
at 130°C under vacuum chamber for 30 min. Next, as an ETL, SnO2 NPs is spin-coated at
3000 rpm for 30 s and annealed at 120°C for 30 min. Finally, 4 nm LiF/80 nm Al is deposited
using thermal evaporator for top electrode. Here, LiF is used as an interfacial electron

ejecting layer which also helps to reduce the overall work function of Al electrode.
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Figure 2.11 Schematic diagram of Plasmonic Organic Solar cells using Au-Ag bimetallic
TC film as a back electrode.

2.4 Material Characterization

2.4.1 X-Ray Diffraction

A wide angle grazing Incidence X-Ray Diffraction (GIXRD) integrated with a multi-
temperature chamber and a graphite monochromator with Cu-Ko radiation is performed
using a Rigaku SmartLab system (wavelength of 0.154 nm) has been utilized to analyze the
X-Ray Diffraction of as-prepared thin film samples. The generator has operated at 45 kV and
200 mA. The samples have been held on the sample holder, and the scans have been
performed at a diffraction angle ranging from 20° to 60°, at a scan rate of 2°/min.

2.4.2 UV-Vis Spectroscopy

The UV-Visible spectroscopic properties of the prepared thin films have been measured
using the JASCO V-770 spectrophotometer. This UV-Visible spectroscopy technique has

been applied to evaluate the optical absorption of prepared plasmonic thin films.

2.4.3 Reflectance & Transmittance Spectra
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Reflectance and transmittance study of plasmonic thin films have been studied by using an
external quantum efficiency cum reflectance/transmission measurement set-up (Enlitech
QE-R EQE).

2.4.4 Photoluminescence Spectroscopy

Photoluminescence (PL) spectra of the prepared thin films within the wavelength range of
300-550 nm have been measured using the F-4600 FLSPECTOROPHOTOMET. Using this
technique, we can detect the emitted photons of plasmonic thin films at different

wavelengths.

2.4.5 Surface Enhanced Raman Spectroscopy

The vibrational characteristics of SERS substrates are studied by Raman spectroscopy using
an AIRIX Corp. STR 300 spectrometer, with a 532 nm excitation laser, 100x objective lens
and 1200 cm gratings. To avoid degradation of analyte biomolecules, low laser power (0.69
mW for 633 nm and 1.15 mW for 532 nm) is used for SERS study.

2.4.6 Atomic Force Microscopy

The surface morphology study of plasmonic thin films is essential to understanding the
metal/dielectric interface, which plays a crucial role in the performance of thin-film photonic
technologies. The rough interface acts as a transport barrier, hindering the transportation of
charge carriers in semiconductors. Therefore, creating a high-quality plasmonic thin film
with very low roughness is crucial. An atomic force microscopy instrument with powerful
nanoscale resolution has been used to investigate the surface roughness of the prepared
plasmonic thin film. The distance between the cantilever tip and the sample's surface has
determined the operating mode of the atomic force microscope (AFM). The NT-MDT
multimode AFM (Russia) (atomic scale resolution ~ 2 nm for HOPG), controlled by a Solver
scanning microscope controller, has been used to scan the bulk surface morphology of the
samples. The root mean square roughness of a plasmonic thin film has been calculated using
the semi-contact mode of AFM. For this mode, a single-beam cantilever with a tip of length
(1), width (w) and thickness (h) of 123 um, 35 pm and 1.84 um is mounted having a resonant
frequency range between 240 to 255 kHz and a corresponding spring constant of 11.5 N/m.
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2.4.7 High Resolution Scanning Electron Microscopy

The High-Resolution Scanning Electron Microscope (HR-SEM) is a type of electron
microscope that uses a focused beam of electrons to scan the surface of a sample for image
acquisition. Electrons interact with atoms in the sample, producing diverse signals that
transmit information about the sample's surface topography and composition. The electron
beam has been scanned in a raster pattern, and the combination of beam position and signal
intensity has created an image. Generally, in SEM studies, secondary electrons generated by
atoms stimulated by the electron beam have been detected using a secondary electron
detector (Everhart-Thornley detector). The quantity of detectable secondary electrons, and
hence the signal intensity, has been influenced by specimen topography and other factors.
The HR-SEM model NANOSEM 450, FEITM, (resolution 100 nm in secondary electron
imaging mode) has been utilized to examine the morphology and cross-sectional view of the
samples. For the elemental analysis and color mapping, energy dispersive spectroscopy
(EDX) studies have been performed using EDX analysis equipment attached with the HR-
SEM instrument.

2.4.8 High Resolution Transmission Electron Microscopy

High resolution transmission electron microscopy (HR-TEM) is a method of imaging that
allows the observation of a sample's crystallographic structure at the atomic level. In contrast
to conventional microscopy, this does not use absorption to form images; instead, images are
created through interference in the image plane. The electrons interact with the sample
individually, and the electron wave passes via the imaging system, where phase change takes
place. The recorded image does not directly represent the sample structure. Because of its
extreme resolution, this approach is an excellent tool for exploring nanoscale material
characteristics. The size of NP, particle distribution and crystallite nature of different NPs have
been analyzed by HR-TEM, Tecnai G2 20 TWIN unit (point-to-point resolution 0.24 nm and a
lattice resolution of 0.10 nm).

2.5 Electrical Characterization

2.5.1 Photoconductor: Current Vs Voltage (I-V) Characterization
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Photoconductivity is an electro-optical phenomenon in which a material exhibits increased
electrical conductivity upon absorbing EM radiation, such as UV-Vis or NIR light.
Photoconductor is a two-terminal lateral device. When incident light interacts with the
material, photons are absorbed by electrons in the valence band, exciting them to the
conduction band and leaving behind holes. This process generates additional charge carriers
in the form of electrons and holes, resulting in an overall increase in electrical conductivity.
The enhancement in conductivity is thus directly attributed to photoexcitation in the carrier
channel. Here, for the measurement of photoconductor, an Agilent B1500A semiconductor
parameter analyzer is employed. Electrical contact with the device electrodes is established
using a probe micromanipulator. All measurements are conducted under ambient
atmospheric conditions. The formula for calculation of photocurrent generation is given in
Equation 2.4 and given by —

Iph= hight - Idark ---------- (2.4)

2.5.2 Photodiode: Current Vs Voltage (1-V) Characterization

A photodiode is a two terminal vertical device that converts incident light into an electrical
current through the principle of the photoelectric effect. Unlike a photoconductor, which
relies on increased conductivity due to photoexcitation, a photodiode operates as a two-
terminal junction device, typically in reverse bias mode, to generate a photocurrent
proportional to the intensity of incident EM radiation. When incident light interacts with the
depletion region of the photodiode, photons are absorbed by electrons in the valence band,
exciting them to the conduction band and generates electron-hole pairs. The built-in electric
field of the depletion region facilitates the separation of these charge carriers, generating a
photocurrent. This photocurrent is collected at the electrodes, leading to a measurable
response. Considering the I-V curves, one can utilize the thermionic emission (TE) theory
to calculate photodiode parameters. According to TE, using the experimental I-V graph we
can calculate the main diode parameters such as ideality factor (n), barrier height (®s), and
saturation current (lo). The relationship between | and V is represented by the following
Equations (2.5 & 2.6)[141, 142]:

I=lo[exp (2)-1]  -r-veeeeeev (2.5)
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lo= AA'TZexp (- 12) ---roveeven (2.6)

where A is the effective area of the photodiode, A" is the effective Richardson constant, q is

the electronic charge, T is the room temperature in K, and k is the Boltzmann constant.

Even though finding an ideal rectifier contact is impossible, an ideal diode has an ideality
factor of 1. Higher values of n than unity are caused by a number of circumstances. The high
ideality factor is often shown due to the complex interplay of carrier generation,
recombination, mobility, surface effects, and temperature. These factors introduce deviations
from the ideal diode equation. The experimental values of ®, and n are determined by
Equations (2.7 & 2.8) as follows[141, 143]:

*mn2
L P i i R —— 2.7)
q Ip

q ,dvV
n=-—(g) -~ (2.8)

For the measurement of the photodiode's I-V characteristics, the same Agilent B1500A
semiconductor parameter analyzer is employed. Electrical contact with the device terminals
is established using a probe micromanipulator. All measurements are conducted under
ambient atmospheric conditions to evaluate the device's performance in real-world

environments.
2.5.3 Photovoltaics devices: Current Density Vs Voltage (J-V)

Characterization

The J-V characteristics of the fabricated solar cells are measured in both dark and illuminated
conditions to evaluate their performance. These measurements are conducted using a solar
simulator (Photoemission Inc., USA, Class AAA) under the standard Air Mass 1.5 Global
(AM 1.5G) solar spectrum at room temperature, with an Keithley 2450 source meter applying
as an external potential bias. In forward bias, electrons are injected from the photoanode into
the device, while in reverse bias, electrons are injected from the counter electrode side. An

ideal solar cell exhibits typical diode behavior under dark condition which is shown in
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Figure 2.12 (red line). At low applied voltage, minimal or no current flows due to the low
charge carrier density in the dark. As the applied voltage increases, charge density rises,
leading to an upward shift in the quasi-Fermi level within the metal oxide. When the quasi-
Fermi level aligns with the conduction band of the active material, electron transport to the
back electrode becomes unhindered, increasing the dark current. This behavior confirms that
dark current is primarily governed by electron-hole recombination, which dictates charge

carrier dynamics in the absence of illumination.

Dark lHluminated
Current Current

(Vimax s Imax)

Figure 2.12 J-V curve of typical photovoltaics under dark (red line) and light (blue)

illumination.

Under illumination, photocurrent is generated and flows opposite to the dark current, as

shown in

Figure 2.12 (blue line). The J-V characteristics are governed by two competing processes:
photocurrent generation and electron-hole recombination. At a low applied potential, most
charge carriers are collected before recombination, resulting in a nearly constant
photocurrent. As the applied potential increases, recombination dominates, reducing the

photocurrent until it reaches zero, which is termed as open-circuit voltage (Voc). At zero bias,
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the photocurrent is termed the short-circuit current density (Jsc). The maximum of the power
curve is called the maximum power point (Pmax), and the corresponding voltage and current
are denoted as Jmax and Vmax, described with Equation 2.9. The power conversion efficiency
(PCE) is a key parameter for evaluating solar cell performance and is given by -

P _J XV
PCE = I’J"_“x— m“xP_ L (2.9)

mn mn
where Pin is the illuminated light intensity (100 mW/cm?)

Another crucial parameter of a solar cell is the fill factor (FF), which represents the

squareness of the I-V curve and is defined as (Equation 2.10)-

FF = M ________ (2.10)

]SC XVOC

Finally, utilizing all the factor, PCE is determined using Equation 2.11 and is given by-

Jsc XVocXFF
Pin

PCE = ZseX o™ (2.11)

2.5.4 Current Vs Time (I-t) Characterization

Transient photo response is another key parameter of a photodetector that implies how fast
a device can respond to light and how promptly it can return to its original stage for detecting
the next signal. Here, the transient response of photodetector device has been measured by
measuring the current vs time (I-t) behaviour of the device. This is a two-probe measurement,
and it has been utilized to calculate the response time (rise time and fall time) of the device
under the influence of illumination of light. The time intervals needed for the photocurrent
to increase from 10% to 90% of its peak value (tr) and for the response to decrease from 90%

to 10% of its peak value (1) are always used to define the device rise time (tr) and fall time

().
2.5.5 Quantum Efficiency Measurement

Quantum efficiency measures the ratio of collected charge carrier in the form of electrons to

the number of incident photons. Quantum efficiency can be expressed as external quantum
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efficiency (EQE) and internal quantum efficiency (IQE). The EQE measures how efficiently
a photovoltaics or photodetector device converts incident photons into electrical current. The

external quantum efficiency of a device generally follows the relation (Equation 2.12)

[107]-
EQE (%) = Nabs X Ngen X Ncoll ~ -------mmeemmemme (2.12)

Where nabs, ngen and ncon are the absorption efficiency, e - h* charge generation efficiency

and charge collection efficiency of the charge transport layer, respectively.

Among these, naps has significant wavelength dependence. When a device is illuminated with
light, electromagnetic waves flow through many layers of thin film devices and during this
process, photons may be absorbed, reflected by the interface, followed by repeated
reflections, or transmitted through the device. As a result, EQE tends to follow materials'
optical absorption properties. However, this value includes photons lost through optical

transmission and reflection.

While IQE measure excluded the losses due to the reflection of light, as a result IQE value
is always greater compare to EQE value. IQE can be measured or extract from EQE value

by using Equation 2.13-

IQE= + 2 .. 2.13)

where R is the reflectance of the device
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Chapter 3

This chapter mainly focuses on the results of plasmonic NPs based hot electron
photodetector. It is not very easy to capture plasmonic hot electrons for photodetection in a
photodetector. In this work, an in-situ grown Ag-TiO2 nano-schottky junction thin film has
been deposited by solution processed technique which contains a highly dense Ag NPs
surrounded by TiO». This Ag-TiO2 nano-Schottky junction has a low barrier height, high
interface area with least interface state that enables efficient hot electron transfer to the CB
of TiO., which is realized in the EQE data. This EQE data shows an intense photocurrent
formation in the region of plasmonic absorption of Ag NP, indicating the primary
contribution of hot electrons on photocurrent production. This photodetector has been
fabricated in a glass substrate in photoconductor geometry that shows a peak detectivity of
3.19%x10"! Jones at 420 nm with a response time of ~ 2 sec.

3.1 Introduction

Plasmonic hot-electrons are energetic electrons which are produced by the decay of surface
plasmons in metal nanostructured materials.[144] A suitable combination of metal NP and
semiconductor can form a low barrier height Schottky junction that can efficiently transfer
plasmon induced hot electrons to the semiconductor, which convert photons to other forms
of energy.[145, 146] A number of reports claim that the barrier height of these nano-Schottky
junctions is much lower w.r.t their bulk combination, which also can be tuned by changing
their nanostructure. These plasmatic hot electrons possess a broad range of applications,
including photo-catalysis, photo-electrochemical water splitting, photovoltaic conversion,
photodetection and so on.[147-150] The plasmonic hot electron-induced photocurrent needs
to transfer to the semiconducting layer efficiently for its photovoltaic and photodetection
application.[81, 151] Besides, the plasmonic absorption spectra depends on the shape and

size of metal NPs and commonly shows a narrow band absorption for similar size metal
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NPs.[152, 153] Therefore, a narrowband photodetector can be fabricated by efficient
detection of a plasmonic hot electron and detection spectra can be tuned by varying the
nanostructure.[154-156] However, due to the inefficient hot-electron charge transfer rate to
the semiconducting layer, until now most of the plasmonic photodetectors show too poor
detectivity to detect. In fact, most of the claim of plasmonic hot electron photodetector
doesn’t show EQE data to show the intense photocurrent generation in the plasmonic
absorption region of the materials. Although, without showing this data, it’s difficult to
estimate the real contribution of hot electron in the overall photocurrent.

To date, most plasmonic hot electron photodetectors are based on Au/semiconductor
Schottky diodes mainly because of the very high stability of Au nanoparticles.[157-159]
Although, Ag NPs are very cost-effective metal and assumed to be a superior plasmonic
element than Au because of their efficient surface plasmon effect. Besides, their plasmonic
resonance wavelengths exist in the range of 400—480 nm and can have quite good stability.
Hot electrons are formed in Ag nanocrystals through intraband excitation inside the
conduction band (from occupied s-band to vacant s-band) due to its stronger intraband
transition.[68, 72, 160] On the other hand, among different metal oxide semiconductors, n-
type TiOz is considered as an attractive choice for various applications like electrochemical,
photochemical and photovoltaic due to its extremely high physical and chemical
durability.[161, 162] Besides, it is also commonly used as electron-accepting semiconductor
in different heterostructure device where photo-generated electrons are required to separate
promptly.[163, 164] Particular in Ag/TiO> heterostructure, energy band off-set for electron
is quite low, which enable to transfer electron from Ag to the CB of TiO. very
efficiently.[165] Therefore, Ag-TiO2 heterostructure has been widely used for various
applications including, photo-catalyst, photo-electro-catalysis, photodetectors, solar cell
etc.[140, 166, 167] However, till now, there are very few reports where metal NPs are
incorporated into TiO2 nanostructures for the use of a plasmonic hot electron-based
photodetector.[168] In most of the photodetector fabrication, expensive transparent electrode
like indium tin oxide (ITO) or fluorine doped tin oxide (FTQO) are used as substrate.[169]
Besides, different physical vapor deposition techniques are used for such plasmonic
photodetector fabrication which increases overall cast of fabrication.[170]
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In this chapter, We fabricated an in-situ grown Ag-TiOz plasmonic hot electron
photodetector fabrication through a solution processed technique where highly dense Ag NPs
are embedded by TiO2 semiconductor. To improve photodetector device performance, a
TiO2/SnO; heterojunction thin film is used as an underlying layer of this Ag-
TiO2 nanocrystals thin film. This photodetector has a fast response speed with a
good narrowband detectivity that originated from plasmonic hot electron induced
photocurrent and it is shown that the LSPR emission by Ag NPs and their subsequent transfer
to the TiO2 matrix by analyzing narrowband EQE of the device. To differentiate the removal
of hot electrons by intraband excitation, EQE, absorption/reflection spectra and internal
quantum efficiency (IQE) are investigated. An empirical model based on the energy band
diagram has been proposed to explain the working principle and the underlying photo-

physics of the device.

3.2 Experimental Section

3.2.1 Synthesis of Materials

The ion-conducting LTO dielectric, SnO., and TiO, semiconductors have been synthesized
by a low-cost solution process technique. The detailed synthesis method is described in
Chapter 2 Sections 2.1.1, 2.1.2 and 2.1.5, respectively.

3.2.2 Growth of Ag-TiO. Thin Film and Device Fabrication

The photodetector has been fabricated on a glass substrate in a photoconductor geometry and
the fabrication steps of this device has been explained Chapter 2 Section 2.3.1, and
schematically present in Figure 2.6. Four different type of device structure has been
developed, which is shown in Figure 3.1a-d). In each device, Ag electrodes (effective area
~ 0.84x0.84 mm?) are deposited on top by thermal evaporation through a shadow mask

technique.
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Figure 3.1 Schematic presentation of four different device structure a) Ag-TiO2/TiO2/SnO;
layer (proposed device) b) with Ag-TiO2/SnO- layer c) with Ag-TiO2/TiO> layer d) with
SnO; layer only.

3.3 Result and discussion

3.3.1 XRD, UV-Vis and PL Study

Step-by-step XRD pattern of Ag-TiO2/TiO2/SnO; thin films are depicted in Figure 3.2a).
The glass substrate is used as a reference, and the XRD data of the bare glass is subtracted
from sample data to get the actual signal of the sample. The XRD pattern of the SnO; thin
film annealed at 500°C exhibits peaks generated from the (110), (101), (200), (211), and
(310) planes which are located at 20 0f 26.31°, 33.58°, 37.55°, 51.39° and 54.32° respectively
(JCPDS file no. 411445). The thin-film XRD pattern of SnO2/TiO2 gives two additional
intense peaks at 20 ~25.01° and 47.76° which corresponds to (101) and (200) of TiO2
(JCPDS file no. 2111272), indicating the anatase phase formation of TiO». Similarly, LTO/
SnO2/TiO: film shows an additional intense peak at 20 ~ 44.79° corresponds to LTO (400)
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well matched with JCPDS file no. 490207. In case of multilayer device structure, we get all
XRD peaks including the intense (111) & (200) planes of Ag NPs located at 20 ~ 37.96° and
43.58° respectively (JCPDS file no. 897322). For optical studies, thin films of pure LTO,
Ag-TiO2, and Ag-TiO2/TiO2/SnO; are fabricated on a quartz substrate using the same
conditions as used in photodetector fabrication. The normalized UV-Vis absorbance spectra
of pure LisTisO12, Ag-TiO2, and Ag-TiO2/TiO2/Sn0Ox2 thin films spanning the optical spectral
region of 300-800 nm are shown in Figure 3.2b). The absorption spectrum of Ag-TiO; thin
film demonstrates narrowband plasmonic absorption of Ag NPs with a plasmonic peak at
420 nm in visible range of spectra. This plasmonic absorption produces hot electrons which
can be utilized for fabrication narrowband photodetectors. Furthermore, we investigated the
optical transparency and reflectivity of Ag-TiO2/TiO2/SnOJ/glass stacked film which is
shown in Figure 3.2c), indicating an excellent optical transparency of 80-85% in the visible
region. In addition, it also indicates that the reflectivity of the film is relatively higher (~35%)
in the range of 300-400 nm compared to longer wavelength (~20%). The PL spectra of the
Ag-TiOz thin film is shown in Figure 3.2d), which is acquired in the range of 350-600 nm
with an excitation wavelength of 350 nm, indicating the emission peaks around 405 nm (3.06
eV), which is related to a band-to-band transition of TiO> semiconductor in the UV region.
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Figure 3.2a) Step-by-step XRD pattern of proposed thin film (Ag-TiO2/TiO2/Sn0Oy) b) UV-
Vis absorption spectra of LTO,Ag-TiO2 and Ag-TiO2/TiO2/SnO; thin films c) optical
transparency and reflectance of Ag-TiO2/TiO2/SnO, d) PL emiossion spectra of Ag-TiO:
with the excitation wavelength of 350 nm.

3.3.2 Surface Morphology (HR-SEM & HR-TEM) Study

The surface morphology of Ag-TiO: is studied in detail using HR-SEM, as illustrated in
Figure 3.3a). From this picture, it can be noted that the formation of densely packed bright
spots, which originated from Ag NPs, is surrounded by relatively low intensity zones,
indicating the growth of Ag NPs inside a TiO2 matrix. This difference of contrast appears in
the SEM image because of the difference in electron density. As Ag NPs have higher electron
density, it becomes much brighter than TiO2, and makes it easily distinguishable. This data
also revealed that the particle sizes of Ag NPs are within the ranges between 5 to 35 nm with
an average particle size of ~16 nm Figure 3.3b). An energy-dispersive X-ray spectrometer
(EDX) connected to the HR-SEM determines the chemical compositions of the metallic
elements that clearly demonstrates the presence of Ag and Ti components within the thin
film Figure 3.3c). The color mapping of Ag-TiO2 thin film is shown in the Figure 3.3d),
indicating the uniform distribution of Ag, Ti and O ions.
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Figure 3.3a) HR-SEM image of Ag-TiOz thin film b) particle size distribution of Ag (NPSs)
inside TiO2 thin film ¢) EDX elemental analysis d) color mapping image of Ag-TiOz thin

film.

TEM analysis of the Ag (NPs)-TiO2 nanocomposites has been performed for further
structural analysis, as illustrated in Figure 3.4. For the TEM sample preparation, Ag-
TiO2 thin film is scratched out with the help of a clean glass slide and collected on a clean
paper. Then, it is dissolved in isopropanol and dispersed with the help of a probed sonicator
for a few minutes. Subsequently a 10 pL drop of this dispersed solution is collected into a
TEM grid and used for further analysis. Figure 3.4a) shows that the Ag-NPs have been
grown quite uniformly within the TiO> matrix. This data also shows that NPs are
predominantly between 5 and 25 nm in size, with an average particle size of 15.2 nm, which
is consistent with the HR-SEM study. The particle size distribution of Ag NPs inside TiO>
matrix is shown in Figure 3.4b). Higher magnification TEM analysis Figure 3.4c) of an Ag-
TiO2 sample indicates individual lattice fringe formation of Ag-NPs and TiO., implying their
own co-existence. The average d-spacing of Ag-NPs and TiO- are 0.203, 0.241, and 0.352
nm, respectively which are corresponding to the Ag (200), Ag (111) and anatase TiO (101)
planes. All this spacing’s are also defined by the selected area electron diffraction pattern
(SAED), as shown in Figure 3.4d). As shown earlier, the XRD pattern of the Ag-TiO>
sample (Figure 3.2a)) also revealed the same set of planes.
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Figure 3.4a) TEM image of Ag-TiOz thin film b) distribution of particle size of Ag-NPs
from TEM image analysis c) high-resolution image of Ag (NPs)-TiO2, greenish ring suggests
the lattice d-fringe of Ag NPs and reddish ring for TiO2 d) SAED pattern of Ag (NPs)-TiOx.

3.3.3 Photodetection Under Dark and Light

Top Ag electrodes of size 0.84 x 0.84 mm? which are separated by 200 um, works as contacts
for all electrical characteristics. The electrical current-voltage (I-V) characteristics of multi-
layer heterojunction and single-layer photoconductors are measured at room temperature
under dark and white lamp illumination conditions, as shown in Figure 3.5a-d) respectively.
A high-power Xenon lamp that works as source of white light has been illuminated from the
top of the device (inset of Figure 3.5a-d)). For heterojunction proposed device, light
intensity has been varied from 20 W/m? to 800 W/m? and it is observed that under +10 V
external bias dark current density is ~10° A/cm? which increased by 416 times under the
illumination of 800 W/cm? light. In comparison to that, under same light illumination (800

W/m?), enhancement of current for Ag-TiO2/SnO, and Ag-TiO2/TiO2 based device shows a
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less photocurrent generation, indicating the crucial role of TiO2/SnO; heterojunction as a
bottom layer of the device. On the other hand, only SnO, semiconductor-based device shows
~two orders less photocurrent generation. For optimization, we varied the initial
concentration of Ag-TiO. layer and 300 mM concentrated Ag-TiO. layer shows better
photocurrent generation compared to others. 1-V characteristics with different concentration
of Ag-TiO2 (100 mM, 200 mM, 500 mM) thin film is shown in Figure 3.6a-c).
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Figure 3.5 Semi-log I-V plot shows the photoconductivity of a) Ag-TiO2/TiO2/SnO- b) Ag-
TiO2/Sn0O; ¢) Ag-TiO2/TiOz and d) SnO- based device under dark and light illumination.
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Figure 3.6 I-V plot for different concentration of Ag-TiO> layer a-c) 100,200 and 500 mM
respectively under white light illumination at different intensities.

3.3.4 Experiment Evaluation of EQE & IQE and Role of Plasmon

Excitation

Optical excitation must be separated from subsequent electronic transit and collection to
experimentally analyze the significance of plasmonic hot electrons in device
performance.[171] For this, we experimentally measure EQE within the wavelength range
from 300 to 600 nm which describes the incident photon-to-photocurrent generation
efficiency which is shown in Figure 3.7a-d) for main device (Ag-TiO2/TiO2/SnO/glass).
From this spectrum, it can be noted that, there is a strong photocurrent spectrum in the range
400 to 480 nm with a peak at 420 nm. This spectrum is very much similar to the absorption
spectra of Ag-TiO- thin film (Figure 3.2b)) where we found strong plasmonic absorption in
the same region, indicating that the photocurrent of this device is generating mostly due to
the hot electron generation from the Ag NPs. With 300 mM concentration of Ag-TiO; thin
film, we get best photocurrent generation which match with I-V data as well. Here, we also
provide different concentration (100,200, and 500 mM) Ag-TiO. based EQE data to
understand the photocurrent generation more clearly with different thickness of active Ag-
TiO> layer.

However, during illumination, some part of that incident light is reflected by the Ag-
TiO2/TiO2/Sn0O> thin film which needs to be excluded to understand the role of the hot-

electron generation in this plasmonic photodetector. Therefore, to recognize the contribution
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of hot electron on the photocurrent generation of the device, IQE data has been extracted

from the experimentally determined EQE data by using Equation 2.13.
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Figure 3.7a-d) EQE data of the plasmonic Ag-TiO> thin film based hot electron
photodetector for different concentration of Ag-TiO2 (100,200,300 & 500 mM).

The extracted IQE spectrum has been shown in Figure 3.8a), indicating much stronger
photocurrent generation in the plasmonic absorption spectra region. The maximum value of
IQE is ~ 4.02% at 420 nm which is ~ 1.5 times of EQE value at the same wavelength.

Moreover, it has been observed the EQE of this device depends on the thickness of Ag
electrodes and Ag with 30 nm thickness gives the highest photocurrent. As it is known that
the transport of these hot carriers to an interface can occur either ballistically or via electron-
electron and electron-phonon scattering, therefore the hot carrier collection by the electrodes
also depends on it. It has been reported that when the thickness of such plasmonic strips
becomes in the order of average mean path of hot carrier (~20 nm), collection of hot carriers
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by the electrodes can be ballistically without much scattering. Therefore, in this
photodetector, this optimum 30 nm Ag electrode thickness gives the highest photocurrent
(Figure 3.8b)).
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Figure 3.8a) Extracted IQE data of Ag-TiO2 based hot electron photodetector b) EQE data

for different thickness of Ag electrode.

In the photocurrent generation process, initially light is absorbed by the material followed
by hot electron generation and subsequent transport to the electrodes which is schematically
presented in Figure 3.9a-c). Since, the hot electron of Ag NPs is generated from the
intraband excitation (s-band) and Ag-TiO2 Schottky junction has lower barrier height,
therefore, hot electrons of Ag NPs can easily transfer to the conduction band of TiOa.
Particularly, this in-situ grown Ag-TiO- has a highly reduced interface state that enables an
efficient charge transfer from Ag NPs to the CB of TiO> without much recombination loss.
Again, it has been observed that an additional TiO> layer of this Ag-TiO- thin film generates
much higher photocurrent in the device. One possible reason for this is due to the lack of
TiO, contact in the vertical direction of the Ag-TiO2 only thin film. Whereas an additional
TiO2 ensures a hot electron to get the Ag-TiO- interface during the charge transport to the
SnO: layer. As soon as a hot electron reaches the SnO: layer, it increases the electron
density of this semiconducting layer and is collected to the electrode under external bias

due to its high electron mobility.
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Figure 3.9 Steps of photocurrent generation a) EQE spectrum represents the wavelength (1) -
dependent photon-to-electron conversion probability b) reflectance data with the variance of
different wavelength c) schematic representation of IQE which contribute to the carrier generation
through intraband transition of Ag NPs. On the other hand, absorption spectrum of a metal
nanostructure displaying a resonant plasmonic feature which can be engineered through photonic
design. Plasmon excitation indeed yields high absorption in metallic nanostructure switch
characteristic dimension L much smaller than the wavelength 4 of the incident photon; illustrative
IQE spectrum shows the generation of hot charge carriers through intraband transitions,
propagation, and scattering of the hot carriers with energy-dependent mean free path (Imfp), and
injection of hot carriers with adequate kinetic energy (Exin) and momentum (k) across the

Schottky contact (@p).

3.3.5 Photodetector Device Performance

Responsivity (R;) and detectivity (D*) are two key parameters to identify the quality of a
photodetector. The EQE, is the photocurrent per photon whereas R; is the amount of

photocurrent that a unit area photodetector generates when unit power of light is illuminated
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on it. Responsivity of the device is calculated from EQE measurement by using Equation
1.3.

The change in photo-responsivity of this photodetector under various external biases is
depicted in Figure 3.10a) for proposed device (Ag-TiO2/TiO2/SnOz/glass) with 300 mM
Concentration of Ag-TiO: thin film. This data indicates, under an external bias of 10 V, the
maximum responsivity of 0.98 (A/W) at 420 nm can be achieved.

The specific detectivity, D*, of a photodetector is a measurement of the signal-to-noise ratio
across a 1 Hz bandwidth normalized to the detector's area. It is an essential device parameter
that can be used to identify the sensitivity of detectors. By considering the noise that comes
mostly from the dark current of the device, detectivity can be measured by using Equation
1.4

The variation of detectivities of proposed heterostructure device are shown in Figure 3.10b)
under different external bias. The highest detectivity of this heterojunction photodetector is
observed with a value of 3.19x10! Jones at 420 nm under 10 V external bias. The peak
position of detectivity at 420 nm, indicating the highest sensitivity of device, matches exactly
with the plasmonic absorption peak. Therefore, the photocurrent of this device is mostly

generated from the hot electron of Ag NPs.

Another important feature of photoconductors is the device's response speed that determines
how fast the detector can measure the next signal. The instantaneous response of such
devices is further investigated by lighting them with white light pulses of width and
separation ~10 s while the device is subjected to a 10 V external bias, as illustrated in Figure
3.10c). The time intervals needed for the photocurrent to increase from 10% to 90% of its
peak value (7,-) and for the response to decrease from 90% to 10% of its peak value (z) are
always used to define the device rise time (z,-) and fall time (z;). Figure 3.10d) indicates the
rise time of the device is ~ 1.2 s and whereas decay time is ~ 0.95 s. This data reveals that
the device's rise and decay time responses are reasonably fast. Moreover, the device has been
stored in an ambient atmosphere for months, although its photosensitivity and response speed

remain almost the same.
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Figure 3.10 illustrates the performance of Ag-TiO2/TiO2/SnO>/glass-based proposed lateral
heterostructure photoconductor device a) extracted responsivity (R,) vs wavelength b)
extracted detectivity (D*) vs wavelength ¢) shows the instantaneous time response of the

device d) indicates very fast rising and decaying time of ~1.2 s and ~0.95 s, respectively.

To compare the overall performance of our device, a summary of earlier reported works on
this plasmonic photodetector is shown in Table 3.1. Previous works on hot electron based
photodetector have mostly concentrated on responsivity (R;) of the photodetectors, while
other important parameters of the hot electron photodetectors such as EQE (%), detectivity
(D*) and response time (7,/t¢) have not explored much. Out of diferent hot-electronbased
photodtector, we found only one work on Ag/TiO2 based material in photodiode geometry
(Nanophotonics. 2019;8(7):1247-1254.) that have faster response time due to its photodiode
gemetry. They didn’t report the EQE and detectivity spectrum of the device in that paper,
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but mention the peak detectivity value which is added in the table. In comparison to those
reported hot-electron photodetectors, our Ag-TiOz based hot electron photodetector exhibits
a higher responsivity whith higher detectivity value. Additionally, our strong narrowband
response which can be utilized as colour sensitive photodetector.

Table 3.1 Comparison of the present Ag-TiO2 based photodetector's device

performance with that of other plasmonic hot-electron photodetectors

Device A EQE | R(A/W) | D*(Jones) Ref.
(nm) ) T/t
Ag-TiO2/TiO2/SnO2 | 420 2.76% 0.98 3.19x10"! This
1.2/0.95s
Work
Porous Ag/TiO; 450 - 3.3x10° | 9.8x10%
112/24 s
165
Ag/TiO2 NTs/FTO 370 — 176.30 —
82/14 s
172
Porous Au/Si — — 3.5x10° —
173
Au nanorods/Si — — 1.0x10° -
[154]
Au/Pyramid-Si 1200 - 8.2x107° | 1.8x10%°
[159]
Au/ SrTiO3/Si 1350 - 3.7x10* -
1ms
174
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3.4 Conclusions

In conclusion, in this chapter, we presented a highly efficient Ag-TiO2 nano-heterostructure
based hot electron photodetector, which had a narrowband response in the visible region with
a fast response speed. Device has been fabricated in solution-processed techniques in
photoconductor geometry. The responsivity, EQE and detectivity of this photodetector at
420 nm are calculated to be 0.98 A/W, 2.76% and 3.19x10% Jones respectively, whereas
transient photocurrent study indicates its rise and fall time are 1.2 s and 0.95 s respectively.
The detectivity of this plasmonic photodetector has been compared with earlier reported
works which reveal superior photosensitivity of this detector, which becomes possible due
to the efficient hot electron transfer through the Ag-TiO> nano-heterostructure. Besides,
using an underlying SnO> charge transport layer, photo-generated electrons are collected
efficiently to the electrodes. Overall, device performance of this photodetector gives a visible

way to fabricate narrowband photodetectors using plasmonic NPs.
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1st Part: Flexible Transparent Conductors with a
percolated Ag nanostructure and its Application as

Efficient Self-bias Plasmonic Photodetector
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Chapter 4

This chapter mainly focuses on development of a percolated silver (Ag) nanostructured-
based transparent conductor and used it for the applications of self-bias plasmonic
photodetector. Device has been deposited by physical vapor deposition (PVD) technique
where lateral growth of Ag has been enhanced by a pre-deposited Ag-TiO> thin film. This
Ag-TiO; film has embedded Ag nanoparticles (NPs) within TiO2 thin film which is grown
in a low temperature (100°C) solution processed technique that includes LTO thin film
deposition by a sol-gel method followed by ion-exchange (Li* — A4g™) process to yield
an Ag-TiOz thin film. The percolated Ag network has appeared as soon film mass-thickness
reaches close to 10 nm, resulting in an abrupt drop of electrical resistivity of the film. This
percolated Ag nanostructured thin film (10 nm Ag/Ag-TiOz/plastic) has resistivity of ~ 50
ohm/[1 and an average visual transmittance of >70% up to 450 nm. In higher wavelength
range, transparency gradually reduces, and it reaches to ~50% at 600 nm which is mostly
due to the plasmon absorption of this film. By utilizing its combined optical transparency
and surface plasmon absorption, this film has been used to develop plasmonic hot electron
photodetectors where Ag-thin film works as transparent electrode as well as plasmon
induced photo-excited hot electron generation. Device has been fabricated on a highly
doped n type Si (n*-Si) with a metal-semiconductor-metal (M-S-M) device geometry.
External quantum efficiency (EQE) data reveal that photocurrent of this device is mostly
generated in the plasmonic absorption region with a peak detectivity of 2.84x10'? Jones at
510 nm under -3V external bias. Besides, the device shows fast response with a response

time of ~25 ms.

4.1 Introduction

Until now, indium tin oxide (ITO) has mostly used as a transparent conductor (TC) that can
achieve transparency (>90%) with quite excellent electrical conductivity.[116, 117]

However, these ITO-based transparent electrodes (TES) are quite expensive due to the use
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of indium, which is one least abundant mineral on earth.[119] Besides, due to the inorganic
nature of ITO, it has poor mechanical flexibility.[118] Relatively, carbon-based TC like
carbon nanotube[175] and graphene[176] has higher mechanical flexibility with excellent
optical transparency. Although, the electrical conductivity of these ITO or carbon based
TCs are quite lower with respect to metals like Ag, Au, and Cu.[120] In contrast, metals
have significant refractive index (n) that limit the development of metal based TEs. Among
different metals, Ag has the least n (~0.05) in the visible range of light and has been widely
studied for TC development.[177-179] Most of those studies are either Ag nanowire[121,
180, 181] based or oxide/Ag/oxide multi-stack thin film[122, 182] based where ~10 nm Ag
film is commonly used. These Ag-based TCs have higher electrical conductivity than ITO
with acceptable mechanical flexibility which could be an ideal TC electrode for
flexible electronics.[123, 183] However, Ag nanostructured or Ag thin films have very
strong plasmonic absorption which is a key barrier to achieve high optical transparency of
those films.[124, 184] Besides, due to higher reactivity of Ag nanostructure, long term
stability of these Ag-based TCs are not as good as ITO.[123, 185]

Although plasmonic absorption is a key bottleneck of developing metal based highly
transparent conductors, it’s useful for developing various optoelectronics devices including
solar cell, plasmonic photodetector, memory device, sensors, and light emitting
diodes.[186-189] A number of group claims that the plasmonic effect of electrode can add
hot-electron induced photocurrent which can be beneficial for photocurrent generation of

solar cell, photodetector and photo-electrochemical Hz generation.[140, 190, 191] When

electromagnetic waves (EMW) interact with a metal MNPs, part of that EMW is scattered
and the rest of the part is absorbed by MNPs due to the SPR. This SPR absorption of MNPs
increase whereas scattering reduces with reducing particle size. Besides, shape of MNPs,
the relation of dielectric constant of MNPs and surrounding are also important parameters
for SPR related absorption of MNPs.[81] Due to the SPR, MNPs either generate electron-
hole pairs or go through radiative decay to the far field. Again, this generated electron-hole
pair can produce hot-electron through non-thermal electron distribution via electron-
electron scattering.[55, 192] To utilize this hot-electron for optoelectronics device
application, a semiconductor-metal Schottky junction is required through which it can be

injected to the semiconductor within a very short period of time (<100 fs), before non-
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radiative energy relaxation of hot-electron through electron-phonon scattering. Besides, for
efficient electron injection of this hot-electron in the Schottky junction, a low barrier height
(dp) Schottky junction is required.[193, 194] In plasmonic devices, this metal-
semiconductor Schottky junction have been developed by varsities ways like; by depositing
metal thin film on a nanostructured semiconductor surface followed by inert atmosphere
annealing to form MNPs,[195] MNPs-metal oxide thin film,[196, 197] semiconductor-
metal thin film heterojunction etc.[198, 199] In addition, several reports claims that the
optoelectronics devices performance can be improved by using a plasmonic
electrodes.[169] In a plasmonic photodetector, the contribution of hot electron is commonly
realized from the EQE measurement that indicated a strong photocurrent generation in the
plasmonic absorption region of MNPs. However, there are very limited reports that
demonstrated the similarity of plasmonic absorption and EQE spectra of the device.
Moreover, EQE values of those devices are also quite poor.

This section of the chapter has described a low cost deposition technique of Ag based TC
film. For this, 10 nm Ag has been deposited on top of an Ag-TiO> thin film at low
temperature (~100°C) to fabricate TC films, enables us to deposit this conducting film on a
plastic substrate. The growth of Ag NPs inside TiO2 matrix, helps in controlling the size
and uniform distribution of Ag NPs throughout the plastic substrate. At the initial stage of
Ag growth, it has been observed that the nucleation density of Ag NPs on this TC film is
much higher than bare plastic substrate. However, after a critical size growth of those
grains, granular film undergoes a solid-state dewetting process which makes it possible to
deposit percolated finger-like Ag nanostructured thin film. The presence of metal-oxide
TiO- layer offer structural support to ensure long-term stability and durability of this TC
film. So, the combination of TiO2 and Ag NPs leverages the strengths of both materials. As
a consequence, the resistivity of the film dropped suddenly while optical transparency has
been maintained ~70% in the violet-blue region. However, it drops to ~50-60% in the higher
wavelength region of light due to the plasmonic absorption of the film. To analyze the
surface phenomena of this percolated finger-like Ag nanostructured, we developed a
percolation model which tells about the nature of percolation threshold during growth.
Besides, this transparent-conducting Ag film has been used as a plasmonic electrode for

developing high performance hot-electron photodetectors. Device has been fabricated on a
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n*-Si substrate that shows extremely high detectivity with fast response speed. The UV-Vis
absorption spectra of Ag based TC film shows a strong SPR absorption, has an excellent
spectral matching with the EQE spectra of the photodetector, implying the major
contribution of hot-electron in the photocurrent generation of the device.

4.2 Experimental Section

4.2.1 Synthesis of Materials

The synthesis process for LisTisO12 via low temperature solution process technique has been
explained in Chapter 2 Chapter 2 Section 2.1.1. PMMA is used as a protective coating for
TC film. The solution is prepared by standard method, reported in Chapter 2 Section 2.1.7.

4.2.2 Fabrication of TC Film

The Ag/Ag-TiO2 based TC film has been fabricated on a flexible PET substrate and the
fabrication steps has been explained Chapter 2 Section 2.3.2, and schematically present in
Figure 2.7. For fabrication of a photodetector, these optimized 10 nm Ag/Ag-TiO2 TC thin
film have been used as transparent electrode to develop plasmonic photodetectors in a
photodiode geometry which is schematically present in Figure 2.8.

4.3 Result and discussion

4.3.1 XRD Analysis of Thin Films

For the crystal phase identification of thin films, we prepared XRD samples on a plastic
substrate. Figure 4.1 shows the XRD patterns of LTO, Ag-TiO2, 10 nm Ag/Ag-TiOz, and 10
nm Ag thin film on bare plastic substrate. In the thin-film XRD pattern of LTO, two intense
peaks at 20 ~35.55° and 43.3° have been observed which come from the reflection
planes of (311) and (400) respectively (JCPDS file no. 490207). The XRD pattern of Ag-
TiO2 thin film shows three intense peaks at 20 ~ 25.1°, 37.72° and 43.7° which corresponds
to anatase TiO, (101), Ag (111) and Ag (200) respectively. These intense broad peaks of Ag
NPs are confirming the formation of Ag NPs inside TiO2 matrix after ion-exchange process.
The prepared TC film (10 nm Ag/Ag-TiO2) shows similar peak positions with much higher
intensity at 20 ~25.1°, 37.72°, and 43.7° corresponding to TiO, (101), Ag (111), and Ag
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(200) respectively. As a reference, we did an XRD analysis of 10 nm Ag film on a bare
plastic substrate, which shows peak positions at 20 ~ 37.72° and 43.7° corresponding to Ag
(111) and Ag (200) respectively (JCPDS file no 897322).

Ag (111)
—~ Ag (200)
-]
d Ag (111 :

G | 1o oy g (111) 10 nm Ag film
—r 2
> Ag (200)
= Ag (111) 10 nm Ag/Ag-TiO
v i B 2
= TiO,(101) Ag (200)
L
c (400) Ag-TiO,
- (311) A

Li,Ti O,

20 30 40 50 60

20 (degree)

Figure 4.1 XRD pattern of step-by-step growth of TC film deposited on plastic substrates.

4.3.2 Electrical and optical characterization of TC Film

To measure the electrical resistivity of as prepared TC films, parallel Ag electrodes
(thickness ~50 nm) of separation 0.45 mm have been deposited over the film. Figure 4.2a)
depicts the semi-log plot of current density vs voltage (J-V) graphs of Ag/Ag-TiO thin films
with different Ag film thickness varying from 10 nm to 14 nm. This data implies that
conductivity of 14 nm Ag/Ag-TiO: film is ~ one order higher w.r.t the 10 nm Ag film/Ag-
TiO- film. Besides, it is observed that a large amount of current is achievable by applying a
relatively modest voltage of 0.05 V. Besides, to test the film flexibility, we have examined
the conductivity test with different bending cycles of (10 nm Ag/Ag-TiO>) thin film which
is shown Figure 4.2b). This study indicates that conductivity of the film remains almost
unaltered even after 100 cycles of bending with a fixed value of bending radius 4 mm,
suggesting that film is highly durable for the fabrication of high performance flexible opto-
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electronic devices. We have also coated a very thin layer of PMMA polymer as a protective
layer on the top of the film to enhance the durability from humidity, oxidation, and abrasion.
Following PMMA coating, an experiment is conducted to visualize the influence of the film's
performance. After coating, films electrical conductivity and optical transparency
(PMMA/10 nm Ag/Ag-TiO2/plastic) data shows almost similar performance compared to
uncoated PMMA film (Figure 4.2c). Besides, resistance vs temperature of (10 nm Ag/Ag-
TiO) samples has been measured by four probe methods. The sample shows moderate drop

in resistance up to 200 K which indicates fully metallic behavior of the TC film (Figure
4.2d).

R

[ERN
o

Ag/Ag-TiO,/Plastic

10 nm Ag/Ag-TiO,/Plastic

g
ooooo
g
oooo
............

N
T

=
<

-@- without bending
-9~ after 25 bending

—— Ag (10 nm)

£ cCurrent density(Alcm?) <

&
£
O
~~
<
2
»
o ,
T 10° ——Ag (11nm) 10 - after 50 bending
E —9—Ag (12 nm) -9~ after 75 bending
O 4 —9—Ag (13 nm) 4 -9~ after 100 bending
=10 § —a— Ag (14 nm) 10
3 L 'l A A L L L 'l
O 0.00 001 0.02 0.03 0.04 0.05 0.00 0.01 0.02 0.03 0.04 0.05
c) Voltage (V) Voltage (V)
c 10° 7.75
O —o— PMMA/10 nm Ag/Ag-TiO . 10 nm Ag/Ag-TiO,/Plastic
-1 2 7.50F
< 10 G
'?10'2 § 7.25
n
c S 7.00}
o X%
S 10 8 6.75}
E 14 @-RvsT
) 6.50F
2 10°
S
)

. . . . 6.25 L= . . : -
0.00 0.01 0.02 0.03 0.04 0.05 200 220 240 260 280 300
Voltage (V) Temperature (K)

Figure 4.2a) Semi-log graph of electrical current density vs voltage of Ag/Ag-TiO. based
TC film with Ag film thickness varying from 10 nm to 14 nm b) exhibits mechanical stability
up to 100 bending cycles c¢) performance of TC film with PMMA as a protecting layer and

d) variation of resistance and temperature under four probe measurement upto 200 K.
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The optical transmittance of Ag/Ag-TiOzfilm for different Ag film thickness has been
investigated, depicted in Figure 4.3a). This data implies that 10 nm conducting film has an
excellent optical transparency of 73-70 % in the blue region of 380 - 400 nm which is reduced
to ~ 50 % for longer wavelengths of light. The reduction of transparency at higher
wavelength is mainly due to the plasmonic absorption of Ag/Ag-TiO: thin film. With
PMMA coat, film shows almost same transparency as compared to original TC film (Figure
4.3b)). The phenomena of conductivity and transparency are interconnected, leading to a
trade-off. The precise form of this dependency is defined by the impact of varying deposition
conditions on the electro-optical characteristics of these layers. However, under ideal
circumstances, both sheet resistance (Rsh) and transparency (T) are greatly affected by the
film thickness. Table 4.1 shows the combined electrical and optical data of these prepared
TC films. Figure 4.3c) represents the variance of sheet resistance and visible transmittance
with the film thickness. Therefore, it can be concluded that the electrical conductivity of the
film increases with increasing Ag thickness, but also it reduces the optical transparency
(Figure 4.3c)).
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Figure 4.3a) Optical transparency of TC film with different Ag film thickness b) optical
transparency of TC film with PMMA protecting layer, and c) variation of sheet resistance

and visible transmittance under different Ag film thickness.

Table 4.1 Electrical Sheet Resistance and Visible Transmittance data of (Ag/Ag-TiO2)

based transparent conducting films by altering the thickness of Ag film.
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The thickness of Sheet Resistance Visible Visible
Ag film (Q/o) Transmittance (%) | Transmittanc (%)
(nm) A=370 nm A=500 nm
10 54.36 72.46 % 54.49 %
11 37.79 69.11 % 51.47 %
12 16.93 66.64 % 51.15%
13 11.91 64.56 % 50.28 %
14 6.51 63.48 % 48.12 %

4.3.3 Surface Morphology (HR-SEM, AFM & HR-TEM) Study
HR-SEM is performed to look at the surface morphological structure of Ag/Ag-TiO> thin

film. During Ag film deposition, morphological changes of film surface have been depicted
in Figure 4.4. It has been observed when 10 nm Ag is deposited on top of Ag-TiO> film by
thermal evaporation, individual Ag islands are percolated to interconnected finger-like
structure (Figure 4.4c)),whereas demonstrate the earlier development stages of the film
which consist of individual compact islands separated by nano-gaps (Figure 4.4a&b)).
Because of these morphological changes, suddenly conductivity of the 10 nm Ag film
increases by several order and transparency of the film also increases. This sudden variation
of surface morphology originated from the swiftly merge of separated islands into a bigger
one which are finally interconnected. Again, this morphology is not a fully coalesced
structure, rather it is creating percolation structure with minimal wiping.[200] As long as
film thickness reaches to 10 nm, the effective coverage area for this percolated film becomes
quite high (~70%). This is because the empty channels between the elongated structures are
quite thin in comparison to the width of the structures. With further deposition of Ag, those

channels are mostly filled as shown in Figure 4.4d), resulting in a complete continuous film.
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Figure 4.4 FE-SEM photographs of Ag/Ag-TiO: thin film at room temperature. Each
photograph's average film thickness is listed below. a&Db) early stage of growth and

coalescence of islands c¢) percolating structures d) overgrowth percolated structures.

Moreover, TiO2 metal-oxide also play an important role to reach this percolation threshold
at very low thickness of Ag deposition. TiO> has a high surface energy, which help Ag NPs
nucleate more easily. When Ag is deposited onto the TiO> surface, the high surface energy
sites on TiO; act as nucleation centers, promoting the initial formation of Ag NPs. Besides,
TiO> stabilize tiny Ag NPs by preventing their agglomeration, leading to a more uniform
distribution, which promote better electrical conductivity & visual transparency of the film.
For comparison, a set of reference Ag thin films of different mass-thickness (6, 8, 10 and 12
nm) have been grown on bare plastic substrates. The HR-SEM pictures of those films
(Figure 4.5a,b,c&d)) show that all films are composed of individual isolated islands and
doesn’t show any conductivity variation up to 14 nm of mass-thickness deposition of Ag,
which implies the key role of underlying Ag-TiO thin film for percolated Ag growth.

81



Chapter 4

a)
6 nm Ag/plastic
C) TSRS N et i i

10 nm Ag/plastic 12 nm Ag/plastic

Figure 4.5 SEM images of evaporated Ag on bare plastic at ambient temperature. The
surface morphology of Ag film of mass thickness a) 6 nm b) 8 nm c) 10 nm and d) 12 nm,
which shows the compact separate Ag islands.

An energy- dispersive X-ray spectrometer (EDX) attached to the HR-SEM instrument is used
to figure out the contents and amount of metallic elements in 10 nm Ag/Ag-TiO2 sample is
shown in Figure 4.6a&b), which confirms the presence of Ag, Ti, and O uniformly
throughout the film. Moreover, the cross-sectional SEM image Ag/Ag-TiO2 film is shown in
Figure 4.6¢) and obtained thickness of the Ag film is ~ 10 nm and Ag-TiO2 is ~ 20 nm. The
thickness of the Ag film is similar to the recorded thickness obtained from the DTM thickness
monitor (~10 nm) of the PVD unit.
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Figure 4.6a) Energy dispersive spectra of 10 nm Ag/Ag-TiOz/plastic thin film, with the
elemental composition determined by EDS displayed in the inset b) EDS mapping of (i) 10
nm Ag/Ag-TiOz thin film (ii) O, (iii) Ag and (iv) Ti c) cross-section SEM image of TC film

to determine the thickness of the each individual layer.

AFM is used to describe the surface morphology in more detail, specifically to recognize the
surface roughness (Rrms). An unconventional surface roughness is observed with increasing
Ag film thickness on plastic substrates. It is found that in the lower thickness of Ag film (6
nm Ag/Ag-TiO,), surface r.m.s roughness ~ 3.6 nm is quite high. However, it decreases to ~
2.8 nm as soon mass-thickness reaches to 8 nm. Most interestingly, the film roughness
reduces to ~ 1.75 nm as soon as mass-thickness of Ag reaches to 10 nm which becomes
possible due to the flat finger-like percolated network formation as shown in Figure

4.7a&b).
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Figure 4.7a) 2-D and b) 3-D AFM image of 10 nm Ag/Ag-TiO: film (Rr.ms~ 1.75 nm) on
plastic PET substrate.

Although, this roughness increases gradually if further growth of Ag film is
continued. Besides, the reference 10 nm Ag on plastic substrate also shows high roughness
of around ~ 5.2 nm. Surface morphology and their roughness value for different Ag thickness
((6,8,12 nm Ag/Ag-TiO2) samples and reference (Ag 10 nm/plastic) sample is shown in
supplementary data in (Figure 4.8a,b,c&d)) and Table 4.2 . From this study, it is clear that
Ag is initially forming individual isolated islands or clusters that have larger vertical growth,
resulting in its higher roughness. However, after 8 nm mass-thickness of Ag deposition,
lateral growth dominates and finally an abrupt change of surface morphology is evolved as
soon this thickness reaches to 10 nm that reduces the surface roughness significantly. This
phenomenon is comparable to the thin film dewetting of thin film which normally required
higher temperature to evolve such structure.[201, 202] Although in this study, it appears
during room temperature Ag growth during physical vapor deposition when grain size of Ag

crosses a critical size.
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Figure 4.8 2D AFM image of prepared Ag film on Ag-TiOz thin film with thickness of a) 6
nm b) 8 nm and c) 12 nm. d) AFM image of 10 nm Ag on bare plastic.

Table 4.2 R.M.S Roughness Value for Different Mass Thickness of Ag film

Ag Film R.M.S Roughness
6 nm Ag/Ag-TiO2/Plastic 3.59
8 nm Ag/Ag-TiO2/Plastic 2.83
10 nm Ag/Ag-TiO2/Plastic 1.75
12 nm Ag/Ag-TiO2/Plastic 6.93
10 nm Ag/Plastic 5.23

The Newman-Ziff cluster algorithm which is a theoretical simulation model based on 2-D

square lattice has been used to understand the nature of growth around percolation.
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According to their model, when the percolation threshold (Pc) reaches ~ 0.6, percolation
starts.[203] The SEM image of 10 nm Ag/Ag-TiOzfilm has been taken as input of
this algorithm where the effective coverage area for this percolated film has been considered
as Pc (~ 0.7) that determined by ImageJ software. Outcome of this simulation has given the
variation of mean cluster size (S) with percolation (P), percolation probability (Pw) vs P
which have been shown in Figure 4.9. Figure 4.9a) shows as soon as the P approaches the
critical threshold, the S value undergoes a rapid transition where isolated clusters start
merging together to form larger clusters. This sudden emergence of larger clusters leads to
the huge gain in the mean cluster size (S) before network formation. On the other hand, P vs
P plot provides a visual representation of how the probability of percolation evolves as a
function of the fraction of occupied sites in Figure 4.9b). According to our SEM data this
plot typically exhibits a point at which the percolation probability sharply increases from 0
to 1 (Figure 4.4c)), indicating sudden variation of the structure.
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Figure 4.9 Computer-generated Newman-Ziff cluster algorithm data a) shows the variation
of mean cluster size (S) vs percolation (P) b) shows the variation of percolation probability

(P=) vs Percolation (P). Each point represents the average of 100 distinct arrangements.

TEM analysis of the 10 nm Ag/Ag-TiO> TC film is performed for particle size distribution,
as illustrated in Figure 4.10. For sample preparation, entire film is scratched out with the
help of a clean biological surgical blade and collected on a plastic microtube. After the
sample is collected, it is dissolved in isopropyl alcohol and dispersed it for 5 minutes in a
probed sonicator. Subsequently, a diluted 10 pL drop of this dispersed solution is collected
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into a copper coated TEM grid and dried out on a vacuum desiccator for 2 h before
characterizing the sample. The Ag NPs have grown within the TiO2 matrix quite consistently,
as seen in Figure 4.10a). From HR-SEM investigation, these results demonstrate that most
of the NPs have a size between 5 and 18 nm, with an average particle size of 10.62 nm
(Figure 4.10b)). Individual lattice d-fringe of Ag NPs and TiOz is shown by HR-TEM image
(Figure 4.10c)) of as prepared sample, suggesting their separate persistence. The average d
spacings of Ag NPs and TiOz are 0.214, 0.245, and 0.355 nm, respectively, which correspond
to the Ag (200), Ag (111), and anatase TiO, (101) planes. All these spacings are also defined
by the selected-area electron diffraction (SAED) pattern Figure 4.10d), which is well
matched with the same set of planes of XRD for 10 nm Ag/Ag-TiO: film ( Figure 4.1).
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Figure 4.10a) TEM image of 10 nm/Ag-TiO. b) particle size distribution fitting curve
calculated from TEM image ¢) HR-TEM image, the white and bluish ring suggests the lattice
d fringe of Ag NPs and reddish ring is of TiO, d) SAED pattern of 10 nm Ag/Ag-TiO:

material.

4.3.4 Hydrophilicity test of the 10 nm Ag/Ag-TiO/plastic sample
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The surface morphology of the fabricated 10 nm Ag/Ag-TiO2/plastic films are correlated
with its macroscopic wettability by measuring equilibrium contact angle (6e) using a host of
sessile liquid droplets of constant volume (10 pul), as depicted in Figure 4.11a). The 0e of
water, ethylene glycol (EG), and N, N-Dimethylformamide (DMF) evolve over time to reach
equilibrium values. For a substrate, 6¢>90° indicates poor wettability and hydrophobicity,
while 0e<90° indicates good wettability and hydrophilicity. The apparent macroscopic
contact angles for different liquid droplets are shown in Figure 4.11b,c&d), with real-time
droplet images. The 10 nm Ag/Ag-TiO: film on plastic is hydrophilic for all test liquids due
to the high surface energy attributed to Ag and TiO2, which attract polar solvents more
strongly. Exposure to UV light during the film development generates hydroxyl groups on
the surface, facilitating hydrogen bond formation with polar solvents and resulting in
decreased contact angles. Surface roughness also influences wettability; smoother surfaces
allow liquids to spread more easily, reducing contact angles. The equilibrium contacts angle
for water, EG, and DMF are 58.23°, 42.73°, and 27.34°, respectively. EG and DMF have
lower surface tensions than water, leading to easier spreading on the film surface. The surface

tension values of the test liquids are sourced from literature, as listed in below (Table 4.3).

QD
Nt
-~
o1

wWw A~ O
o o1 O

[HY
o1

Water EG DMF  Substrate

Equiblirium contact angle (8¢)

Figure 4.11a) Variation in the equilibrium contact angles, 6e with test liquids arranged in
decreasing order (L — R) of their liquid—vapour surface tension, vy for substrates of specific
10 nm Ag/Ag-TiO: film; Real time droplet images on film showing contact angles with b)
water, ¢) EG, and d) DMF respectively.

88



Table 4.3 Surface Tension Value of Test Liquids
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Test Liquid Water Ethylene Glycol DMF
Surface Tension
72 47.7 37.1
(mN/M)

4.3.5 UV-Absorption Study

The Figure 4.12a&b) shows the picture of comparative transparency of the 10 nm Ag/Ag-

TiO2 sample w.r.t references. Visible transmittance of the conducting film is over 70% where

reference (Ag coated plastic) sample shows poor visible transmittance below 60% (Figure

4.12c)). Normalized UV-Vis absorption spectra of LTO and 10 nm Ag/Ag-TiOz thin films

spanning in the 300-900 nm wavelength range are shown in Figure 4.12d). This data
indicates the absorption of LTO thin film is in the UV-region (300-350 nm) only whereas
the absorption data of 10 nm Ag/Ag-TiO2 thin film shows an extended absorption in the
visible range with an Ag plasmonic peak at 510 nm. The broadening of plasmonic absorption

originated due to the large variation of Ag nanostructure of the film morphology.
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Figure 4.12a) Comparison of optical transparency with plastic substrate, 10 nm Ag/Ag-TiO>
transparent conducting film and 10 nm Ag coated non-conducting film b) image of flexible
transparent conducting film c&d) optical transparency & UV-Vis absorption spectra of 10
nm Ag/Ag-TiO: thin films with reference sample.

4.3.6 Photocurrent Generation under Light

As mentioned earlier, plasmonic photodetectors have been fabricated on top of n*-Si,
where 10 nm Ag/Ag-TiO; film works as top electrode with an active area of 0.84x0.84 mm?
and n*-Si works as a bottom electrode. Besides, photocurrent of this device is generated from
the hot electron generating due to the LSPR of percolated Ag nanostructure. The surface
conduction electrons of Ag-NPs that collectively oscillate in response to incident light,
leading to enhanced EM fields near the NPs.[55, 81] This enhanced EM field leads to the
absorption of incident photons resulting the generation of hot electrons. During electrical
characterization of the device, white light of different intensity has been illuminated from
the top side of the device that partly transmits and partly absorbed by Ag/Ag-TiO: electrode
due to the semi-transparent nature and plasmonic absorption of the electrode respectively.
Figure 4.13a) shows the device configuration where 10 nm Ag/Ag-TiO; is used as a
transparent electrode. Figure 4.13b&c) linear & semi-log plot of electrical current-voltage
parameters of this plasmonic photodetector device under dark and light. Linear 1-V
characterization data ensures the device is a diode in nature. From this semi-log plot, it is
clear that the device is rectifier in nature and reverse photocurrent increases with light
intensity. When the light intensity is varied from 0 to 400 W/m?, reversed bias current at 3
V increases from ~8x10°A to ~2x103A, which 265 times w.rt the dark current.
Furthermore, it has been observed that the reverse bias photocurrent variation is nearly linear
with the incident light intensity (Figure 4.13d)).
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Figure 4.13a) shows device configuration (10 nm Ag/Ag-TiO2/n*-Si) b&c) linear & semi-
log plot which shows immense photocurrent generation of photodiode under dark and light

condition d) reverse photocurrent vs power intensity curve which shows linear increment of
photocurrent generation.

Barrier height and ideality factor of the proposed device under dark and light condition is
calculated using Equation 2.7 and 2.8 respectively. The calculated value of ideality factor
and barrier height under dark circumstances are 1.96 and 0.82 eV respectively. Detailed
calculation and plots under dark and different light intensities are given in Figure 4.14a&b)
and Table 4.4. Under dark, the ratio of forward bias to reverse bias current at 2 V is ~100.
Figure 4.14c) shows schematic representations of the relative energy band structure, band
bending, and charge separation of the devices under illumination. As soon, light is
illuminated, Ag NPs present at top Ag/Ag-TiOzelectrode exhibit LSPR, leading to strong

EM field enhancement near the metal surface, generates hot-electron due to the plasmonic
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absorption and subsequently transfers to the conduction band (CB) of TiO, and finally
reaches to the CB of n*-Si due to favorable energy band alignment. This rapid charge transfer
reduces recombination losses, enhancing the photocurrent generation, thereby improving the
photo-response. Hole, on the other hand, is collected by the Ag electrode itself. This
generates electron-hole pairs and are separated due to the built-in electric field within the

photodiode structure and the different work functions of the electrode materials.
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Figure 4.14a) experimental barrier height vs power intensity (®,—P) and b) ideality factor
vs power intensity (n-P) curve of the 10 nm Ag/Ag-TiO2/n*-Si photodiode ¢) band alignment,

band bending and charge separation of this hetero-structure photodiode devices.
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Table 4.4 Calculated ®pand n under dark and different light intensities

Light Intensity (W/m?) Barrier Height (®b) Ideality Factor (n)
0 0.82 1.96
25 0.68 1.87
50 0.66 1.92
100 0.65 1.95
400 0.62 2.47

4.3.7 EQE, Responsivity, Detectivity and Role of Plasmon Induced Hot

Electron

The EQE values under different external bias have been measured in the wavelength range
of 300 to 1100 nm, as shown in Figure 4.15a). This data implies that EQE value reaches ~
42.54% at 510 nm under -3V external bias. It can be noted that the EQE spectra of this
device is quite similar to the absorption spectra of the Ag/Ag-TiO: film (Figure 4.12d))
with exactly same peak position (510 nm) which indicates the photocurrent is mostly
generated from the plasmon driven hot electron generation. Responsivity and detectivity of
the device is calculated from EQE measurement by using Equation 1.3 and 1.4
respectively. The variation of photo-responsivity under different external biases is depicted
in Figure 4.15b). These results show that a maximum responsivity of 15.28 (A/W) can be
achieved at 510 nm with an external bias of -3V. As a plasmonic photodetector, this
responsivity data is reasonably higher than earlier reports. Besides, detectivity is another
fundamental device parameter that suggests the device sensitivity with respect to the
minimum signal that can be detected by the photodetector. The variation of the device’s
detectivities is shown in Figure 4.15c). The highest detectivity of this heterojunction
photodetector that has been calculated is of 2.84x10'? Jones at 510 nm under -3 V external
bias. It is worth mentioning that the plasmonic absorption peak coincides perfectly with the
peak of the detectivity at 510 nm, indicating the hot electron of the Ag NPs is primarily

responsible for this device's photocurrent generation.
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Figure 4.15 illustrates the performance of (10 nm Ag/Ag-TiO2/n*-Si) heterostructure

photodiode device a) EQE vs wavelength b) extracted R, vs wavelength c) extracted D* vs

wavelength.

4.3.8 Transient Time Response

Beside device photosensitivity, transient photo response is another key parameter of a
photodetector that implies how fast a device can respond and how promptly it can back to its
original stage for detecting the next signal. To determine the photo-response of these devices
a white light pulse of width and separation of ~ 5 s is illuminated on the device. During this
study, the device is subjected to -1V external bias. Photocurrent of the device increases with
light intensity, as shown in (Figure 4.16a)). Moreover, this transient photocurrent data which
is shown in Figure 4.16b), reveals that the device's rise and decay time are ~ 12.36 ms and
~ 12.64 ms respectively, indicating the device has fast photo response and recovery time.
Faster transient times are necessary for high-speed applications like optical communication

and real-time photography because they indicate a quicker response to changes in light
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intensity. A consistent transient response over multiple cycles indicates stable performance,
which is important for long-term use in practical applications. Moreover, effective transient
response analysis also aids in optimizing the self-bias mechanism to reduce power
consumption and boosts energy efficiency of the device. Furthermore, devices are stored in
an ambient atmosphere for a few months, although its photosensitivity and transient time

remains almost the same, indicating its very high atmospheric stability.
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Figure 4.16a) shows the time response of the device b) single cycle time response data with

rising and decaying times of ~ 12.36 ms and ~ 12.64 ms, respectively.

For a comprehensive assessment of our device's performance, a summary of previously
published work on photodetectors based on plasmonic hot electrons is presented in Table
4.5. 1t can be noted that earlier investigations into hot-electron photodetectors have primarily
focused on spectral response (Ry) and the rise-to-fall time ratio (trise/tran). Although, important
parameters of the hot electron photodetectors are the EQE and D* spectra analysis from
where contribution of the hot-electron can be realized, have not been explored in most of the
reports. Again, in our previous work on the Ag-TiO. based hot-electron photoconductor
device (ACS Applied Nano Materials 2023, 6 (16), 15119—-15127) photo response is very
slow with poor EQE (2.76%) and detectivity (3.19 x 10%). In comparison to other reported
hot-electron photodetectors, this (10 nm Ag/Ag-TiO2/n*-Si) plasmonic hot-electron
photodetector exhibits a higher responsivity, higher detectivity with extremely fast response
speed.
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Table 4.5 Comparison of the performance of the current plasmonic hot electrons

photodetector with that of other similar devices employing plasmonic hot electrons

A EQE
Device R (A/W) | D*(Jones) T/t Ref.
(nm) (%)
10 nm Ag/Ag-TiO2/ 12.3/12.6 This
510 42.54% 15.28 2.82x10%?
n*- Si ms Work
Ag-TiO/TiO,/ 1.2/0.95
420 2.76% 0.98 3.19x10%! 106
SnOa2/glass S
112/24
Porous Ag/TiO/Ti 450 — 3.3x107 9.8x1010 [165]
us
Ag/TiO2 NTs/FTO 370 - 176.30 — 82/14 s [172]
Porous Au/Si - - 3.5x1073 - - [173]
Au nanorods/Si - - 1.0x10° - - 154
Au/Pyramid-Si 1200 — 8.2x10°3 1.8x101° — 159

4.4 Conclusions

In conclusion, a sol-gel derived synthesis technique has been developed to deposit LTO thin
film on mechanically flexible plastic substrate at low temperature by combined heating (at
100°C) and UV illumination. Then, the loosely bound Li* of this thin film has been replaced
by Ag*through an ion-exchange process that forms an Ag-TiO: thin film. A thermally
evaporated 10 nm Ag has been deposited on top of this Ag-TiO2 thin film, which shows high

electrical conductivity (50 ohm/[J) and over a 70% average visible transmittance in the range
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of 350-450 nm wavelength. This high electrical conductivity of the film appears due to the
higher lateral growth of Ag during thermal evaporation w.r.t reference clean plastic substrate.
A growth mechanism has been proposed to understand this Ag NPs induced lateral growth
of the film. This film also shows a vibrant plasmonic absorption that limits the transparency
of the film. By utilizing combined optical transparency and plasmonic absorption features
of this thin film, a plasmonic photodetector has been fabricated on top of a n*-Si substrate
where, 10 nm Ag/Ag-TiO: thin film works as plasmonic electrode and n*-Si substrate as
counter electrode. Device shows a very high photosensitivity in the visible region. It has been
observed that the EQE spectra of this device has a great similarity with the absorption spectra
of 10 nm Ag/Ag-TiOz thin film. Same absorption and EQE peak position (510 nm) reveals
that the contribution of plasmonic hot electron is highly responsible for the photocurrent
generation of the device. Device shows very high EQE, photo responsivity, and detectivity
of values 42.54%, 15.28 A/W, and 2.84x10'? Jones, respectively at (510 nm). Moreover,
devices show extremely fast photo response with a rise and decay times of 12.36 ms and
12.64 ms respectively. Overall performance of this plasmonic photodetector is significantly
higher than the previously reported article, that gives a visible way to fabricate reliable hot

electron-based photodetectors.
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This work is a continuation of chapter 4 first part for the development of a mass-producible
and low-cost transparent heat reflector (THR) on a flexible PET substrate by using a per-
deposited Ag nanostructures thin film which is grown in two step deposition method. Initially,
a polycrystalline LTO thin film has been grown on a plastic substrate by a low temperature
processed sol-gel technique. Afterword, mobile Li* of LTO thin film has been replaced by
Ag™ by an ion-exchange method to form Ag-TiO- thin film. In the second step, 10 nm Ag has
been deposited on top of Ag-TiO> thin film by thermal evaporation. This bilayer THR has
IR/NIR reflectivity of ~85-90% in combination with its visible transmittance of ~50-70%.
For higher environmental stability of this THR, a polymer film (PMMA) has been coated on
top of this Ag/Ag-TiO:> coating. To realize the practical application of this THR, a prototype
box with one transparent glass window coated with this THR film has been developed and
its internal temperature has been investigated during daytime. A reduction of internal
temperature of ~6-7°C has been observed due to this THR coating w.r.t the reference
uncoated box, indicating its plausibility as energy-saving smart window applications.

4.5 Introduction

The major source of contemporary global warming and environmental degradation is the
utilization of fossil fuels.[204-206] One way to significantly reduce worldwide energy usage
is to develop and implement an efficient cooling or heating system that maintains interior
comfort using minimal electricity.[207, 208] The design of next-generation smart windows
holds a long-term influence on the environment’s sustainability,[209] energy consumption
efficiency[210, 211] and human health behavior. THR coating has a high reflectivity in
NIR/IR radiation with high transmittance in the visible region.[212-215] Heat flux mainly
quantifies the amount of thermal energy transferred per unit time through a unit area. Heat
flux through a material, particularly in the context of windows, depends significantly on the
position of the visible (380-760 nm) to NIR/IR (700-2500 nm) bands. It is known that the
heat flux from visible light is significantly lower compared to NIR. In earlier work, it has

been demonstrated that approximately ~50-60% of heat flux of solar irradiation exists in the
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NIR region compared to the visible region (~10-15%).[216, 217] Therefore, it’s very
important to develop a NIR/IR reflecting coatings to a window for blocking heat transmission
through the glass during daytime, saving energy for air conditioning cooling cost throughout
the summer.[218, 219] Simultaneously, sufficient transmission efficiency in the visible
spectrum of the window is required to ensure optimum visibility which can reduce the
daytime electric cost of light. Traditional glass windows not only enable the visible light to
pass through it, but also allow heat transmission through it, which in turn increases the indoor
temperature. Therefore, THR materials must be highly transparent in the visible region (350-
650 nm) and should have a high NIR/IR reflectivity (700-5000 nm).[125, 126, 220, 221]

Till now a number of concepts have been introduced to develop high performance THR.
Among them sandwiching a thin layer of metal in between two dielectrics in a
dielectric/metal/dielectric (DMD) is the most successful approach.[222, 223] However, the
fabrication cost of these multilayer stacked structures is not economical in most of the cases.
These DMD structure are mostly developed based on different physical vapor deposition like
sputtering, e-beam evaporation and also frequently include expensive materials like Au for
its optimum reflectivity spectra in NIR/IR region, but its potential is limited by its steep
cost.[224] Besides, thermo-chromic materials[225-229] have also been widely studied
because of their temperature dependent transmission/reflection properties. Although the
performance of such thermo-chromic materials as THR depends on their phase transition
temperature.[230] Among different thermo-chromic materials, doped vanadium dioxide
(VO2)[231-236] is widely investigated due to their insulator-to-metal transition that changes
the transmission/reflection spectra of this material. It has been observed that foreign cations
like W8*, Nb®*, Ti**, can greatly reduce the transition temperature and make it a promising
material for practical application.[237-240] Though, fine tuning of color change in such
thermo-chromic materials is a difficult task. On the other hand, Ag has a high IR reflectivity
and lower market price compared to Au, is much desirable for the low-cost transparent heat
reflecting window application.[241-243]

In this section of this chapter, a low cost and mass-producible fabrication method of Ag-
nanostructured based THR has been reported. A percolated Ag film has been grown during

thermally deposited Ag film on an Ag-TiO> thin film with a critical mass-thickness of 10
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nm. This Ag-TiO: film is an Ag nanoparticle embedded TiO: thin film that has been
deposited on a plastic substrate by a solution processed technique in two individual steps.
During thermally grown Ag film on Ag-TiO; coated substrate, at a critical mass-thickness of
10 nm, Ag nanostructure becomes percolated. This 10 nm Ag/Ag-TiO2/plastic shows a
visible transmittance of around ~50-70% with an average ~85% reflection in the NIR/IR
region. To realize its practical application as THR, a prototype box with one transparent wall
coated with this Ag/Ag-TiO: film has been developed and its internal temperature has been
investigated during daytime. A reduction of internal temperature of ~6-7°C has been

observed due to this coating w.r.t the reference uncoated box.

4.6 Experimental Section

4.6.1 Preparation of Precursor Materials

The synthesis process for LTO via low temperature solution process technique has been
explained in Chapter 2 Chapter 2 Section 2.1.1. PMMA is used as a protective coating for
THR film. The solution is prepared by standard method, reported in Chapter 2 Section
2.1.7.

4.6.2 Fabrication of THR Film
The Ag/Ag-TiO2 based THR film has been fabricated on a flexible PET substrate and the

fabrication steps has been explained Chapter 2 Section 2.3.2, and schematically present in

Figure 2.7.

4.7 Results and Discussion

4.7.1 Structural Evaluation (XRD analysis)

Step-by-step XRD analysis of THR film is similar with previous work and discussed earlier
in Chapter 4 Section 4.3.1.

4.7.2 Surface Analysis (HR-SEM, AFM & HR-TEM)
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Surface morphology of Ag/Ag-TiO- thin film of different Ag thickness is studied by HR-
SEM and AFM. HR-TEM study is done to understand the average particle size of Ag NPs
formation within the THR film. Detail study of morphological changes is explained in
Chapter 4 Section 4.3.3.

4.7.3 Optical Study (Reflectance & Transmittance Spectra)

The optical transmittance and reflectance of Ag/Ag-TiO: film for different thickness of Ag
film ranging from 10 nm to 14 nm is presented in the Figure 4.17a&d) with a fixed thickness
of Ag-TiO film. From the reflectance spectra, it can be observed that the reflectance of all
these films has reached around ~ 85 % in the range above 1000 nm long with a transparency
~ 70 % in the blue region and ~ 50-60 % in the rest of the visible region. It is also noticed
that the increasing thickness of Ag from 10 nm to 14 nm makes it more IR/NIR reflecting
while visible transmittance decreases simultaneously. In the visible wavelengths, the
transmittance spectra are influenced by absorption of light in the Ag thin film due to
plasmonic absorption, which is associated with the interband electronic transitions, due to
the excitation of electrons from the d-band to the fermi surface. By increasing the thickness
of the Ag layer, larger number bound electrons are excited and therefore transmission
reduces further. However, the surface coverage by Ag film increases a bit that results in a
small enhancement of reflectance, both in UV-Vis and NIR region. Furthermore, reflectance
spectra have been measured up to 5000 nm by aFTIR spectrophotometer. This study
indicates the reflection spectra is very flat in the higher wavelength range and reached around
90% as shown in Figure 4.17b). Similar reflectance and transmission studies have been
performed with protective PMMA coated Ag/Ag-TiO- film with different thickness of Ag
layer ranging from 10 nm to 14 nm which is shown in Figure 4.17c&e). In thiswork PMMA
coating has been utilized for the long-term environmental stability of the Ag/Ag-TiO>
coating. It has been observed that an uncoated Ag/Ag-TiO: film starts oxidizing after 3-4
days and affects its optical properties like transmission & reflectance. High visible
transmittance and IR/NIR reflectance are the key factors for designing a transparent heat
reflector. For this clarification, a graphical presentation has been provided in Figure 4.17f),
which shows the transmittance at A=375 nm and reflectance at A=1800 nm with different

thickness of Ag film. As shown in this figure, transmittance of these Ag/Ag-TiO: films
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remain within ~ 65-70 % whereas reflectance remains ~ 85-90 %. Moreover, with increasing

thickness of Ag, transmission decreases and reflectance increases.
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Figure 4.17a) Reflectance spectra of Ag/Ag-TiO: film with different thickness of Ag layer
ranging from 10 nm to 14 nm b) extended reflectance spectra of the film upto far infrared
region (5000 nm) c) reflectance spectra of the film with PMMA as a protecting layer d&e)
transmittance spectra of THR film without and with protecting layer f) varience of
reflectance (A= 1800 nm) and transmittance (A=375 nm) spectra ranging from 10 nm to 14

nm thickness of Ag film with fixed Ag-TiO2 film thickness.

For comparative study with and without coated PMMA over the film as a top matrix, shows
optical reflectance and transparency data over the time span of 7 days for a particular
wavelength, which is shown in (Figure 4.18a&b). However, such oxidation (or color
change) is not observed in a 6-month-old PMMA coated Ag/Ag-TiO2 THR film. Besides,
this film is more stable under mechanical bending and also protects the Ag/Ag-TiO> coating

from mechanical scratching.
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Figure 4.18a&b) Stability comparision of reflectance (at R = 1800 nm) and transmittance
(at T=380 nm) data of 10 nm Ag/Ag-TiO, coated THR film with and without PMMA matrix.

To optimize the optical properties of THR, a detailed investigation has been performed by
varying the thickness of Ag-TiO layer. From this study, it has been identified that the
optimized Ag-TiO- layer can be obtained from the LTO precursor concentration of ~100
mM. The cross-sectional SEM study of this Ag-TiO> thin film (LTO concentration ~ 100
mM) indicates its thickness of ~ 20 nm (Figure 4.6¢)). The variation of reflectance and
transmittance spectra with different thickness of Ag-TiO: layer and fixed thickness of Ag
film (10,12&14 nm) is shown in Figure 4.19a,b,c,d,e&f).

To identify the role of Ag-TiO film for THR fabrication, a comparative reflectance and
transmission data of 10 nm Ag thin film grown on bare plastic and Ag-TiO2 coated plastic
film are provided in Figure 4.20a&b) respectively. In this presentation, reflectance and
transmission data of bare plastic film is also provided as reference. This data clearly shows
10 nm Ag film that grown on a bare plastic film has a very poor reflectance in NIR/IR region
(~20%) w.r.t the Ag/Ag-TiO- layer (~80-85%), whereas the reflectance of bare plastic is
only ~16% throughout the spectra. Similarly, comparative transmission data shows that the
10 nm Ag film that grows on Ag-TiO> layer has a very poor transmission in the IR/NIR
region (~30% at 800 nm)) and its gradually decreasing with wavelength (~20% at 1800 nm).
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Figure 4.19a,b,c,d,e&f) Reflectance & transmittance spectra of 10,12&14 nm Ag/Ag-
TiO2 THR film with different thickness of Ag-TiO:z layers varying approximately from 20

nm to 40 nm.
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In contrast to that, the 10 nm Ag film on bare plastic shows very high transmission in the
NIR/IR region with a dip in the visible region. That dip originated from the strong plasmonic
absorption from the granular Ag film that grows on bare plastic, shows that the transmission
of the bare plastic substrate is ~ 90% throughout the spectra. The reflectance and
transmission data of relatively lower thickness Ag/Ag-TiO: film have presented in Figure
4.20c&d) respectively. From Figure 4.20c) it's very clear that the reflectance of 6 and 8 nm
Ag film is very poor (~20%) throughout the spectra whereas reflectance of 10 nm Ag film is
very high (~70-85%) in NIR/IR region which is totally different from lower thickness Ag
films. The transmission data of these films shows that 6 nm Ag film in NIR/IR region is very
high (~60-80%), while 8 nm Ag film has relatively lower transmittance (~40% in NIR/IR
region). On the other hand, the transmission of 10 nm Ag film in NIR/IR region is very poor

which is due to their high reflecting properties.
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Figure 4.20a&b) Comparison of optical reflectance and transmittance of bare plastic, 10 nm
Ag film on bare plastic and 10 nm Ag/Ag-TiO: bilayer THR thin film; c&d) reflectance &
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transmittance data of different thermal evaporated Ag film ranging from 6 nm to 12 nm in

present of Ag-TiO- thin film.

Figure 4.21a) demonstrates the variation of visual observation of different thickness of
Ag/Ag-TiO: film. It's clearly shown from the picture that the transparency of 14 nm Ag/Ag-
TiOz film is significantly lower compared to 10 nm Ag/Ag-TiO: film thickness. Figure
4.21b) shows the transparency and reflectance of 10 nm Ag/Ag-TiO; transparent heat
reflecting coating. Figure 4.21c) shows the real image of 10 nm Ag/Ag-TiO: film with a

background of bright color flowers.

a) Sample 10 nm 12 nm 14 nm
Ag/Ag-TiO,
[Plastic
b ) 100

—~ 10 nm Ag/Ag-TiO, (100 mM)/Plastic
X d —
S 80 80 ¥
S ©
% 60 60 g
= 40 <
E 40 | 8
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3 20 |20
=

400 800 1200 1600
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Figure 4.21a) The images of Ag/Ag-TiO. transparent heat reflector on plastic substrate at
different thickness of Ag film vary from 10 nm to 14 nm with an underlying ‘THR’ written
on a white paper b) optical transparency and reflection of 10 nm Ag/Ag-TiO2 on plastic c)

practical transparency test with a background of a bight colour flower.

The effectiveness of this 10 nm Ag/Ag-TiO- coating as a transparent heat reflector has been
investigated throughout a daytime temperature monitoring with a prototype box that has one

transparent wall coated with this THR (real photo is attached in Figure 4.22. Two identical
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thermocol covered wall boxes of dimension 15x15x15 cm?with a glass window wall
of (10x10 cm?) have been prepared. In one box, the glass window is coated with 10 nm
Ag/Ag-TiO2 whereas reference box glass window is uncoated. These boxes are kept on a
rooftop. Then two identical thermocouples are placed inside the closed boxes for monitoring
the inside live temperature. Another thermocouple is attached outside the box to check the
live air temperature all over the day. Inner walls of these boxes are coated with white, gray
and black papers for three sets of individual experiments. The idea of using different colored
inner walls for the experiment of daytime cooling performance is to visualize the effect of

temperature difference under different color window wall.

Figure 4.22 Experimental set-up under sunlight outdoor experiment.

The variation of temperature inside the 10 nm Ag/Ag-TiO> coating box, reference box and
outside air temperature have been monitored throughout the daytime and has been given
in Figure 4.23a,b&c). The average temperature differences of these three different
thermocouples in peak hour of the day (from 12 pm to 1 pm), which is shown in Figure
4.23d) for different inner walls. With black insulating inner wall ~15°C temperature
differences have been observed between THR coated and uncoated glass boxes while with
white wall this difference becomes ~ 3.5°C. With the gray wall, there is a temperature
difference of ~ 7°C. Since the boxes are closed, heat is accumulating inside the boxes over
the time, which increase the inner temperature. Therefore, the temperature of these boxes is

significantly higher than open air temperature.
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Besides, heat reflecting property of the 10 nm Ag/Ag-TiO; coated window with respect to
the glass window has been investigated under steady NIR/IR light (IR lamp) illumination.
For this study, one digital thermometer and IR lamp is kept 4 cm behind and 6 cm away from
the coated window, respectively. Temperature variations of digital thermometers have been
monitored over the time. Same experiment has been also performed for reference uncoated
glass window. It is observed that the temperature behind the coated window shows an
average ~10-12°C lower temperature compared to the reference glass window, which is

shown in the bar diagram (Figure 4.23e)). Real picture of the experiment under the IR lamp
is shown in Figure 4.23f).
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Figure 4.23 Performance of daytime (under sunlight) cooling study of 10 nm Ag/Ag-TiO>
coated window compare with reference glass window box with inner wall color of a) black,
b) white and c¢) gray; d) comparative average temperature difference at the peak hour (12 pm
to 1 pm) for different inner color wall of the box; e) experimental study (IR lamp) of 10 nm
Ag/Ag-TiO2 coated window compare with glass window; f) real image of IR lamp
experimental setup
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Table 4.6 Comparison of the performance of our develope transparent heat reflector

with other material based heat reflecting coating

THR coating | Transmittance Reflectance at | Average Temp. differ. | Ref.
at Visible Region NIR Region with normal window

10 nm Ag/Ag- 68-72% 85-90% 6-7°C This

TiO: work

TiO2/Cu/TiO2 90% 85-90% - [220]

ZnO/Au/ZnO 68-70% 45-50% - [125]

TiO2/VO/TiO: 60-65% 50-55% - [126]

4.8 Conclusion

In summary, Ag-based low temperature processed (100°C) THR has been fabricated on
plastic PET substrate. For this deposition, initially Ag-TiOz thin film is deposited by a
solution processed technique where Ag nanoparticles are grown inside TiO2 matrix.
Subsequently a thermally deposited Ag film is deposited on top of the Ag-TiO3 thin film. A
protective PMMA layer is deposited on top of Ag/Ag-TiO2to improve its stability. It is
observed that a critical thickness of the 10 nm Ag layer is essential for optimized NIR/IR
reflection (~85%) in combination with reasonably high visible light transmittance (~70 % in
blue region and ~50-60 % in rest of the visible region). A comparative surface morphology
of the Ag/Ag-TiO2reveals a morphological phase transition occurs when thermally
deposited Ag film reaches 10 nm. During this transition, the circular shape isolated Ag island
on Ag-TiO> thin film transfers to a percolated finger-like network that has significantly lower
roughness than previous stage isolated Ag island film. This phase transition becomes
possible due to the lateral growth of Ag induced by pre-existed Ag NPs on TiO, matrix. As
a consequence, visible transparency of the film increases with an excellent NIR/IR
reflectivity. A prototype box with a window coated with Ag/Ag-TiO- thin film reveals that
areduction of ~6-7°C of internal temperature of the box compared to reference glass window,
due to the efficient NIR/IR reflectivity of Ag/Ag-TiO- thin film. Overall, our approach opens
new opportunities to develop highly transparent heat reflecting coating through a low-cost

fabrication method which can be utilized for energy saving smart window applications.
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This chapter mainly focuses on development of a bimetallic Au-Ag TC film fabrication
method and its use as a self-bias plasmonic NIR photodetector. This is a follow-up work of
the earlier chapter for developing TC and its application. Here, a 4 nm PVD deposited Au
is grown on a pre-deposited Ag-TiO2/SnO; (or ZnO NPs) thin film that enhances the
transparency, conductivity and environmental stability of the TC. This Ag-TiO2 thin film is a
Ag nanoparticle embedded TiO> thin film that has been grown over SnO> (or ZnO NPs) which
leads to a percolated nano-porous-like structure. Prior to this, surface morphology of the
film shows a clear transition from spherical NPs to percolated nano-porous Au-Ag bimetallic
nanostructure with random hole formation that result in an abrupt jump of electrical
conductivity when deposition reaches to 4 nm mass thickness of Au. This percolated nano-
porous structure thin film (4 nm Au/Ag-TiO2/SnO2 (or ZnO NPs) /plastic) has a low
resistivity of ~ 10-15 ohm/[J and an average visual transmittance around 75-80 % in the
visible region. This film has been used to develop a metal-semiconductor-metal (M-S-M)
plasmonic hot electron photodetectors where Au-Ag thin film works as a photo-excited hot
electron generation as well as transparent bottom electrode. The EQE data reveal that
photocurrent of this device is mostly generated in the plasmonic absorption region with a
peak detectivity of 1.6x10'3 Jones at 750 nm under -2V external bias. Besides, the device

shows fast response with a response time of ~33 ms.

5.1 Introduction

Plasmonic Transparent Conductors (TCs) are an essential component in many opto-
electronic devices, such as touch screens, wearable sensors, memory device, Organic Light-
Emitting Diodes (OLED), solar cells, and smart windows.[244-250] Over the past few
decades, Indium Tin Oxide (ITO) and Fluorine Tin Oxide (FTO) based materials have played
a major role in the current market share due to its high optical transparency (T~90%) and
low sheet resistance (Rs <100 €/[1).[116, 117] On the other hand, indium is not an abundant

materials.[119] It has a few limited applications because of its low resistance to mechanical
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stress (lack of flexibility) and a difficult manufacturing process.[118] In the last decade,
tremendous efforts have been admired for the development of next generation transparent
conductive films. Among various options, carbon nanotube or graphene has higher
mechanical flexibility as well as optical transparency.[175, 176, 251] Although, the electrical
conductivity of these ITO or carbon-based TCs is quite lower with respect to metals like Ag,
Cu, and Au. So, metal nanoparticles or metal nanowire networks are emerging as a
promising alternative to ITO, especially in flexible and stretchable electronics.[252, 253]
This is mainly because of their superior mechanical flexibility, high optical quality, low sheet
resistance, and low production costs. Among different metals, Ag has the highest intrinsic
conductivity and least refractive index (n) in the visible region compared to Cu or Au.
Therefore, the development of TC material is often accomplished in the majority of those
investigations using either Ag nanowire or oxide/Ag/oxide multi-stack thin film.[181, 254,
255] Even in so many reports, Cu nanowires are also well studied for developing TC
material.[256] But both Ag and Cu individually show poor chemical stability against
oxidation.[257, 258] On the other hand, Au shows the highest chemical stability, but it shows
the least intrinsic conductivity compared to Ag or Cu. Considerable research has been
devoted to solving this issue, mostly by exploiting a core—shell structure that encapsulates

metals with an inert shell which is a cost-effective process.[259, 260]

The overgrowth of a metal onto the surface of another metal represents a synthetic challenge.
Yuan et al. revealed that the galvanic reaction between Ag and HAuUCl4 could be blocked in
the presence of strong reducing agents.[261] There are very few papers that describe the
development of TC material using bimetallic Au-Ag, Ag-Cu, or Au-Cu core structures.
Despite the encouraging progress in the literature, it’s important to fabricate TC material that
shows excellent optical transparency, electrical conductivity, mechanical flexibility as well
as chemical stability against oxidation. However, these thin metal films have very strong
plasmonic absorption which is a key barrier to achieving high optical transparency of those
films.[123, 184]

Although plasmonic absorption is a key bottleneck in developing metal-based highly
transparent conductors, it’s useful for developing various opto-electronic devices including

solar cells, plasmonic photodetectors, gas sensors, and LEDs.[186, 189, 192] So many

116



Chapter 5

reports claim that the plasmonic effect of those transparent electrodes can generate hot-
electron induced photocurrent which can be beneficial for photocurrent generation of solar
cells, photodetector, and photo-electrochemical H> generation.[190, 191] When EM waves
interact with MNPs, part of that EM waves is scattered and the rest of the part is absorbed
by MNPs due to the SPR. This SPR absorption of MNPs increases whereas scattering reduces
with reducing particle size. Besides, the shape of metal NP, the relation of dielectric constant
of MNPs, and surrounding are also important parameters for SPR related absorption of
MNPs.[81] Due to the SPR, MNPs either generate electron-hole pairs or go through radiative
decay to the far field. Again, this generated electron-hole pair can produce hot-electron
through non-thermal electron distribution via electron-electron scattering. To utilize this hot-
electron for optoelectronics device application, a semiconductor-metal Schottky junction is
required through which it can be injected into the semiconductor within a very short period
(<100 fs), before non-radiative energy relaxation of hot-electron through electron-phonon
scattering. Besides, for efficient electron injection of this hot-electron in the Schottky
junction, a low barrier height (®y) Schottky junction is required.[154] In plasmonic devices,
this metal-semiconductor Schottky junction has been developed by varsities ways like; by
depositing a metal thin film on a nanostructured semiconductor surface followed by inert
atmosphere annealing to form MNPs, MNPs-metal oxide thin film, semiconductor-metal thin
film hetero-junction etc.[195, 199] Therefore, Au-Ag bimetallic nanostructures can provide
a combined effect of both metallic properties. Interestingly, Ag nano-structures allow the
growth of Au NPs on their surface due to the same lattice match between their crystal
structures, leading to the synthesis of bimetallic nanostructures. The growth of Au NPs onto
another metal surface like Ag NPs leads to the creation of different dipolar and multipolar
LSPR. Directed overgrowth of Au on Ag can tune nanostructured SPR from visible to NIR
region. This overgrowth of Au is highly dependent on the core Ag geometry. By varying the
amount of metal NPs used during the growth process, SPR can be tuned towards NIR which
leads NIR sensitive plasmonic photodetector, SERS based applications.[262, 263] In
addition, several reports claim that the opto-electronic devices performance can be improved
by using a plasmonic electrode. In a plasmonic photodetector, the contribution of hot
electrons is commonly realized from the external quantum efficiency (EQE) measurement

that indicates a strong photocurrent generation in the plasmonic absorption region of MNPs.
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However, there are very limited reports that demonstrate identical plasmonic absorption and
EQE spectra of the device. Moreover, those devices show quite poor response for different

plasmonic photodetector applications.

This chapter reports the synthesis of Au-Ag bimetallic transparent conducting film on
plastic substrate at a low processing temperature (100°C). The as-synthesized Au-Ag
bimetallic thin film is highly conductive with sheet resistance as low as 5-10 /(] with more
than 80% transparency. At the initial stage of the growth, it has been observed that
the nucleation density of Au on this substrate is much higher than bare plastic substrate
which are originated by pre-deposited Ag islands of the Ag-TiO> film. However, after a
critical size growth of those grains, granular film undergoes a solid-state dewetting process
which makes it possible to deposit percolated finger-like Au-Ag nanostructured thin film.
As a consequence, the resistivity of the film dropped suddenly. Besides, due to the lower
mass thickness of Au film, transparency has been maintained over 80% in the visible
region. However, it drops to ~50-60% in the higher wavelength region of light due to the
plasmonic absorption of the film. To analyze the surface phenomena of this percolated
finger-like Au-Ag nanostructured we developed a percolation model which tells about the
nature of percolation threshold during growth. Besides, this transparent-conducting Au-Ag
bimetallic film has been used as a plasmonic electrode for developing high performance
hot-electron photodetectors. The device has been fabricated on the same plastic substrate
as well as a highly doped silicon (n*- Si) substrate that shows extremely high detectivity
with fast response speed. The UV-Vis absorption spectra of Au-Ag bimetallic TC film show
a strong SPR absorption from visible to NIR region which has an excellent spectral
matching with the EQE spectra of the photodetector, implying the major contribution of

hot-electron in the photocurrent generation of the device.
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5.2 Experimental Section

5.2.1 Preparation of Precursor Materials

The preparation process for SnO2 NPs, ZnO NPs, TiO2 NPs and ion-conducting dielectric
LTO via low temperature solution process technique has been explained in Chapter 2
Section 2.1.3,2.1.4,2.1.6 and 2.1.1.

5.2.2 Fabrication of Au-Ag TC Film and Plasmonic NIR Photodetector
Bimetallic Au-Ag based TC film has been fabricated on a flexible PET substrate and the
fabrication steps has been explained Chapter 2 Section 2.3.3, and schematically present in
Figure 2.9. For fabrication of a photodetector, these optimized mechanically flexible
bimetallic Au-Ag TC thin film have been used as transparent bottom electrode to develop
NIR active plasmonic photodetector in a photodiode geometry which is schematically
present in Figure 2.10.

5.3 Results and discussion

5.3.1 Electrical and Optical Characterization of Flexible Au-Ag Bimetallic

Transparent Conductor

To measure the electrical conductivity of prepared Au-Ag TC films, parallel Ag electrodes
(thickness ~ 50 nm) of separation 0.45 mm have been deposited over the conductive film.
Figure 5.1a) depicts the semi-log plot of current density vs voltage (J-V) graphs of those 4
nm Au/Ag-TiO> thin films with SnO2 or ZnO NPs. This data implies that conductivity of 4
nm Au/Ag-TiOz film with SnO2 NPs is higher w.r.t ZnO NPs. Besides, it can be noted that
a significant quantity of current (~ mA) is produced by applying a relatively modest voltage
of 0.05 V. Besides, to test the flexibility of the prepared film, we examined the conductivity
of our best performed device (4 nm Au/Ag-TiO2/SnO2 NPs) with different bending cycles in
Figure 5.1b) upto 100 (bending radius ~ 4 mm). This study indicates that conductivity of the
film remains almost unaltered even after 100 cycles of bending, which implies this conductor
is suitable for fabrication of flexible photo-voltaic devices.

The optical transparency of the 4 nm Au/Ag-TiO: thin films with SnO2 or ZnO NPs has been
investigated and is shown in Figure 5.1c). This data implies that the 4 nm Au/Ag-TiO2/SnO>
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NPs conductor has an excellent optical transparency of ~ 80-82 %, where ZnO NPs based
device shows an optical transparency around 76-78 % in the wavelength region of 500-600
nm. As film is showing better transparency and conductivity with SnO, NPs compare to ZnO
NPs, for other characteristic we mainly go through SnO> NPs compatible TC film. For longer
wavelengths, films transparency is reduced to ~ 65-70 %. The reduction of transparency
arises mainly due to the plasmonic absorption of the film. The phenomena of conductivity
and transparency are interconnected for any TC devices. Besides, resistance vs temperature
of (4 nm Au/Ag-TiO2/SnO2 NPs) samples has been measured by four probe methods. The
sample shows moderate drop in resistance upto 200 K which indicates fully metallic behavior
of the film Figure 5.1d).

The precise form of this dependency is defined by the impact of varying deposition
conditions on the electro-optical characteristics of these layers. However, for any conducting
film sheet resistance (Rsh) is an important measurement. Our calculated Rsh for both films are
listed below in Table 5.1. The Figure 5.1e) shows the real picture of comparative
transparency of the 4 nm Au/Ag-TiO2/SnO2 NPs w.r.t references. Our reference Device (4

nm Au/plastic) and only plastic film transparency spectra are given in (Figure 5.2).

Table 5.1 Electrical Sheet Resistance and Visible Transmittance Value of Mechanically
Flexible Au-Ag TC Film

Au-Ag bi-metallic film Sheet Resistance Visible Transmittance (%)
(Q/o) A= 550 nm
4 nm Au/Ag-TiOy/ SnO2 NPs 5.37 81.48 %
4 nm Au/ Ag-TiO2/ZnO NPs 14.63 77.69 %
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Figure 5.1a) Semi-log graph of electrical current density vs voltage of 4 nm Au/Ag-TiO>
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Figure 5.2 Transparency Spectra of 4 nm Au/plastic and plastic PET substrate.

5.3.2 XRD, Raman, UV-NIR absorption & PL Spectra

Figure 5.3a) depicts step-by-steps XRD pattern of the thin films that are deposited in the
similar way that followed to fabricate Au-Ag bimetallic based nanostructured thin film. A
bare plastic substrate is used as a reference, and the XRD data of the bare plastic is subtracted
from sample data to get the actual signal of the sample. The XRD pattern of SnO2 NPs thin
films annealed at 100°C exhibits peak position located at 20 of 26.17°, 33.58°, 51.47° and
54.45° which corresponds to (110), (101), (211), and (310) planes respectively, indicating
the formation of crystalline phase of SnO2 NPs thin film over the substrate (JCPDS file no.
411445). In next step, thin-film XRD pattern of LTO/SnO> NPs shows two additional intense
peaks of LTO at 26 ~ 35.77° and 43.52°, which has come from the reflection planes of
(311) and (400) respectively (JCPDS file no. 490207). After ion-exchange process
of this, film shows extra three intense peaks at 20 ~ 25.1°, 37.84° and 44.02° which
corresponds to anatase TiO, (101), Ag (111) and Ag (200) respectively (JCPDS file no
897322 & 731764). These intense broad peaks of Ag NPs are confirming the formation of Ag
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NPs inside TiO2 matrix after ion-exchange process. At final stage, TC thin film (4 nm Au/Ag-
TiO2/SnO2 NPs) thin film shows similar peak positions with much higher intensity at 26 ~
37.84°, and 44.02°. These peak positions of Au or Ag NPs are common because of their very
similar lattice parameters. From this XRD spectra its very clear that the width of the peaks

is quite wide, indicates the small size of the metal/metal oxide nanoparticle.

Figure 5.3b) shows the Raman spectra of 4 nm Au/Ag-TiO2/SnO2 NPs thin film. From this
study an intense peak has been observed at 630 cm™ which originated from the SnO2 NPs.
The peak position at 1086, 1193 and 1616 cm™ which corresponds to Au or Ag NPs and the
rest peaks at 705, 865, 995, 1293 and 1729 cm™* corresponds to plastic substrate. This Raman
data confirms the formation of Au-Ag bimetallic conducting film on plastic. For optical
studies, the thin film of 4 nm Au/Ag-TiO2/SnO2 NPs is fabricated on a quartz substrate. The
normalized UV-Vis absorbance spectra of Au/Ag-TiO2/SnO2 NPs thin films spanning the
optical spectral region of 300—1800 nm are shown in Figure 5.3c). The absorption spectrum
of as-prepared 4 nm Au/Ag-TiO2/SnO2 NPs thin films demonstrate a spectrally broadened
spectrum from UV-Vis to NIR region with a plasmonic peak around 750 nm wavelength
whereas the reference Au NPs film shows plasmonic peak ~ 520-560 nm in visible range of
spectra., implying a red shift of >200 nm of the plasmonic peak due to the Au-Ag bimetallic
nanostructure formation (Figure 5.3c)). The plasmonic absorption in the NIR region
appeared due to the longitudinal plasmon mode of the porous Au-Ag bimetallic nano-film
formed during the lateral growth of Au NPs over Ag-TiO2/SnO2 NPs surface. The PL spectra
of the 4 nm Au/Ag-TiO2/SnO2 NPs thin film is shown in Figure 5.3d) which is acquired in
the range of 320-550 nm with an excitation wavelength of 300 nm, indicating the emission
peaks around 370 nm (3.35 eV), which is directly providing the energy band gap of the thin
film. The PL peak position at 370 nm suggests specific optical properties that could be
attributed to the formation of an Au-Ag bimetallic nanostructure on TiO2/SnO, matrix. Pure
Au or Ag NPs typically have PL characteristics with a peak position of much larger
wavelength, indicating a possible radiative recombination through intermetallic energy

states.
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Figure 5.3 Structural analysis of 4 nm Au/Ag-TiO2/SnO2 NPs thin film a) XRD Spectra b)
Raman Spectra ¢) UV-Vis-NIR absorption Spectra, and d) PL Spectra.

5.3.3 Surface Morphology (HR-SEM & AFM) Study

The surface morphology of Au/Ag-TiO2/SnO2 NPs thin film on plastic substrates are studied
by HR-SEM. Figure 5.4a,b&c) demonstrated the morphological change of the films with
the increasing mass thickness of thermally deposited Au film over Ag-TiO2/ SnO2 NPs thin
film. From this surface morphology study, it’s very clear that the individual islands (Figure
5.4a) to a percolated network (Figure 5.4b) transition is occurring during the process with a
critical mass thickness of 4 nm..[200, 201] Although this phase transition of the surface
morphology is not observed in the reference 4 nm Au film over bare plastic substrate (Figure
5.7a). From this comparative study, it can be speculated that the morphological phase
transition of 4 nm Au/Ag-TiO2/SnO2 NPs film occurs due to the coalescence of individual

grains with their neighbor which becomes possible due to the pre-existing Ag NPs of Ag-
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TiO2 film which is grown during the ion-exchange process. Due to this low mass thickness
of Au film, optical transparency is very high by maintaining its metallic conductivity.
Moreover, these nano-porous structures can create intrinsic EM hot spots which leads to
produce a highly sensitive plasmonic opto-electronic device. Further deposition of Au film
(~ 6 nm) covers the voids (Figure 5.4c)), as a result film will become more electrically
conducting but transparency decreases drastically. An energy- dispersive X-ray spectrometer
(EDX) & color-mapping attached to the HR-SEM instrument is used to figure out the
contents and amount of metallic elements present in 4 nm Au/Ag-TiO2/ SnO2 NPs is shown
in Figure 5.5, which confirms the presence of Au, Ag, Ti, Sn and O uniformly throughout
the film.

a)§

2nm Au/A 6 nm Au/Ag-TiO,/SnO, NPs/Plastic

Figure 5.4 FE-SEM photographs of Au/Ag-TiO2/SnO2 NPs thin film at room temperature
on plastic. Each photograph's average film thickness is listed below. a) shows the early stage
of growth and coalescence of islands b) percolating nano-porous structures c¢) complete
percolating structures
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Figure 5.5 Energy dispersive spectra of 4 nm Au/Ag-TiO2/SnO2 NPs/plastic thin film, with
the elemental composition determined by EDX displayed in the inset. Color mapping of (i)
4 nm Ag/Ag-TiO2/SnO2 NPs thin film (ii) O, (iii) Au, (iv) Ag, (v) Sn, (vi) Ti.

Furthermore, AFM has been used for more detailed surface study of Au/Ag-TiO2/ SnO2 NPs
thin films to recognize the surface roughness (Rms) shown in Figure 5.6a,b&c). These
studies show that the surface roughness for 2 nm Au/Ag-TiO2/SnO2 NPs is quite low (Ryms~
1.55 nm) as film is fully covered by individual tiny NPs, but as soon as mass thickness
reached 4 nm, film goes through a phase transition from individual metallic islands to a
percolated nano-porous type structure which create denser EM hotspot and multipolar
resonance effect. As a result, films surface roughness increases quite significantly to 3.91
nm. On the other hand, in case of 6 nm Au/Ag-TiO2/SnO2 NPs (Rrms ~1.62 nm), further
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growth covers the porosity of the film, reduces its surface roughness to 1.62 nm. Besides,
Figure 5.6d,e&f) shows the 3-D AFM images of the film for more celerity. The 2D-AFM
image of reference 4 nm Au (Rrms ~ 5.74 nm) on the bare plastic substrate is shown in Figure
5.7b), indicates its larger roughness.

b) egm

25

Rims ~3.91nm g

3 2140 1 2 3 4
nm
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00
2 nm Au/Ag-TiO,/SnO, NPs/Plastic 4 nm Au/Ag-TiO,/SnO, NPs/Plastic 6 nm Au/Ag-TiO,/SnO, NPs/Plastic

Figure 5.6a,b&c) 2-D AFM & d,e&f) 3D-AFM image of (2 or 4 or 6 nm Au)/Ag-TiO2/Sn0O;
NPs. Each rms roughness is listed in the graphics.
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Figure 5.7 a&b) HR-SEM and 2D-AFM image of 4 nm Au reference thin film on plastic.
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5.3.4 HR-TEM Study

Figure 5.8a)shows a TEM study of the 4 nm Au/Ag-TiO2/SnO2 NPs nanocomposites for
further structural analysis. To prepare the TEM sample, the film is scratched off with a clean
glass slide and placed on clean paper. Following that, it is dissolved in isopropyl alcohol and
dispersed for a few minutes using a probing sonicator. A drop of this dispersed material is
then collected and placed on a TEM grid. Figure 5.8a) shows that the Au or Ag NPs have
grown quite uniformly within the TiO2/SnO, NPs matrix. These data also show that the NPs
are predominantly between 5 and 15 nm in size, with an average particle size of 8.84 nm.
The particle size distribution of Au or Ag NPs inside the TiO2/SnO2 NPs matrix is shown in
Figure 5.8b). Higher-magnification TEM analysis Figure 5.8c) of 4 nm Au/Ag-TiO2/SnO;
NPs sample indicates individual lattice fringe formation of Au or Ag NPs and inside the
Ti02/SnO2 NPs, implying their own coexistence. The average d spacing’s of Au or Ag NPs
and SnO2 NPs are 0.213, 0.242, and 0.348 nm, respectively, which correspond to the Au or
Ag (200), Auor Ag (111), and SnO2 NPs (101) planes. All of these spacing’s are also defined
by the selected-area electron diffraction (SAED) pattern, as shown in Figure 5.8d). As
shown earlier, the XRD pattern of the 4 nm Au/Ag-TiO2/SnO2 NPs sample (Figure 5.3a))

also reveals the same set of planes.
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Figure 5.8 a) TEM image of 4 nm Au/Ag-TiO2/SnO2 NPs b) distribution of the particle sizes
of Au or Ag NPs from the TEM image c&d) high-resolution TEM image and SAED pattern
of 4 nm Au/Ag-TiO2/SnO2 NPs film.

5.3.5 Optoelectronics characterization of the photodetectors

As mentioned earlier, plasmonic photodetectors have been fabricated in a cross-bar geometry
with the help of multilayer stack-structure of (LiF/Al)/SnO2 NPs/4 nm Au/Ag-TiO/ plastic
where 4 nm Au/Ag-TiO2 works as bottom transparent electrode and LiF/Al works as a top
electrode with an active area of 1x1 mm?. Photocurrent of this device is generated from the
hot electron generated due to the LSPRs effect of nano-porous Au-Ag thin film. The surface
conduction electrons of Au or Ag NPs that collectively oscillate in response to incident light,
leading to enhanced EM fields near the NPs. This enhanced EM field leads to the absorption
of incident photons resulting in the generation of hot electrons. During electrical
characterization of the device, white light of different intensity has been illuminated from
the back side of the device that partly transmits and partly absorbed by 4 nm Au/Ag-
TiO2/SnO2 NPs electrode due to the semi-transparent nature and plasmonic absorption of the
electrode respectively in longer wavelength region. Figure 5.9a) shows the semi-log plot of
electrical current-voltage parameters of this plasmonic photodetector device under dark and
light. From this figure, it is clear that the device is rectifier in nature and reverse photocurrent
increases with light intensity. When the light intensity is varied from 0 to 400 W/m?, with
moderate reversed bias current at 1V, increases from ~1.8x10°A to ~9.98x1078A,
which 55 times w.r.t the dark current. Besides, -V characterization data are plotted in a
linear scale Figure 5.9b), which ensures the device is a diode in nature. Furthermore, it has
been observed that the reverse bias photocurrent variation is nearly linear (LDR curve) with
the incident light intensity (Figure 5.9c)). Barrier height and ideality factor of the proposed
device under light condition is calculated using Equation 2.7 and 2.8 respectively. The
calculated value of ideality factor and barrier height under different light intensities are
plotted in Figure 5.10a&b). Under dark, the ratio of forward bias to reverse bias current
(rectifying ratio) is quite high at 1 V is ~1800. With different light intensities rectifying ratio
is plotted in Figure 5.10c). Figure 5.9d) shows schematic representations of the relative

energy band structure, band bending, and charge separation of these devices under
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illumination. As soon, light is illuminated, the bottom 4 nm Au/Ag-TiO2/SnO2 NPs electrode
generates a hot-electron due to the plasmonic absorption and subsequently transfers to the
CB of TiO2 and SnO2 NPs and finally reaches to the CB of LiF/Al. Hole, on the other hand,
is collected by the Au-Ag bimetallic electrode itself. The concept of using LiF/Al as a top
electrode to increase the work function between top and bottom electrode. Al electrode has
work function of 4.1 eV but if we use an interface layer of LiF it decreases to 3.75 eV.[264]
On the other hand, Au-Ag bimetallic electrode has a work function around 4.9 eV. This
generates electron-hole pairs that are separated due to the built-in electric field within the

photodiode structure and the different work functions of the electrode materials.
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Figure 5.9a) photocurrent generation of plastic compatible Au-Ag transparent plasmonic
electrode based photodiode device under dark and light conditions (semi-log plot) b) linear
I-V plot c) reverse photocurrent vs power intensity (LDR curve) d) band alignment, band

bending and charge separation of this hetero-structure photodiode devices.
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Figure 5.10a) experimental barrier height vs power intensity (®»—P) curve b) experimental
ideality factor vs power intensity (n-P) curve c) experimental rectifying ratio vs power

intensity curve of the photodiode

5.3.6 EQE, Responsivity and Detectivity and role of plasmon induced hot

electron

The EQE values under different external bias have been measured in the wavelength range
of 300 to 1800 nm, as shown in Figure 5.11a). This data implies that EQE value reaches ~
32.62 % at 750 nm under -2V external bias. Because of the bi-metallic formation of
plasmonic Au-Ag NPs, EQE spectra extended upto 1500 nm, which cover entire UV-Vis to
NIR spectra region. It can be noted that the EQE spectra of this device is quite similar to the
absorption spectra of the 4 nm Au/Ag-TiO2/SnO2 NPs film (Figure 5.3c)) with exactly same
peak position (750 nm) which indicates the photocurrent is mostly generated from the
plasmon driven hot electron generation. Responsivity and detectivity of the device is
calculated from EQE measurement by using Equation 1.3 and 1.4 respectively. The
variation of photo-responsivity under different external biases is depicted in Figure 5.11b).
These results show that a maximum responsivity of 20.23 (A/W) has been achieved at 750
nm with an external bias of -2V. As a plasmonic photodetector, this responsivity data is
reasonably higher than earlier reports. Besides, detectivity is another fundamental device
parameter that suggests the device sensitivity with respect to the minimum signal that can be
detected by the photodetector. The variation of the device’s detectivities is shown in Figure
5.11c). The highest detectivity of this heterojunction photodetector that has been calculated

is of 1.6x10%2 Jones at 750 nm under -2 V external bias. As mentioned earlier, there is a
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significant amount of photo detection of this plastic based bi-metallic device with a
detectivity of 2.33x10'2 Jones is achievable in the NIR region (wavelength of 1500 nm). It
is worth mentioning that the plasmonic absorption peak coincides perfectly with the peak of
the detectivity of the device, indicating the hot electron of bimetallic Au-Ag NPs is primarily

responsible for this device's photocurrent generation.
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Figure 5.11 device performance of heterostructure photodiode a) EQE vs wavelength b)

extracted R, vs wavelength c) Extracted D* vs wavelength.
5.3.7 Transient Time Response

Beside device photosensitivity, transient photo response is another key parameter of a
photodetector that implies how fast a device can respond and how promptly it can back to its
original stage for detecting the next signal. To determine the photo-response of these devices
a white light pulse of width and separation of ~ 5 s is illuminated on the device. During this
study, the device is subjected to -2V external bias. This transient photocurrent data which
is shown in Figure 5.12a&b), reveals that the device's rise and decay time are ~ 16.2 ms and
~ 16.7 ms respectively, indicating the device has fast photo response and recovery time.
Furthermore, devices are stored in an ambient atmosphere for a few months, although its
photosensitivity and transient time remains almost the same, indicating its very high

atmospheric stability.
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Figure 5.12a) Transient time response of the device b) single cycle time response data with

rising and decaying times of ~ 16.2 ms and ~ 16.7 ms, respectively.

For a comprehensive assessment of our device's performance, a summary of previously
published work on photodetectors based on plasmonic hot electrons is presented in Table
5.2. It can be noted that earlier investigations into hot-electron photodetectors have primarily
focused on spectral response (Ry) and the rise-to-fall time ratio (trise/tran). Although, important
parameters of the hot electron photodetectors are the EQE and D* spectra analysis from
where contribution of the hot-electron can be realized, have not been explored in most of the
reports. Some earlier works on a hot-electron based photodetector has been listed below. In
comparison to other reported hot-electron photodetectors, this flexible plasmonic hot-

electron photodetector exhibits a higher responsivity, higher detectivity with fast response
speed.
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Table 5.2 Comparison of the performance of the current plasmonic hot electrons

photodetector with that of other similar devices employing plasmonic hot electrons

amax | EQE R D*
Device T/t Ref.
(M) | 96) | (AW) | (Jones)
SnO2 NPs/TiO2 NPs/(4
16.2/16.7 | This
nm Au/Ag-TiO2/SnO2 | 750 32.62 20.23 1.6x10%3
ms work
NPs)/Plastic
112/24
Porous Ag/TiO,/Ti 450 - 3.3x10° | 9.8x10%° [165]
HS
Ag/TiO2 NTs/FTO 370 - 176.30 - 82/14 s 172
Porous Au/Si - - 3.5x1073 — - [173]
Au nanorods/Si — — 1.0x10° — — [154]
Au/Pyramid-Si 1200 - 8.2x10° | 1.8x10'° - 159

5.4 Conclusions

In conclusion, a cost effective synthesis technique has been developed to fabricate
mechanically flexible transparent conductors. For this synthesis, initially a LisTisO12/SnO>
NPs heterojunction thin film has been prepared through a solution processed technique with
processing temperature of ~100 °C. Then, the loosely bound Li* of LisTisO12 thin film has
been replaced by Ag*through an ion-exchange process that forms a Ag-TiO; thin film.
Thereafter, a thermally evaporated Au of thickness 4 nm is deposited on top of this Ag-
TiO2/SnO2 NPs thin film, which shows high electrical conductivity (5-10 ohm/(7) with ~
80% average visible transmittance in the range of 500-600 nm wavelength. The electrical

conductivity of this film (4 nm Au/Ag-TiO2/SnO2 NPs) is significantly higher w.r.t reference
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bare plastic substrate Au film (4 nm Au/plastic). Besides, this film also shows a vibrant
plasmonic absorption extended up to 1600 nm. By utilizing combined electrical
conductivity, optical transparency and plasmonic absorption features of this thin film, a
plasmonic photodetector has been fabricated where 4 nm Au/Ag-TiO2/SnOz thin film works
as plasmonic electrode as well as photocurrent harvesting materials and LiF/Al substrate as
counter electrode. Device shows a very high photosensitivity to the visible light. Besides, it
has been observed that the EQE spectra of this device has a great similarity with the
absorption spectra of 4 nm Au/Ag-Ti0O2/SnO; thin film with same absorption and EQE peak
position (750 nm) that reveal the contribution of plasmonic hot electron in the photocurrent
generation of the device. Device shows EQE, photo responsiveness, and detectivity of values
32.62%, 20.23 A/W, and 1.6x10% Jones, respectively at (750 nm). Moreover, these devices
show fast photo response with a rise and decay times of 16.2 ms and 16.7 ms respectively.
Overall performance of this plasmonic photodetector is significantly higher than the previous

report that gives a visible way to fabricate reliable hot electron based photodetectors.
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This work is the continuation of previous chapter 5, where bimetallic Au-Ag film is used as
a back electrode of plasmonic organic solar cells (POSCs). In recent years, there has been
great interest in the utilization of plasmons, or free electron oscillations of MNPs, to increase
the efficiency of both organic and inorganic thin film optoelectronic devices. This has been
driven by the possibility of employing thin plasmonic MNPs layer in order to increase photo
absorption by light trapping in photovoltaic or other opto-electronic devices. In this
particular work, | fabricated donor only (P3HT) and donor-acceptor bulk heterojunction
(P3HT: PCBM) solar cell using Au-Ag plasmonic thin film as a back electrode. Experimental
data indicates a promising enhancement in solar cell performance parameters, including
both the open circuit voltage (Voc) and short circuit current density (Jsc), has been observed
for single layer P3HT and blended P3HT:PC7:BM based organic solar cell devices. The
observed Voc for donor only and BHJ solar cell reaches to 1.00 and 1.13 V respectively,
ensuring tandem cell formation due to the plasmonic Au-Ag film. As a consequence, the PCE
values of these two cells reaches to 7.8 % and 11.17% respectively which are record
efficiency with these materials combination. These results suggest a unique way to boost
PCE of thin film solar cells by utilizing hot carriers of plasmonic Au-Ag thin film that not

only works as TC of the device but also increases its Voc by ~ two times.

5.5 Introduction

Transparent conductors (TCs) are in high demand in modern time due to their wide range
of applications in electronics, including touch screens, wearable sensors, memory devices,
organic light-emitting diodes (OLEDs), solar cells, smart windows etc.[23, 265-269]
Traditionally, indium tin oxide (ITO) and fluorine-doped tin oxide (FTO) have dominated
the TC market due to their high optical transparency (~ 90%) and low sheet resistance (Rs<
100 /o). However, the scarcity of indium, along other inherent limitations of ITO—such
as low mechanical flexibility and complex, costly manufacturing processes has driven the
search for alternative TC materials.[116, 117]
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To find out the substitute of these metal oxide based TCs, recent studies have focused on
next-generation TCs that can provide a balance of transparency, conductivity, mechanical
flexibility, and ease of fabrication. Carbon-based materials, including carbon nanotubes and
graphene, have garnered attention for their excellent flexibility and optical

transparency.[175, 176, 251] However, their electrical conductivity remains lower than that

of metals like Ag, Cu, and Au. As a result, metal nanowires and nanoparticle networks have
emerged as promising alternatives, particularly for flexible and stretchable electronics, where
they offer superior mechanical flexibility, high optical clarity, low sheet resistance, and cost-

effective production.[177, 253, 254] Among metals, Ag has emerged as a leading candidate

for TCs due to its exceptionally high intrinsic conductivity and low refractive index in the
visible spectrum. Ag nanowire networks and oxide/Ag/oxide multilayer films, in particular,
have shown significant promise.[181, 255] Copper, though less expensive and conductive,
is more chemically reactive, as is Ag, with both materials prone to oxidation.[256, 257] Au,
by contrast, offers excellent chemical stability but is limited by lower conductivity and higher
cost.[270] To address these stability concerns, researchers have developed core-shell
structures that encapsulate metals with chemically inert shells, an approach that enhances the
longevity of TCs in a cost-effective manner. Despite advancements, limited studies have
explored the use of bimetallic core-shell architectures like Au-Ag, Ag-Cu, and Au-Cu for
TC applications, highlighting an area of potential growth.[271, 272]

A critical barrier to achieving high transparency in metal-based TCs is their strong plasmonic
absorption, which restricts optical transparency. Nevertheless, plasmonic effects have been
harnessed advantageously in solar cells, plasmonic photodetectors, gas sensors, and
LEDs.[186, 189] These effects enable hot-electron generation, enhancing photocurrent in
devices such as solar cells, photodetectors, and systems for photo-electrochemical hydrogen
production.[140, 190] To advance TCs, ongoing research must aim to resolve the balance of
optical transparency, electrical conductivity, mechanical durability, and chemical stability.
The development of multi-metallic and core-shell nanostructures offers promising pathways
to realize high-performance TCs suited to the next generation of flexible and transparent

optoelectronic devices.
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Plasmonic effects are increasingly explored in solar cell research due to their potential to
improve light trapping in organic and inorganic thin-film solar cells, enhancing
efficiency.[273-275] The key feature of plasmon resonance is its ability to concentrate
conduction electron oscillations within specific spectral ranges. Nevertheless, due to the
resonant nature of plasmonic effects, absorption enhancement is limited to specific
wavelengths dictated by the NP's size, shape, composition, and local dielectric
environment.[76, 276] This enhancement is often offset by parasitic absorption at other
wavelengths, reducing efficiency gains. Thus, achieving broadband optical absorption
enhancement is essential for advancing plasmonic solar cells beyond the lab.[277, 278] Prior
research has focused on theoretical models and experimental setups with random or
structured monometallic NPs or gratings requiring precise geometry. While theoretical
studies show promising efficiency boosts from metallic NP plasmonic effects, substantial
experimental improvements remain elusive, influenced by several factors affecting optical

absorption in thin-film solar cells.

Organic photovoltaic devices (OPVSs) fabrication is an advancing research field due to their
potential as low-cost, lightweight renewable energy sources with promising PCE.[279-281]
Since Tang et al.'s 1986 report on the first two-layer OPV[282], significant progress has been
made, with continuous improvements in device efficiency through novel materials, device
engineering, and architecture. Spin coating is the primary technique for lab-scale OPV
fabrication, and state-of-the-art OPVs with donor/acceptor bulk heterojunction (BHJ) or
tandem structures now achieve PCEs exceeding 15-20%.[280, 283, 284] The incorporation

of plasmonic MNPs has recently been identified as a promising approach to enhance OPV
efficiency. This improvement is attributed to increase light trapping and enhanced electrical
properties due to the metallic nature of MNPs. Plasmonic NPs can be blended with OPV
layers or added as a separate layer, and various synthesis methods, including sol-gel routes
and laser nanofabrication, have been explored.[285-288] Numerous studies have examined
how factors such as solvent choice, drying rates, annealing, and post-deposition treatments
influence layer morphology and PCE. Among these, P3HT:PC7:BM BHJs remain prominent
in polymer photovoltaic research,[275, 289-291] although new organic polymers are
increasingly used to produce efficient BHJs globally.[113, 292] However, literature on
achieving high-efficiency P3HT:PC7:BM organic solar cells (OSCs) remains limited.
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In this section of this chapter, We report the synthesis of Au-Ag bimetallic transparent
conducting film on plastic substrate at a low processing temperature (120°C). The as-
synthesized Au-Ag bimetallic thin film is highly conductive with sheet resistance as low as
5-6 Q/[1 with more than 80% transparency, which is achieved without any purification steps.
Like the earlier section, this Au-Ag film has been developed by depositing 4 nm Au on a
pre-deposited Ag-TiO2/SnO- thin film that enables us to achieve a high conducting film with
such a low thickness Au deposition. Besides, this transparent-conducting Au-Ag bimetallic
film has been used as a back electrode for developing highly efficient organic solar cells.
The device has been fabricated on a plastic substrate by using donor only and Donor-acceptor
bulk heterojunction geometry. The power conversion efficiency (PCE) of donor only (P3HT)
and BHJ (P3HT:PCBM) solar cells are 7.8% and 11.17% respectively, which are record
efficiency with this materials combination. These improvements become possible due to
enhancement of open circuit voltage by almost double, ensuring a tandem cell formation.
Moreover, photocurrent spectra of these devices are broaden from 300 to 1600 nm due to the
plasmonic hot carriers of Au-Ag thin film, which is significantly larger w.r.t. it’s common

photocurrent generation spectral range of 300-700 nm of these organic semiconductor.

5.6 Experimental Section

5.6.1 Preparation of Precursor Solution

The preparation process for ion-conducting dielectric LTO, SnO2 NPs, PEDOT:PSS, P3HT,
and blended P3HT:PC7:BM via low cost solution process technique has been explained in
Chapter 2 Section 2.1.1, 2.1.3,2.1.8, 2.1.9, 2.1.12.

5.6.2 Fabrication of Au-Ag TC Film and Plasmonic Organic Solar Cells

Bimetallic Au-Ag based TC film has been fabricated on a flexible PET substrate and the
fabrication steps has been explained Chapter 2 Section 2.3.3, and schematically present in
Figure 2.9. For fabrication of a photodetector, these optimized mechanically flexible
bimetallic Au-Ag TC thin film have been used as transparent bottom electrode to develop
NIR active plasmonic photodetector in a photodiode geometry which is schematically

present in Figure 2.11.
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5.7 Results and Discussion

5.7.1 Electrical and Optical Characterization of Flexible Au-Ag Bimetallic

Transparent Conductor

Electrical and optical characterization of prepared Au-Ag flexible TC film is discussed

earlier in Chapter 5 Section 5.3.1.

5.7.2 XRD, Raman, UV-Vis-NIR absorption & PL Spectra
All structural analysis of Au-Ag TC film is discussed in Chapter 5 Section 5.3.2.

5.7.3 Surface Morphology (HR-SEM & AFM) & HR-TEM

Surface morphology of prepared film is discussed in details in Chapter 5 Section 5.3.3. HR-
TEM is done to calculate the particle size of plasmonic NPs and also it tells us about crystal

plane of the film which is discussed in Chapter 5 Section 5.3.4.

5.7.4 UV-Vis & PL Spectra of P3HT and P3HT: PCBM Film

The UV-Vis absorption spectra of P3HT and blended P3HT:PC7:BM are studied in Figure
5.13a). The absorption spectra of P3HT film generally shows a broad absorption in the
visible range extended from 450 to 620 nm, while P3HT:PC7:BM blend exhibits wider
absorption covering from 300 to 620 nm because of PC71:BM. Interestingly, when these
polymers are deposited on top of the prepared TC film (4 nm Au/Ag-TiO2/SnO2 NPs), shows
a quite broader absorption spectrum, extended up to 1500 nm as shown in Figure 5.13a).
Here, the LSPR effect of the Au-Ag bimetallic film enhances the light absorption in the
stacked film which is realized from the absorption spectra of Au-Ag thin film (Inset of
Figure 5.13a). The Steady-State Photoluminescence (SSPL) spectra of organic solar cells
based on P3HT and blended P3HT: PC7:BM provide valuable insights into charge transfer
efficiency and quenching mechanism. In pristine P3HT, strong PL is observed in the range
of 620-700 nm, corresponding to its excitonic emissions. However, when blended with
PC71.BM, PL is significantly quenched, indicating efficient charge transfer from P3HT
(donor) to PC71.BM (acceptor), which is essential for effective exciton dissociation. The
degree of quenching reflects the efficiency of the heterojunction in facilitating charge
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separation. Since PC7:BM itself does not exhibit significant PL in the visible range, its
presence mainly influences the spectral shape and intensity through its strong electron-
accepting properties. Again, as soon organic films are prepared on Au-Ag bimetallic TC
film, PL spectrums are blue shifted which is shown in Figure 5.13b) as PL peak is observed
around 570-590 nm. This observation is mainly due to changes in the local dielectric
environment and exciton interactions. The plasmonic effect of the Au-Ag film alters the
exciton recombination dynamics, leading to enhanced exciton dissociation and modification

of the energy levels.
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Figure 5.13a) UV-Vis absorption spectra b) PL spectra of P3HT and P3HT:PC71BM
polymeric film over Au-Ag TC film.

5.7.5 Surface Morphology (HR-SEM & AFM) of P3HT and P3HT:
PC7:BM Film

Figure 5.14a&b) shows the SEM analysis which reveals significant morphological
differences between pure P3HT and P3HT: PC7:BM blended films, which directly impacting
PCE of solar cells. Pure P3HT films exhibit a smooth morphology with limited charge
transport efficiency due to the absence of an acceptor, leading to high recombination losses.
Average grain size of P3HT film is around 45-50 nm while in contrast P3HT: PC7:BM blends
film shows higher average grain size of ~ 50-55 nm, which leads to less grain boundary
formation in blended film. Larger grains lead to better polymer crystallinity and improved

n-n stacking, which facilitates charge carrier mobility by reducing the trap states. As a result,
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it sufficiently reduces recombination losses, result improve Jsc and Voc and overall PCE

compared to pure P3HT films.

= ’Aver'égg‘gr‘aih~_Si_z§é'"50—55-nm ;
2 PSHT PG, BM Film

Figure 5.14a&b) HR-SEM image of pure P3HT & blended P3HT: PC71:BM polymeric thin
film over Au-Ag TC film.

AFM measurement is also performed to investigate the roughness and grown pattern of pure
P3HT & blended P3HT: PC7:BM polymeric film. The 2D & 3D AFM topographical images
of pure P3HT & blended P3HT: PC7:BM are shown in Figure 5.15a,b,c&d). In pure P3HT
films, the AFM image shows a relatively rough surface (r.m.s roughness ~ 3.72 nm) with
fine polymer domains, indicating good self-organization but limited charge separation
capability. On the other hand, blended P3HT:PC7:BM film exhibits distinct nanoscale phase
separation, where the surface roughness (r.m.s roughness ~ 3.12 nm) decreases due to the
bulk heterojunction formation, leading to a more uniform and compact film morphology.
Also, reduced roughness improves the film's contact with the electrode, enhancing charge
extraction and reducing interfacial resistance the formation of donor-acceptor domains.
Therefore, AFM analysis helps optimize processing conditions to achieve an ideal
morphology that enhances charge transport, reduces recombination losses, and improves
overall PCE in OPVs.
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Figure 5.15 Morphological Study by AFM a) pure P3HT b) blended P3HT:PC7:BM film
over Au-Ag TC film.

5.7.6 Device Performance of Organic Solar Cells

The photovoltaic properties of pure P3HT and blended P3HT:PC7:BM are investigated by
fabricating devices with an inverted structure (plastic/SnO2 NPs/Ag-TiO2/4 nm
AU/PEDOT:PSS/active layer/SnO, NPs/LiF/Al) with an active exposure area of 0.09 cm?,
Figure 5.16a), shows a semi-log plot of the dark J-V characteristics for both devices. The
ideality factor (n) of the devices are calculated from these plots by using the Equation 2.8.
As estimated, the n values of are 1.7 and 2.3, for P3HT and P3HT:PC7:BM devices, which
are moderate to the high bias regions, where space charge limited current (SCLC) is
predominant.[79] The photovoltaic performance of these devices are tested under ambient
conditions with an illumination 1 sun white light that is shown in Figure 5.16b). The details
of photovoltaic device parameters for both devices are shown in Table 5.3, indicating
devices have very similar short circuit current with a density of ~17.5 mA/cm? which is
reasonably high. Besides, it is very worth to note that the Voc of the P3HT:PC7:BM devices
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is ~1.13 V which is almost double reported w.r.t the reported works on this class of organic
solar cell. Again, Voc of the P3HT is ~1.0 V which is hardly reported in literature. As a
consequence, the PCE of P3HT and P3HT: PC7:.BM devices reaches to ~7.8% and 11.2%
respectively which are record efficiency solar cell that are reported with these molecules. We
have repeatedly tested the device under identical conditions and consistently observed
similar performance, confirming the reliability of the results. The unusually high power
conversion efficiency (PCE) primarily originates from the plasmonic bottom electrode.
Unlike a conventional transparent or metallic electrode, the plasmonic electrode not only
facilitates charge collection but also actively absorbs incident light through LSPR. This
plasmonic absorption contributes directly to the photocurrent generation, in addition to the
photocurrent produced by the active organic layer (P3HT:PC7:BM). Because both the
plasmonic electrode and the organic layer act as photoactive components, the device
essentially behaves like a tandem solar cell without requiring two separate junctions. The
plasmonic electrode enhances light-matter interactions and broadens the absorption window,
while the organic layer provides the standard excitonic contribution. The combined effect
leads to an improvement in both photocurrent and photovoltage. In particular, the open-
circuit voltage (Voc) shows a remarkable increase compared to that of a standard
P3HT:PC7:BM device, highlighting the synergistic role of the plasmonic electrode in
boosting overall device efficiency.

In addition to the J—V characteristics, | investigated the EQE spectra of the devices which
is shown in Figure 5.16c). It also can be noted that spectral range of these devices are
extended up to 1500 nm wavelength which is very significantly higher than the reported EQE
spectra of the P3HT:PC7:BM BHJ devices that commonly exist within the spectral range of
700 nm. This broadening of the EQE spectra originates from the hot carriers of the plasmonic
Au-Ag film, present as a back electrode. To validate the NIR sensitivity of the devices, IR
light of peak emission spectra of ~ 980 nm is illuminated on both the devices that shows a
large variation of photocurrent. The transient photoresponse of the P3HT:PC71:BM devices
is with a time interval of ~ 5 sec is shown in Figure 5.16d), indicating large variation of
device current with reasonably fast device response, gave us evidence of generating

photocurrent in NIR region.

147



Chapter 5

a) 10° b) 50
— —~P3HT wol —e P3HT
= —— P3HT:PC,,BM _ o 0 —— P3HT: PC,,BM
o 10t e i
< ’fﬁwﬁ L 5
E | e : <
» 107 E 10f
L] 8 0
f L]
I 10}
O 10° QM
-20F°”‘
10 -05 00 05 1.0 00 03 06 09 12 15
Voltage (V) Voltage (V)
c) 60 d)4.0x10™
—o— P3HT o
50F —o— P3HT:PC : —e— photocurrent
N PSHT:PC,,BM < 30x10°} P
9\?’40 c 2.0x10™
W 30 o <X
o S
Woot O 1.0x10™}
10 i .": -------
0.0 r.
0 't 't 't ... 1 1 't 1 'l 'l
400 800 1200 1600 10 15 20 25 30
Wavelength (nm) Time (sec)

Figure 5.16 device characterization result a) dark J-V b) J-V under 1 Sun light ¢) EQE vs

wavelength d) photoresponse with IR light.

Table 5.3 Device Parameter of Calculated Plasmonic Organic Photovoltaics

Active Material | Jsc (MA/cm?) Voc (V) FF (%) PCE (%)
P3HT 17.42 1.01 44.32 7.8
P3HT:PC7:.BM 17.89 1.13 55.25 11.17

To realize the origin of enhancement of Voc of these devices, | fabricated a reference device
without any organic semiconductor, keeping all other components same. The schematic

presentation of this reference device is given in the inset of the Figure 5.17a). The J-V
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characteristics of this reference device is shown in Figure 5.17a), indicating without any
organic semiconductor it can works as a solar cell with a Jsc and Voc and PCE of 9.56 ma/cm?,
0.44 v and 1.36% respectively shown in Table 5.4. The EQE spectra of this reference device
shows an intense photocurrent generation up to the wavelength of ~1600 nm which is similar
to the P3HT and P3HT:PC7:BM devices (Figure 5.17b)). The J-V characteristics and the
EQE spectra of the reference device, clearly implies a tandem cell formation in both the
P3HT and P3HT:PC7:BM based device where 4 nm Au/Ag-TiO2/SnO> NPs/PEDOT:PSS
works as 1% cell which is connected in series with the P3HT:PC71:BM (or P3HT)/SnO2/LiF/Al
that works as 2" cell, resulting an addition of Voc and enhancement photocurrent spectra up
to 1600 nm.
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Figure 5.17 device performance of Au-Ag TC film based solar cell without active organic
layer a) J-V curve under 1 sun light b) EQE vs wavelength.

Table 5.4 Device Parameter of Calculated Au-Ag TC Film Based Photovoltaics

Jsc (MA/cm?) Voo (V) FF(%) PCE (%)
9.36 0.44 33.28 1.36

Despite tremendous gains in photovoltaic performance in OSCs, increased stability and

repeatability remain a critical concern for practical applications. For that, we checked
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reproducibility of the device performance by fabricating atleast 15 small area (0.25 cm?)
P3HT & P3HT:PC7:BM based devices. Here, we have shown the histogram plots in Figure
5.18a) and the distribution of the data points for champion devices based on P3HT &
P3HT:PC71BM active layer. From figure, we found that P3HT based device shows a PCE
ranging 7.3 to 8.1%, whereas blended P3HT:PC7:BM shows a distribution of PCE ranging
from 10.8 to 11.6%. The distribution peak of blended BHJ devices is a little bit higher than
that of single organic layer based devices. So, from the overall results, we can conclude that
blended BHJ polymeric devices shows better reproducibility and, performance wise, can

compete with other air stable organic photovoltaics.

The stability of the fabricated solar cells is an important topic to consider. We analyzed the
self-life-testing experiment, which demonstrated the long-term stability of the fabricated
cells. The self-life of the produced cells is determined by evaluating and recording the PCE
of devices after exposing them to ambient air and room temperature. All the devices are
stored in an ambient desiccator (humidity <40% and room temperature 25°C). The J-V
measurement is carried out over 720 hours until the produced cell revealed a PCE drop of
more than 20% from the initial value. All measurements are typically taken every five days,
with the cells exposed to the solar simulator's light for less than one minute to avoid the
degrading effect of POSCs. Figure 5.18b) shows the change in PCE of the devices with time
(t) in ambient circumstances. Blended film shows a better stability where it maintains PCE
of 80% up to 600 h.
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Figure 5.18a) reproducibility and b) air stability data of prepared plasmonic organic solar

cell devices

5.8 Conclusion

We have successfully developed a solution process low-cost synthesis technique by

depositing LTO/SnO2 NPs based thin film on mechanically flexible plastic substrate at low
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temperature by combined heating (at 100 °C) and UV illumination. Then, the loosely bound
Li* of this thin film has been replaced by Ag* through an ion-exchange process that forms a
Ag-TiOz thin film. A thermally evaporated 4 nm Au is deposited on top of this Ag-
Ti02/SnO2 NPs thin film, which shows high electrical conductivity (5-10 ohm/(1) and over
80% average visible transmittance in the range of 500-600 nm wavelength. This high
electrical conductivity of the film appears due to the percolated growth of nanostructure Au-
Ag NPs film during thermal evaporation. This film also shows a vibrant plasmonic
absorption in the UV-Vis-NIR region. By utilizing combined optical transparency and
plasmonic absorption features of this thin film, a plasmonic organic solar cell has been
fabricated using this transparent electrode as a bottom electrode, where 4 nm Au/Ag-
TiO2/SnO; thin film works as plasmonic electrode and LiF/Al substrate as top electrode.
Device shows a record PCE of 7.8% with pure P3HT and 11.17% with blended
P3HT:PC7:BM based film, which is unusually high w.r.t the ITO coated device. A reference
device without the organic semiconducting layer shows a solar cell behavior with a PCE of
1.36% to ensure a separate cell formation by the plasmonic Au-Ag based TC which is
connected in series with the fabricated organic solar cell. As a result, Voc improved by 1.5
times which ensures tandem cell formation in presence of an organic active layer. This P3HT:
PCBM BHJ organic layer shows an excellent ambient (25 °C, 40-60% RH) stability
(retained 80% of the initial PCE) up to 600 h of storage without encapsulation.
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Chapter 6

This chapter also mainly focuses on development of a bimetallic Au-Ag TC film and then
used that film for the detection of low molecule via Surface-Enhanced Raman Scattering
(SERS) study. It is known that the surface roughness and nanostructures of novel metal thin
film plays the major role in SERS study due to their intrinsic EM hotspots, multipolar
resonance, and other factors. Based on that knowledge, | developed a low cost and scalable
method to fabricate a nano-porous Au-Ag bimetallic thin film on a plastic substrate. This
percolated and conducting Au-Ag nanostructured thin film is developed by thermally
deposited Au film (4 nm mass thickness) onto a pre-deposited Ag-TiO> thin film. This Ag-
TiO: film, consisting of Ag nanoparticles (NPs) embedded in TiO2, is grown on SnO;
nanoparticle (NPs) thin film, forming a nano-porous structure with an average roughness of
3.9 nm. Moreover, this Au-Ag nanostructured is grown inside/over TiO> that helps plasmon
induced hot electrons transfer from Au-Ag nanostructure to the conduction band of TiO»,
which can enhance the SERS sensitivity of the substrate. This flexible Au (4 nm)/Ag-
TiO2/SnO2 (NPs) substrate demonstrates efficient SERS-based sensing, detecting Rhodamine
6G (R6G) dye and Vitamin B1> down to 1 pM and 1 nM concentrations, respectively. Detailed
investigation of the Au (4 nm)/Ag-TiO2/SnO2 NPs substrate for R6G detection shows its
capability to detection limit up to a single molecule level where as it can detect vitamin B12
up to 89 molecules. These observations are attributable due to improved photo induced
charge transfer (PICT) processes. This typical porous nature of the bimetallic thin film aids
in dispersing the analytes, thus lowering particle density for single molecule optical

detection, and enabling low-concentration measurements.

6.1 Introduction

SERS is an efficient analytic technique which amplifies the Raman signal on a metallic
nanostructured surface to identify the highly sensitive chemical and biological molecules or
structures.[298] This technique enables molecule level detection [263, 299]with an
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enhancement factors up to ~10'3-10'4.[300, 301] Recently, novel metal-based plasmonic NPs
such as Au, Ag, Cu have emerged as key players in various scientific and technological fields
due to their multifunctional properties, including tunable optical, electrical, and catalytic
behaviors.[262, 302-304] These NPs find wide applications in plasmonic photodetectors,
photo catalysis, transparent conductor & heat reflector, memory devices, chemical and gas
sensing, bio imaging, SERS and so on.[305-309] The size, shape, composition and
surrounding medium of these mono-metallic, bimetallic, or multicomponent NPs are the key
factors of their plasmonic properties.[310, 311] For SERS substrate application, bimetallic
or metal/metal oxide heterostructures are gaining attention for their enhanced optical
properties compared to single-metal nanostructures. Particularly, Au-Ag bimetallic
nanostructures are gaining interest due to the enhanced plasmonic effect of Ag NPs and
superior chemical stability of Au component.[312-315] Advantageously, Ag nano-structures
may allow the growth of Au on its surface without alloy formation due to their same set of
lattice parameters if processing temperature is restricted <50 °C, leading to the synthesis of
bimetallic nanostructures.[316] The growth of Au on Ag leads to the creation of various
LSPR, which can be tuned from visible to near-infrared regions, depending on the core Ag
geometry and atomic ratio of Ag and Au.[317, 318] This tunability extends the applications
of SERS sensing and biomedical fields, especially in NIR regions where background
fluorescence is minimal.[319, 320] Instead of the advantages SERS enhancement factors of
these Ag-Au based bimetallic plasmonic NPs is limited for practical applications that
required further research.

SERS enhancement relies on EM and chemical mechanisms. EM enhancement, the primary
component, arises due to the electric field generated on the surface of novel metal
nanostructures by excited surface plasmons (SPs), while chemical enhancement involves
charge transfer between nanostructures and adsorbed molecules.[321, 322] In both case,
analytes required an accessible surface for strong molecule-metal interaction.[323] However,
most of the colloidal plasmonic NP synthesis required organic ligands which limit that
molecule-metal interaction. Besides, a metal oxide semiconductor contact of plasmonic NP
helps light induced hot electron transfer from metal NP to semiconductor that effectively
enhances chemical mechanism.[324] Therefore, an ideal SERS system would be ligand free

metal NP/metal oxide heterostructure to maximize enhancement factors. However, only few
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studies have successfully combined these components into a stable, low-cost, highly
sensitive, and flexible SERS substrate.[325, 326] Besides, plasmonic hot electron of novel
MNPs can efficiently transfer to a conduction band (CB) of a metal oxide semiconductor like
TiO2.[194, 196] This energy charge transfer (CT) phenomena from metal NPs to the CB of
oxide semiconductor can largely improve the enhancement factor of SERS signal.[327, 328]
This concept has been explored mostly with the Ag/TiO2 system due to the strong SPR of
Ag and very fast charge transfer from Ag NPs to TiO2.[329] However, the environmental
stability of Ag NPs is not that high. Therefore, in-depth research is required to develop a

stable metal/metal-oxide SERS substrate with high enhancement factor.

Herein, this study demonstrated the fabrication strategy of environmentally stable and highly
sensitive SERS substrate by using Au-Ag bimetallic nanostructured based plasmonic thin
film grown on a mechanically flexible plastic substrate. These plasmonic Au-Ag
nanostructured is grown in the TiO2 matrix that improve the enhancement factor of SERS
signal by efficient CT phenomena. For this synthesis, 4 nm mass-thickness of Au has been
deposited by thermal evaporation on a pre-deposited Ag-TiO2/SnO2 NPs thin film which is
grown by a low temperature solution processed technique. This Au/Ag-TiO2/SnO2 NPs
substrate is not only mechanically flexible, but also optically transparent and electrically high
conducting. The SERS study has been investigated by using this substrate with R6G dye and
vitamin B12 biomolecules as analytes, indicating their detection limits of 1012 M and 10° M,

with an enhancement factor of 3.4 x10%and 2.2 x10° respectively.
6.2 Experimental Section

6.2.1 Preparation of Precursor Materials

The preparation process for ion-conducting dielectric LTO and SnO, NPs via low
temperature solution process technique has been explained in Chapter 2 Section 2.1.1 and
2.1.3. Preparation method of analytic solution R6G dye and Vitamin Biz is reported in
Chapter 2 Section 2.1.12.
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6.2.2 Fabrication of Au-Ag SERS Substrate
Bimetallic Au-Ag based SERS substrate has been fabricated on a flexible PET substrate and

the fabrication steps has been explained Chapter 2 Section 2.3.3, and schematically present

in Figure 2.9.

6.3 Results and Discussion

6.3.1 Surface Morphology (HR-SEM & AFM)

The surface morphology of (4 or 6 nm Au)/Ag-TiO2/SnO2 NPs thin film is studied by HR-
SEM. Figure 6.1a&b) demonstrated the morphological change of the films with different
mass thickness of thermally deposited Au film over Ag-TiO2/SnO2 NPs thin film. At a
critical Au deposition, a percolated Au nanostructure formation is observed which is realized
from the sudden change of its morphology. At the initial stage of this growth, thin films are
composed of metallic Au islands which forms interconnecting paths of Au as growth is
progressed and the residual voids are filled up with additional deposition.[330] The
percolated growth of Au during thermally grown Au becomes possible due enhanced lateral
growth rate of Au which is promoted by the pre-deposited Ag-TiO2/SnO2 NPs thin film due
to the pre-existing highly dense Ag-NP that works a nucleation point of Au growth. This
possible phenomenon has been realized from the Au film growth on a reference clean plastic
substrate which is shown in Figure 5.7a). Reference sample clearly show an isolated grain-
like Au growth over the plastic substrate upto 10 nm mass thickness, implying the importance
of pre-deposited Ag-TiO2/SnO2 NPs as an initial layer which helps to reach percolated nano-
porous structure at 4 nm Au mass thickness. Moreover, the nano-porous structure of this
SERS substrate (Figure 6.1a)) can create intrinsic EM hot spots which effectively enhance
the sensitivity of the film. Further deposition of Au film (~ 6 nm) covers the voids, results
less effective sensitivity which is shown in Figure 6.1b), is used as a reference film to study
side by side of the actual film. EDX and color-mapping attached to the HR-SEM instrument
is used to figure out the contents and amount of metallic elements present in both type of
film 4 nm Au/Ag-TiO2/ SnO2 NPs (Figure 5.5) and 6 nm Au/Ag-TiO2/SnO2 NPs (Figure
6.2) which confirms the presence of Au, Ag, Ti, Sn and O uniformly throughout the thin

film.
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Further, AFM has been used for more detailed surface study of Au/Ag-TiO2/SnO2 NPs thin
films to recognize the surface roughness (Rms) in Figure 6.1c&d). Surface roughness for 4
nm Au/Ag-TiO2/SnO2 NPs is quite high (Rms~3.91 nm) compared to 6 nm Au/Ag-TiO./
SnO2 NPs (rms~1.62 nm). Besides, 4 nm Au/Ag-TiO2/SnO2, NPs film has larger porosity
compared to the 6 nm Au/Ag-TiO2/SnO2 NPs which is beneficial for generating hotspot and
multipolar resonance effect during the interaction with EM wave that essentially enhanced
the SERS significantly. The height profile of these two films are shown in the inset of Fig.
Figure 6.1c&d) whereas Figure 6.1e&f) shows the 3-D AFM image of these two respective

films.
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Figure 6.1 FE-SEM photographs of Au/Ag-TiO2/SnO2 NPs thin film at room temperature
on plastic. Each photograph's average film thickness is listed below. a) percolating nano-
porous structures b) complete percolating structures c&d) 2-D AFM image of (4 or 6 nm
Au)/Ag-TiO2/SnO2 NPs. Each image height profile is listed in the inset e&f) 3-D AFM image
of (4 or 6 nm Au)/Ag-TiO2/SnO2 NPs. R.M.S Roughness of each film is listed in the graphics.

160



Chapter 6

a
) 99K Element Weight% Atomic %
8.8K
== OK 62.56 93.91
el Au M 28.62 3.03
-l Ag L 4.81 1.04
SnL 1.38 0.27
TiK 2.63 1.76
Ag Sn Sn
A Ag Ag Snsn T Ti Au

100 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00

b) 6 nm Au/Ag-TiO,/SNO, NPs

Figure 6.2 EDX and color mapping image of 6 nm Au/Ag-TiO2/SnO2 NPs on plastic.

6.3.2 XRD, Raman, UV-Vis Absorption, and PL Spectra

Figure 6.3a) depicts XRD pattern of the thin films that are deposited in the similar way as
of Au-Ag based bimetallic nano films fabrication This figure clearly shows the XRD patterns
of both substrates (4 or 6 nm Au)/Ag-TiO2/SnO2 NPs) exhibits identical XRD pattern but
with different intensities. In both cases, the peak position is located at 26 of 26.17°, 33.58°,
51.47° and 54.45° which corresponds to (110), (101), (211), and (310) planes respectively,
indicating the formation of SnO2 NPs thin film over the substrate (JCPDS file no. 411445).
Also, the peak position of TiO2 at 20 ~ 24.52° corresponds to (110) planes (JCPDS file no.
731764). Besides, the peak position of Au or Ag NPs are located at 26 ~ 37.83° and 44.02°
which corresponds to (111) and (200) planes respectively (JCPDS file no. 897322). The XRD

peak positions of Au or Ag NPs are common because of their very similar lattice parameters.
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From this XRD spectra its very clear that the width of the peaks is quite wide, indicating the

small size of the metal/metal oxide nanoparticle.

The synthesized 4 nm and 6 nm Au/Ag-TiO2/SnO. NPs thin film are characterized using
Raman spectroscopy with 532 nm excitation laser sources. The Raman spectra of both
samples, collected using a green laser (532 nm), are displayed in Figure 6.3b). The presence
of various characteristic phonon modes at ~628 cm™ is arising due to the SnO2 NPs, at ~
856,1287 and ~1725 cm™* are observed for plastic substrate, and Raman modes observed at
~1098 & 1613 cm™ are because of Au/Ag NPs. Raman Spectra of reference plastic substrate

is given in Figure 6.4a).

For optical studies, thin film of (4 or 6 nm Au)/Ag-TiO2/SnO> NPs is fabricated on a quartz
substrate. Figure 6.3c) displays the normalized UV-Vis absorbance spectrum of Au/Ag-
TiO2/SnO2 NPs thin films throughout the optical spectral range of 300-1800 nm. The
absorption spectra of as-prepared (4 or 6 nm Au)/Ag-TiO2/SnO2 NPs thin films demonstrate
strong plasmonic absorption with wide spectral broadening extended from UV-Vis to NIR
region up to 1600 nm with a peak position ~ 750 nm. However, reference pure Ag NPs film
has a plasmonic peak situated in the blue region around 420-440 nm, while reference Au NPs
film has a plasmonic peak of around 520-550 nm. Therefore, it can be concluded that the
bimetallic Au-Ag NP formation causes the absorption peak shift to ~750 nm with a large
broadening of spectra extended up to 1500 nm, particularly for the longitudinal plasmon
mode of this metallic network. The photoluminescence (PL) spectra of the (4 or 6 nm
Au)/Ag-TiO2/SnO2 NPs thin film is shown in Figure 6.3d) which is acquired in the range of
320-550 nm with an excitation wavelength of 300 nm, indicating the emission peaks of
around 370 nm (3.35 eV), with a FWHM of 55 nm. The PL peak position at 370 nm suggests
specific optical properties that could be attributed to the formation of an Au-Ag NP on
Ti02/SnO2 matrix. We also observed that the reference pure Au NPs also have PL with the

same peak position (~370 nm) but with much lower intensity (Figure 6.4b)).
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6.3.3 SERS Study

We have performed a SERS study to detect R6G dye using 4 nm and 6 nm Au/Ag-TiO2/SnO;
NPs thin films as SERS substrates, which is shown in Figure 6.5a&b). The limit of detection
for R6G, adsorbed over 4 nm and 6 nm Au/Ag-TiO2/SnO2> NPs thin films substrates are
found to be 1022 M and 10° M, respectively, which is an excellent SERS activity at room
temperature. With increasing dye concentrations, the SERS peaks for R6G become more
intense. Figure 6.5¢&d) displays the linear response curve of a prominent peak (~ 611 cm™?)
intensity with dye concentration. A notable intensity at picomolar concentration indicates
that R6G is highly detectable. The most intense peak, centered around 611 cm™ for R6G dye,

is due to the aromatic C-C stretching of the R6G molecule.
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Figure 6.5 SERS spectra of R6G dye of different concentrations on a) 4 nm Au/Ag-
TiO2/SnO2 NPs/plastic substrate (107 to 10712 M) b) 6 nm Au/Ag-TiO2/SnO2 NPs/plastic
substrate (103to 10°° M) c) linear fitting curve of 4 nm Au/Ag-TiO2/SnO, NPs/plastic
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substrate (107 to 10712 M) and d) linear fitting curve of 6 nm Au/Ag-TiO2/SnO, NPs/plastic
substrate (1073 to 10° M).

We have also performed a SERS study to detect vitamin B2 using 4 nm and 6 nm Au/Ag-
Ti02/SnO2 NPs thin film substrates, as shown in Figure 6.6a&b). The limit of detection for
vitamin B> adsorbed over 4 nm Au/Ag-TiO2/SnO. NPs thin films and 6 nm Au/Ag-
TiO2/SnO2 NPs thin films are found to be 10° M and 10" M, respectively, which indicates
strong SERS activity at ambient temperature. The most intense peak centered at ~1501 cm™
for the 4 nm thin film and 6 nm thin film (assigned to the stretching of C=C and C=N bonds
of the corrins with mild contributions from CH, CH2, and CHs bending modes) is preferred
here for vitamin B1> detection. It’s found that a lower SERS signal is detected as the vitamin
B1, concentration decreases. The linear variation of peak intensity at 1501 cm™ of vitamin
B12 with concentration on the 4 nm and 6 nm thin film substrates, respectively, is displayed
in Figure 6.6c&d). The notable peak intensity even at a nanomolar (10° M) concentration
of vitamin Bi> on the 4 nm Au/Ag-TiO2/SnO2 NPs thin film substrate indicates the

ultrasensitive detection, which is better than the 6 nm thin film used as a SERS substrate.
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Figure 6.6 SERS spectra of vitamin B> at different concentrations on a) 4 nm Au/Ag-
TiO2/SnO2 NPs/plastic substrate (1073 to 10° M) b) 6 nm Au/Ag-TiO2/SnO2 NPs/plastic
substrate (103to 107 M) c) linear fitting curve of 4 nm Au/Ag-TiO2/SnO, NPs/plastic
substrate (1073 to 10~° M) and d) linear fitting curve of 6 nm Au/Ag-TiO2/SnO2 NPs/plastic
substrate (1073 to 10" M).

To check the uniform distribution of analyte molecule molecules over SERS substrate, we
have performed the SERS mapping corresponding to Raman intensity ratio of SERS
substrate to analytic molecule. Figure 6.7a&c) shows the SERS mapping ratio or 4nm and
6nm Au/Ag-TiO2/SnO2 NPs corresponding to R6G dye. Additionally, the SERS uniformity
is also verified by plotting the histograms showing the SERS intensity at ten different
locations shown in Figure 6.7c&d). The calculated coefficient of variation is ~0.017 for
R6G on 4 nm Au/Ag-TiO2/SnO2 NPs and 0.028 for R6G on 6 nm Au/Ag-TiO2/SnO2 NPs.
Similarly, we have performed for SERS mapping ratio corresponding vitamin B> over 4nm
and 6nm Au/Ag-TiO2/SnO2 NPs as shown in Figure 6.8a&c) and the histograms plot
corresponding to SERS data point at ten different locations for vitamin B12 on 4 nm and 6nm
AU/Ag-TiO2/SnO2 NPs as shown in Figure 6.8b&d).
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Figure 6.7 mapping images of the ratios of Raman intensities of the SERS substrate to R6G
on a) 4 nm Au/Ag-TiO2/SnO2 NPs and c) 6 nm Au/Ag-TiO2/SnO2 NPs b&d) histograms
depicting the distribution of SERS intensities at different locations for corresponding
substrates, along with their coefficients of variation.

a) [ 4 nm Au/Ag-TiO,/SnO, NPs (Vitamin B,,)
1.2 ~
. S Cofficient of variation =0.020
S
0.8 <
| B
3 € =
g 4 0
04 5
2 [}
art
Moo
2 4 6 8 10
Different points
C) d) Il 6 nm Au/Ag-TiO,/SnO, NPs (Vitamin B ,)
. 1.4 ; Cofficient of variation = 0.035
©
S
& - x
€ €
(7]
3 x 05 &
: g
£
.-0_0

2 4 68 10
Different points

Figure 6.8 mapping images of the ratios of Raman intensities of the SERS substrate to
vitamin B12 @) 4 nm Au/Ag-TiO2/SnO2 NPs ¢) 6 nm Au/Ag-TiO2/SnO2 NPs b,d) histograms
depicting the distribution of SERS intensities at different locations for corresponding

substrates, along with their coefficients of variation.

We have also performed SERS mapping at three different regions of SERS sample to check
SERS uniformity throughout. The SERS ratio mapping for three different regions of R6G
and vitamin By» at two orders of magnitude lower than the highest detection limit is presented
in Figure 6.9 & Figure 6.10. This mapping clearly demonstrates the uniform distribution of

these analytic molecules across both SERS substrates used for detection.
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Figure 6.9 Mapping images of the ratios of Raman intensities of a-c) 4 nm Ag-TiO2/SnO;
NPs substrate to R6G and d-f) 6 nm Ag-TiO2/SnO2 NPs substrate to R6G.
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Figure 6.10 mapping images of the ratios of raman intensities of a-c) 4 nm Ag-TiO2/SnO>
NPs substrate to vitamin B12 and d-f) 6 nm Ag-TiO2/SnO2 NPs substrate to vitamin Bio.

Long-term stability of the SERS substrate is investigated at room temperature. The SERS
spectra of analytes vitamin Bi2, and R6G at the lowest detected concentration are collected
after 1,2 and 3 months, as shown in Figure 6.11a,b,c&d). The SERS spectra of the substrate
on the 1st day and after 1,2 and 3 months show small variation, which may be due to the
slight changes in measuring environments. The measured signal intensities of characteristic
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peaks from the SERS substrate demonstrated the proposed substrate maintained its fine

features and intensities up to months.
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Figure 6.11 SERS spectra after 1-3 months, comparing with initial SERS initial preserved
substrate a,b) R6G on 4 nm and 6 nm Au/Ag-TiO2/SnO> and c,d) vitamin B12 on 4 nm and
6 nm Au/Ag-TiO2/Sn0:.

The most significant impact to SERS enhancement comes from the EM mechanism, which
is predominantly due to the excitation of LSPR on the metal nanostructures. LSPR are
collective oscillations of conducting electrons in the plasmonic materials, which occur when
the incoming light matches the natural frequency of the outermost electrons vibrating against
the restoring force of positive nuclei. When localized surface plasmons are excited, they
generate intense EM fields at the surface of the nanostructures, particularly at "hot spots"
such as sharp edges, tips, and interparticle junctions. The Raman scattering signal of
molecules located in these hot spots is significantly enhanced due to the increased local
electromagnetic field (Figure 6.12a)). The enhancement factor is highly dependent on the

size, shape, and interparticle distance of the metal nanostructures. Optimizing these
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parameters can lead to very high local field enhancements and, consequently, substantial
SERS signals.[331, 332]

The other mechanism involved is chemical enhancement, wherein charge transfer (CT)
between adsorbed molecules and the metal oxide semiconductor layer is considered to be
crucial in plasmon driven chemical reactions. Semiconductors possess an energy gap
between an empty conduction band (CB) and a full valence band (VB), and the CT between
the semiconductor and molecules is dependent on the vibronic coupling of the CB or VB
with the excited and ground states of the molecule. In this case, a chemical transition between
the HOMO and LUMO of adsorbed molecules might take place. CT can happen from
semiconductors to molecules or the other way[333] around (Figure 6.12b)). The key variable
in the Raman scattering enhancement metal/metal oxide hybrid nanostructure (Figure 6.12c)
is believed to be the combination of the EM mechanism (e.g., mie resonance) and chemical
effects (e.g., band gap resonance). This complex enhancement mechanism includes plasmon-

derived enhancement or CT from metals/metal oxide heterostructure.[334]

We used Albrecht's methods, adding Herzberg-Teller vibronic coupling into the
polarizability formula, to establish an analytical expression for the Raman intensity near
single or bi-metal nanoparticles. This method allows for breakdowns in the Born-
Oppenheimer approximation and is extended to second order in perturbation theory. By
considering the molecule-metal system as connected and including the occupied and
unoccupied levels of the metal conduction band in the Herzberg-Teller expansion to improve
Albrecht's estimates. We showed that the largest enhancement happens when transitions to
or from the metal levels are at the energy level of Fermi by substituting an integral for the
sum over metal states. The resultant polarizability (R) expression is similar to Albrecht's and
can be expressed as R = A + B + C, which is the sum of three components. In this case, term
A has solely Franck-Condon integrals as numerators. This factor disappears well away from
resonance; nevertheless, one of the terms in A may become important close to resonance,
permitting only completely symmetric Raman lines. This term is usually attributed to
resonance Raman spectra. The B and C terms are Herzberg-Teller contributions resulting
from metal-to-molecule or molecule-to-molecule charge-transfer transitions, respectively;

these transitions "borrow™ intensity from adjacent allowed molecular transitions via the
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Herzberg-Teller coupling constant (h). SPR or CT processes can improve the intensity of the
resultant vibrational modes, and the B and C components permit transitions to both fully
symmetric and non-totally symmetric modes. The presence of any or both of the B or C
factors is required when SERS spectra show intensity in non-totally symmetric normal
modes.[335, 336] These components, along with the A term, may also contribute to

completely symmetric bands. A term is given by-

_ Brc e CUlkXkSY
Ric(w) = {(e1(w) +2€0)2+€5 (0)}C {(w?; — w2)+ Y2} (6.)

In the denominator, the first term represents the valence band plasmon resonance, a feature
present in all subsequent expressions. For the A-terms, an additional resonance occurs, which
can be attributed to either the charge transfers from the HOMO to the conduction band edge
(at ® = wic) or from the valence band edge to the LUMO of the molecule (at ® = ®vk). The
numerator includes the oscillator strength of these charge-transfer transitions, governed by
Franck- Condon selection rules, which are nonzero only for totally symmetric normal modes
and allow for overtones (f=i+1,i+2,i+3,...). Consequently, when the A-term dominates,
one would expect extensive progressions in totally symmetric modes. Nevertheless, such
long progressions are infrequently observed in SERS spectra, indicating that the intensities
of even the totally symmetric modes may result from B- or C-term contributions.[337] Both
analytical formula for B and C are quite difficult since they entail infinite sums over every
state of the molecule-metal system. Still, just one or a few factors will predominate in the
total when the excitation wavelength is close to a CT or molecular resonance in addition to

SPR. One of these dominant B terms can be expressed as:

mo h{i
RICV((‘)) — { Pmotberh (lQklfy (62)

(€1(@) +2€0)2+€5 (@)} {(Whyo1 = @2)+ Yoo))} (@ — @)+ YEp)

The surface-enhanced Raman intensity is proportional to the square of the polarizability, so
for a single dominant term. In this expression, i, f, and k represent the ground state, a charge-

transfer state, and an excited molecular state of the molecule-metal system, respectively.

The denominator of the expression involves the sum of three terms, each representing a
different resonance contribution to SERS. This shows how various resonant interactions,
including CT and molecular resonances, in conjunction with SPR, contribute to the enhanced

Raman signal.
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Apart from the metals to semiconductors CT pathway, photosensitive molecules may also
facilitate the reverse direction of CT from semiconductors to metals. In these situations,
depending on how the building blocks and SERS probes are assembled, CT either begins
with the semiconductors or the adsorbed molecules.[338] In the case of Au/Ag-TiO2/SnO>
NPs grown over the plastic substrate, used analytic molecules R6G & B1. (HOMO levels are
-5.7,-5.5eV, LUMO levels are -3.4, -3.5 eV respectively) are expected to lie as per literature
reports.[339] For both analytic molecules, electrons are first excited from the HOMO level
to the LUMO level (Figure 6.12d&e)), then subsequently transferred to lower level of the
Ag-TiO2/SnO2 NPs complex due to the energy level equilibration (band position of
semiconductor are collected from literature review) and then injected into the Fermi levels
of Au (Ws~ -5.1 eV) via the Ag NPs (W~ -4.7 eV).[294, 295, 324] The introduction of bi-
metallic Au-Ag NPs, decreased the CT threshold, extended the CT response to NIR region,

and enhanced the CT efficiency in the high-energy region.
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Figure 6.12a,b&c) SERS mechanisms: plasmon-induced enhancement on metals, CT on
semiconductors, and the synergistic contribution of plasmons and CT on metal-
semiconductor heterostructures. Mechanisms of the photo induced CT process in Au-Ag
based metal-semiconductor heterostructures: d&e) Au/Ag-TiO2/SnO2 NPs heterostructures

for R6G dye and vitamin Bi2 respectively.
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For further investigations of CT mechanism, we examined the change in the ambient
temperature PL spectrum of (4 or 6 nm Au)/Ag-TiO2/SnO2 NPs on plastic substrates with
and without R6G dye & vitamin B1> biomolecules (Figure 6.13a&b)). Ambient temperature
PL spectra and its quenching for R6G dye demonstrate that the PL intensities of substrates
treated with the dye (102 M) decreased drastically (~ 60-70%) when compared to the PL
intensities of the same SERS substrates without the dye. In case of vitamin B2 (102 M) PL
almost quenched completely compared to the original substrate. This experiment
demonstrates that the CT process has been confirmed since the greatest number of electrons
are transported from SERS substrates to R6G dye and vitamin B12 biomolecules, and only a

small number of electrons return from the CB to the VB.
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Figure 6.13 PL spectra of a) 4 nm Au/Ag-TiO2/SnO2 NPs and b) 6 nm Au/Ag-TiO2/SnO>
NPs on plastic substrate with and without R6G dye & vitamin Bi».

Additionally, we have determined the number of biomolecules involved in SERS as well as
in normal Raman scattering Nggrs and Nzaman respectively. Using this calculation, we

further estimated the SERS enhancement factor (EF) by using the following equations:

_ CVN gARaman
NRaman - T 4., T (63)
Sub
_ PhN 4ARaman
Nsgps = —, == (6.4)

EF = ISERS NRaman
IRaman NSERs
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Here, C denotes the molar concentration of the biomolecule in solution, V is the volume of
the irradiated solution, and N4 is Avogadro number. The laser spot area is denoted by Araman
, While Asub represents the effective area of the substrate. The density and molecular weight
of the bulk biomolecule are indicated by p and M, respectively. Isers represents the intensity
of the Raman signal obtained with the SERS substrate, while Iraman is the intensity of the
normal Raman signal recorded without any enhancement. Nraman refers to the number of
molecules contributing to the normal Raman signal and Nsgrs indicates the number of
molecules interacting directly with the SERS-active surface, usually limited to those located

at or near the substrate’s hot spots.

In the SERS studies, 1 and 116 molecules for R6G are detected on 4 nm and 6nm Au/Ag-
TiO2/SnO2 NPs at the lowest concentrations of 1012 M and 10° M, respectively. For vitamin
B12, 89 and 6120 molecules are detected on 4 nm and 6 nm Au/Ag- TiO2/SnO2 NPs substrates
at 10° M and 107 M, respectively. After calculating and substituting all parameters into
Equation 6.5, the EF values for R6G at ~ 611 cm™, and vitamin B, at ~1501 cm™ on the 4
nm Au/Ag-TiO2/SnO, NPs substrate are found to be 3.4 x108and 2.2 x10°, respectively.
Similarly, for the 6 nm Au/Ag-TiO2/SnO, NPs substrate, the EF values are 4.8 x10° for R6G
and for vitamin B2 5.1x10%. The calculated number of molecules, and EF are provided in
Table 6.1 and Table 6.2.
Table 6.1 Calculated No. of Molecules for SERS Substrate

Substrates R6G Vitamin Bi2
4 nm Au/Ag-TiO2/SnO2 NPs 1 89
6 nm Au/Ag-TiO2/SnO2 NPs 116 6120

Table 6.2 Calculated EF for SERS Substrate

Substrates R6G Vitamin B2
4 nm Au/Ag-TiO2/SnO2 NPs 2.07 x 108 2.2 x10°
6 nm Au/Ag-TiO2/SnO; NPs 6.024 x 10° 6.38 x 10°
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Table 6.3 presents a comparison of detection limits for different analytes on various SERS
substrates reported in literature. The detection limits achieved in this study notably surpass
those reported for pristine metal/metal oxide substrates.

Table 6.3 Comparison Table of SERS Detection Limits for Different Substrates with
Different Analytical Methods

SERS Substrate | Preparation Detection Analyte Detection | Ref.
Method method molecules limit (M)
MoS:@ZnO@Ag | Hydrothermal SERS Bilirubin 108 340]
R6G 9.3x10°10
Ag@Fe203 Hydrothermal SERS — 341]
Bilirubin 2.3x10°®
Ag/Sn0;
Spray-
nanocore _ SERS R6G 1012 342]
_ pyrolysis/PVD
composite/glass
Ciprofloxacin
Au/SnO2/glass PVD SERS 108 294]
(CIP)
10 nm
) Chemical
AQ/AQ4Tis012 SERS MB 10° 343]
method/PVD
/glass
Ag@SiO2-Au Chemical
SERS RhB 5x10° 344]
NPs Method
4 nm Au/Ag- Chemical SERS R6G 1012 This
TiO2/plastic method/PVD Vitamin B2 10°° work

6.4 Conclusion

In summary, we have successfully synthesized nano-porous Au-Ag bi-metallic thin film on
a pre-deposited solution processed Ag-TiO2/SnO2 NPs film of different mass thickness of
Au NPs and used them as SERS substrates for detecting different analytes like R6G dye and
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vitamin B> biomolecules. Morphological study shows the 4 nm Au/Ag-TiO2/SnO;
NPs/plastic sample has a percolated metallic nanostructure that has high porosity with high
surface roughness but uniformly distributed throughout the sample. This typical Au-Ag
nanostructure has high environmental stability due to its typical Au-embedded Ag
nanostructure, also has high density EM hotspots originating from its nanoporous structure
and high roughness which is an essential condition for developing a highly sensitive SERS
substrate. Besides, Au-Ag nanostructure is grown inside TiO. matrix that helps charge
transfer of plasmon induced hot electrons from Au-Au nanostructure to TiO2, which can
enhance the SERS sensitivity. The SERS detection limits of R6G dye on 4 or 6 nm Au/Ag-
TiO2/SnO2 NPs/plastic substrates are 1072 & 10~° with EF values of 2.07 x10%and 6.02 x10°
respectively. While SERS detection limits of vitamin Bi2 on 4 or 6 nm Au/Ag-TiO2/SnO.
NPs/plastic substrates are 10° & 107" M with EF values of 2.2 x10°and 6.38x10°
respectively. These superior SERS performances of Au-Ag thin films are due to strong
coupling of LSPR effect of plasmonic metal NPs with molecular resonance & CT process
from metal/metal oxide layer to analytic molecule and this CT mechanism is verified by
observing the decline of ambient temperature PL of R6G dye & vitamin Bi2 molecule
adsorbed SERS substrates.
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Chapter 7

7.1 Conclusions

My PhD thesis is primarily built upon three key findings that have significantly shaped my

research progress;

1. Development of a cost-effective, scalable synthesis technique of Plasmonic thin film by

utilizing solution processed ion-conducting oxide as initial material.

2. Development of a mechanically flexible Ag based transparent conductor and transparent
heat reflector and its application as a self-bias plasmonic photodetector and heat reflecting

coat for smart window applications.

3. Fabrication of a novel bimetallic Au-Ag transparent conducting thin film and used that
new technique in diverse fields of solar cells, plasmonic photodetector and biosensors

applications.

| have leveraged these three key findings for multiple applications in photonic technologies.
The striking features of this thesis work are the improvement of transparency and electrical
conductivity of plasmonic NPs based transparent conducting film as an alternative of ITO

coated film. A brief discussion of these applications follows in the subsequent section-

Firstly, the thesis addresses the oxidation issue of the plasmonic thin films that arises in Ag-
based plasmonic devices due to open air instability. Till now researchers basically focus on
colloidal or composite synthesis route for the fabrication of Ag-plasmonic film, but all these
techniques have critical issues related to atmospheric stability. To mitigate this, we have
introduced a novel low cost where lithium titanate (LisTisO12), an ion-conducting oxide is
used as the initial material. This ceramic contains light ions like Li* and this mobile ion can
move through the crystal channel easily. By taking advantage of these mobile ions, we have

chemically replaced Li* by Ag® inside the dielectric matrix to form a stable Ag-TiO; thin

177



Chapter 7

film. This new innovation helps to fabricate plasmonic thin film with much more stability,
making it feasible for multi-functional photonic applications. Using Ag-TiOz thin film, I
have successfully fabricated a narrowband plasmonic hot electron based photodetector in
photoconductor geometry. Device shows a very good detectivity of 3.19x10!! Jones 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.

Secondly, the concept of low cost and scalable synthesis of Plasmonic thin film is extended
further by depositing Ag based transparent conducting film on a flexible PET (plastic)
substrate via low temperature synthesis route. Initially, I demonstrated the development of
Ag nanostructured based flexible transparent conductor and its application as a self-biased
plasmonic photodetector. Moreover, | used this film to fabricate a cost-effective flexible
transparent heat reflector for energy-efficient smart window applications. The integration of
an Ag-TiO> thin layer, derived from a solution-processed LTO precursor via ion exchange,
facilitated lateral Ag growth, enabling a percolated Ag network at ultrathin thickness (~10
nm) of Ag film. The resulting Ag/Ag-TiO> thin film exhibited a low sheet resistance of ~50
Q/sq with >70% transmittances in the visible range, making it a promising candidate for
transparent electrode applications. This nanostructured Ag film is successfully employed in
a plasmonic hot electron photodetector, leveraging its surface plasmon absorption to achieve
a peak detectivity of 2.84x10'? Jones at 510 nm with a fast response time of ~25 ms. In
parallel, the same Ag/Ag-TiO> bilayer structure is utilized to develop a flexible and
environmentally stable THR coating, exhibiting high IR/NIR reflectivity (~85-90%) while
maintaining 50-70% visible transmittance. A polymer overcoat (PMMA) further enhanced
its durability. The effectiveness of this THR film is demonstrated in a real-world prototype,
where its application on a glass window led to an internal temperature reduction of ~ 6-7°C

under daylight conditions, underscoring its potential for smart window technologies.

Thirdly, 1 have extended these findings in the next level by developing a mechanically
flexible and highly transparent bimetallic Au-Ag transparent conductor, which is comparable
to commercially available ITO coated film. This work presents a scalable approach for
fabricating highly transparent and conductive Au-Ag bimetallic nanostructures via PVD,

utilizing a pre-deposited Ag-TiO2/SnO- (or ZnO) NP seed layer with 4 nm Au deposition
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over it to induce percolated nano-porosity. The prepared film shows a sheet resistance of 5—
10 Q/o and visible transmittance of 75-80%, enabling its application in plasmonic
photodetectors, solar cells and biosensors. Film works as a transparent electrode as well as
plasmonic hot electron generator in an M-S-M photodetector device configuration that
achieves a peak detectivity of 1.6x10*® Jones at 750 nm with a fast response (~33 ms),
demonstrating its efficacy for IR-sensitive optoelectronics. Additionally, its integration as a
back electrode in inverted plasmonic organic solar cells (POSCs) yields record efficiencies
of 7.8% (P3HT) and 11.17% (P3HT: PC.:BM) due to enhancement of open-circuit voltage
in presence of plasmonic film, confirmed tandem cell formation. Furthermore, the porous
Au-Ag nanostructured film serves as an ultrasensitive SERS substrate, detecting R6G and
Vitamin Bioup to 1 pM & 1 nM, respectively. Overall, this study demonstrates the multi-
functionality of Au-Ag nanostructures, offering a cost-effective and high-performance
alternative for plasmonic optoelectronics, energy conversion, and molecular sensing

applications.

7.2 Future Perspectives

The developed Ag and Au-Ag nanostructured films hold significant potential for advanced
photonic applications beyond their current utilizations. Future research can be focused on
optimizing their plasmonic properties for next-generation transparent photodetectors,
extending their spectral sensitivity into the NIR and shortwave infrared (SWIR) regions for
low-light imaging and night vision technologies. Additionally, their integration into ultrathin
and flexible optoelectronic devices will be explored, including transparent touch sensors,
wearable photodetectors, and smart windows with dynamic optical modulation. In energy
applications, further engineering of these films could enhance light trapping in tandem and
perovskite solar cells, improving energy conversion efficiency. Their unique SERS
capabilities also make them promising for real-time biosensing and environmental
monitoring, enabling label-free molecular detection with ultrahigh sensitivity. Furthermore,
the nano-porous architecture of these films could facilitate surface plasmon-driven
photocatalysis for sustainable chemical synthesis and pollutant degradation. The scalability
and compatibility of these films with solution-processed techniques will also be explored for

roll-to-roll fabrication, enabling cost-effective manufacturing of large-area photonic devices.
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Overall, these advancements will position Ag and Au-Ag films as key materials for future
photonic technologies spanning optoelectronics, energy harvesting, sensing, and

environmental applications.
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