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PREFACE

Now a days, multilayer thin films are common elements of many opto-electronic and photonic
devices and the industrial development of these materials has led to the realization of active and passive
optical elements and commonly found in all kinds of optical characterization setups. The optical thin films
have numerous applications in many fields of science and technology. For the design of multilayer thin
films, a variety of methods have been explored. The most adaptable method is numerical simulation. Optical
surfaces having any desired reflectance and transmittance can be achieved by means of thin film coatings.
Active and passive optical components have their role and importance in opto-electronic and photonic
devices. In our thesis, the active optical components we had used are quantum dots and fluorescein materials
and the passive optical components are the multilayer thin films. Multilayer thin films, with layer thicknesses
on the nanoscale, have a unique geometry that results in a wide range of novel features and behavior not
seen in the bulk.

The multi layered thin film coatings can be conveniently used to realise various optical filters like anti-
reflection coatings, highly reflecting mirrors, high pass filters, comb filters etc. Distributed Bragg reflectors
are one of the most prominent optical materials used in optoelectronics. Due to its unique features and cost-
effective fabrication methods, such as the sol-gel method, they have gained a lot of attention in opto-
electronic and photonic devices. These highly reflective dielectric mirrors are employed in waveguides, laser
resonators, optical filters and sensors, together with other applications. The present thesis entitled
“Realization of active and passive optical components and their applications using multilayered
polymer/inorganic thin films” reports the fabrication method of these featured DBRs and incorporate their

uses into photonic and optoelectronic applications.

On incorporating these multilayers with an emitting material or quantum dots, forming a cavity like
structure, have a wide range of applications. Among the quantum dots, Carbon Quantum Dots (CQDs) are
rising stars due to their low cost, strong fluorescence, nontoxicity, adjustable luminescence range, excellent
light stability, non-blinking property and good solubility etc. In our research work, we had developed highly
stable, optically transparent and variable refractive index polymer-inorganic nano composite by solution
chemistry method and fabricated DBR using this polymer. Highly luminescent carbon quantum dots from
glucose were prepared by microwave assisted hydrothermal method. We have observed the plasmon coupled
fluorescence tuning in metal dielectric multi layered structures by reverse Kretschman configuration and
studied the influence of PMMA on SPCE tuning. Surface plasmon resonance is a promising technique and
now a days, surface plasmon resonance and surface plasmon coupled emission are widely used in the field
of biosciences and material sciences. The study of the light matter interaction or energy transfer mechanism

by incorporating carbon quantum dots or emitting materials with multilayers have wide range of opto-

xi



electronic and bio-photonic applications. So, we had adopted simple, low cost and green assisted method
for the preparation of all the sample and these works will create wide possibilities in the fabrication of opto-
electronic and photonic devices. Hence it is believed that the results of this study have practical importance

owing to their numerous applications.

All the results obtained from these studies are documented under eight chapters of the thesis. The
last chapter of the thesis is the recommendations for the future work. References closely related to the present
work have been compiled to the extent possible and given at the end of the thesis. Some of the results
reported in this thesis have been presented in National and International seminars/conferences and also

published in international journals.
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Chapter -1

Introduction



Introduction

Most of the materials science research and its technological developmental studies
were progressed by carrying out the basic studies of the materials in their thin film form. Thin
film technology was known for several decades. Later it was identified that the thin film
characteristics differ abruptly from its bulk counterpart. Some of the optical properties like
reflection, transmission and absorption of optical materials could be altered by varying the
thickness, refractive index and the crystalline nature of the materials in thin film form. Further
interesting properties were observed on stacking multiple layers of thin films with each layer
having optical constants different from other layers. Here we have explored various multilayer
designs using numerical simulations and its possible practical applications in the field of optics
and photonics by fabricating multilayers using cost effective and ecofriendly materials and
methods. Multilayered thin films can either be a part of or in full integrated to an optical device.
Further potential of these multilayers in an optical device as a passive component and as an
active component were explored in this work. This chapter gives an introduction, theoretical
background, motivation of the work, various multilayer designs and its possible application

designs.
1.1. Bulk vs Low Dimensional Structures

Tracing the origins of many of the most beautiful phenomena in the universe is a very
interesting study. Many of these beautiful phenomena are different from each point of view.
Nanomaterial properties are completely different from bulk material properties. These low-
dimensional materials are of valuable because they connect the bulk materials and the
molecular domains. The optical properties of crystalline and non-crystalline media are
dramatically altered by reducing the characteristic size of materials, which also makes it
possible to create materials with novel and distinctive qualities. The changes in optical
characteristics of materials caused by decreasing their characteristic size are caused by the
photon/light confinement effect. A material is said to be in a confined structure when its
electrical or optical characteristics change noticeably as a result of confinement in at least one
dimension (1D). (Scher et al., 2016) So, the two-dimensional (2D) materials, such as quantum
wells (Q-wells), are confined to one dimension; (Barbagiovanni et al., 2014) one-dimensional

(1D) materials, such as quantum wires (Q-wires) are confined to two dimensions; (Edvinsson,



2018) and zero-dimensional (OD) materials, such as quantum dots, are confined to all three

dimensions. (Edvinsson, 2018)

Confinement of Photon Confinement of Electron
n,
n;
Optical planar waveguide (1D) Quantum well (1D)
n,
n,
Optical fiber (2D) Quantum wire (2D)

m

Microsphere optical cavity (3D) Quantum dot (3D)

Fig. 1.1: Confinement of photon and the confinement of electron in different dimensions.

Like electrons, photons can be trapped by confining light in an area with a large
refractive index or with a high surface reflectivity. (Yu and van de Lagemaat, 2011) A planar
optical waveguide is an example of photon confinements in one dimension. (Johnson et al.,
1998) When the refractive index of the light-guiding layer, n, is greater than the refractive
index of the surrounding medium, ny, light propagation is constrained in the high refractive
index layer or thin film. For a optical fiber or a channel waveguide, the confinement is in two
dimensions. Example for an optical medium that confines light in all directions is a microsphere

optical cavity. (Wongcharoen et al., 1996) This type of optical confinement may be due to the



difference in the refractive indices between the guiding medium and the surrounding medium.
So, the contrast ny/n; creates a scattering potential and a barrier, to the passage of light. (Berg,
2018) Fig. 1.1 represents the confinement of photon and the confinement of electron in

different dimensions.

Nanomaterials are often characterized as materials with at least one dimension smaller
than about 100 nm and exhibiting unique physical and chemical features at the nanoscale.
(Stucky and Mac Dougall, 1990) Nano thin film, nano filaments, quantum dots, nanotubes,
nanocables, nanowires, composite materials, and other materials besides nano powder are
examples of common nanomaterials. (Kostoff et al., 2006) Nanomaterials differ from
microscopic atoms, molecules, and macro-objects in terms of physical, electrical, chemical and
magnetic characteristics due to their unique nanoscale (1-100 nm) size. Because of the size
decrease, the characteristic properties of macroscopic materials quickly shift to certain

remarkable other properties. (Asha and Narain, 2020)

Multilayer nano thin films are now common elements of many optoelectronic and
photonic devices, and the technological growth of these materials has resulted in the production
of active and passive optical elements, which are often found in all types of optical
characterization configurations. Multi-layered thin films are structures made up of numerous
repeats of two alternating layers, as well as structures made up of a stack of unique layers.
Optical multilayer thin films offer a wide range of uses in science and technology. A variety of
strategies have been investigated for the design of multilayer thin films. Numerical simulation
is the most versatile method. Thin film coatings can create optical surfaces with any desired

reflectance and transmittance. (Hiller et al., 2002)

Multilayer thin films with nanoscale layer thicknesses have a unique geometry that
leads to a variety of innovative features and behavior not observed in the bulk. When
electromagnetic radiation incident on a multilayer thin film, a number of reflections may take
place from each interface. Depending on the layer thicknesses, refractive index of the materials,
and wavelength of the light sources, the reflected rays may be coherent or interfere with one
another. This optical interference can be used in many opto-electronic and photonic devices.
(Hammond, 2004)

Multi-layered thin film coatings can be used to create various optical filters such as
anti-reflection coatings, highly reflective mirrors, high pass filters, comb filters, and so on. One



of the most common optical materials used in optoelectronics is distributed Bragg reflectors
(DBR). A DBR is amirror structure that consists of alternative layers of high and low refractive
index materials are arranged in a periodic manner. They have received a lot of attention due to
their unique properties and cost-effective production methods, such as the sol-gel. These
extremely reflecting dielectric mirrors are used in waveguides, laser resonators, optical filters,
and sensors along with many other applications. (Quaranta et al., 2018) Because of the diverse
applications of DBR, we were inspired to create these featured DBRs and combine their usage
into photonic and optoelectronic devices.

The multilayers, when linked with an active optical materials like emitting material or
quantum dots to generate a cavity-like structure, have a wide range of applications in photonics.
Quantum dots are semiconducting nano particles with size less than 10nm. Among the quantum
dots, Carbon Quantum Dots (CQDs) are rising stars due to their low cost, intense fluorescence,
nontoxicity, flexible luminescence range, great light stability, non-blinking property, and
outstanding solubility among other quantum dots and with these important characteristics,
CQDs have a wide range of potential applications. (Z. Zhang et al., 2016)

1.2 Multilayer Thin Film

Over the last few decades, there has been a lot of interest in the growth of multilayer
thin films, both because of their fundamental features and because of their prospective usage
in a variety of innovative applications. A thin film is a layer of material with a thickness that
can range from a few micrometres to some fractions of nano meters. Multilayer thin films are

periodic array of multiple thin film layers of different refractive indices.

Lord Rayleigh, in the early twentieth century, successfully used electromagnetic theory

to describe the properties of multi-layer

dielectric films. He established that as the angle

of incidence changes, the wavelength of the b; \9 r Mo
reflected light from the multilayer thin films will A
change.(Henderson, 1960) He substantiated his 6, ny

argument by measuring the variance in reflected
colour of butterfly wings as a function of angle

of incidence. (Henderson, 1960; Tada et al, Fig. 1.2: Reflection and transmission in thin film



1999) And he established the fact that this is due to the structural arrangement of material.
(Hartmann, 1985; Siddique et al., 2016; Tada et al., 1999)

When a beam of light incident on a thin film of refractive index ni from air of refractive
index no, light is partially reflected and transmitted at the air film interface. Fig. 1.2 shows the
reflection and transmission in a thin film. The transmitted wave may again undergo reflection
from the bottom of the film. The two reflected light from the top and bottom surface of the thin
film, may coherent and interfere with each other. (Blodgett, 1935) Depending upon the path
difference between the two rays reflected from the top and bottom surface of the film,
constructive or destructive interference takes place. (Blodgett, 1935) The optical path
difference depends on the thickness of the film, refractive index of the material and the angle
of incidence of light.(Huibers and Shah, 1997) Depending on the optical path difference, the
film appeared as colored when viewed in white light. (Blodgett, 1935; Huibers and Shah, 1997)

The major optical property of periodic multilayers is their capacity to reflect and
transmit light of specific wavelength ranges. (Smirnov et al., 2013) If the light waves reflected
from each interface present in the stack interfere constructively, an intense specular reflectance
peak will be obtained. (Corso and Pelizzo, 2019) The product of geometrical thickness and
refractive index of the material is called optical thickness and this factor controls the optical

interference effects of the film, when a beam of light incident on it. (Coppola et al., 2003)

Multilayer thin films, with layer thicknesses on the nanoscale, have a unique geometry
that gives rise to novel features and innovative behaviour in the film. (Meng and Keten, 2018)
These unique features of multilayered films emerge when the thicknesses of the stack of
different layers approaches a specific length. (Wi et al., 2014) The multilayer thin films can be
formed in different ways by mixing several different materials, with the resulting
characteristics depends on the materials from which their component layers are constructed as
well as the layer thickness (Mitzi, 2001), has driven to their use in many sectors of

nanotechnology.

1.3 Fabrication Methods

Many different methods can be used for the fabrication of multilayers. Sputter
deposition (Tinone et al., 1996), molecular beam epitaxy (Schulze et al., 1988), pulsed laser

deposition (Liese et al., 2010), atomic layer deposition (Dameron et al., 2008) and solution
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chemistry method (Mendelsohn et al., 2000) are common deposition techniques of thin films,
enabled to deposit the layers as thin as a single monolayer, with the potential to build up
multiple stacks of diverse layers. (Petrila et al., 2021) Among the thin film deposition
techniques, solution chemistry methods provide a simple and adaptable thin film deposition
methodology. (Mitzi, 2001) Even for oxides, solution processing enables control over the
thickness, optical constants, composition, porosity, doping, tunable optical absorbance or
transmission and other complex optical properties. (Glynn and O’Dwyer, 2017) Spin coating
is an excellent technology for thin film production due to its low cost, homogeneity, safety,
and ease of scaling up. The basic procedure is depositing a small amount of fluid onto the
center of a substrate and then spinning the substrate at high speeds. (Tyona, 2013) Dip coating
is another basic, low-cost method that may be scaled up for commercial production. (Scriven,
1988) Immersion, withdrawal, and evaporation are the three major technical processes in the
dip coating process. (Yimsiri and Mackley, 2006) Spray coating is a potential approach in
research and industry for producing thin and thick coatings. (Moridi et al., 2014) It is a simple
technology for preparing thin films with uniform distribution at small scales ranging from a
few nanometers to micrometers in thickness. (Sun et al., 2020) Inkjet printing is a new potential
approach for creating large-scale, flexible thin films. The inkjet printing technology allows for
simple customization of a wide range of complicated structures. (Shahrubudin et al., 2019)
This type of solution processing methods does not require ultra-high vacuum deposition unit
and the method is relatively cheaper and also they can be processed at room temperature
(Akedo et al., 2008) We adopted this simple solution chemistry method for the thin film

fabrication.

1.4 Materials

The multilayer thin films can be fabricated from inorganic and organic materials.
(DiBenedetto et al., 2009) Inorganic materials used in the multilayer fabrications are
Magnesium fluoride (n ~ 1.37), Zinc sulphide (n ~ 2.32), Silicon dioxide (n ~ 1.45), Calcium
fluoride (n ~ 1.43), Titanium dioxide (n ~ 2.2), Aluminium oxide (n ~ 1.62) etc. (Muallem et
al., 2015, p. 2) and the fabrication methods includes physical vapour deposition methods, (Kim
et al., 2017) laser ablation, (Liese et al., 2010)sputtering, (Tinone et al., 1996) pulsed charge
deposition etc. (Chavez-Valdez and Boccaccini, 2012) The organic materials used in the
multilayer fabrications are Cellulose acetate (CA, n ~ 1.46), (Lova, 2018) Poly(methyl
methacrylate) (PMMA, n ~ 1.50), (Du et al., 2010) Polyacrylic acid (PAA, n ~ 1.51), (Petersen
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et al., 2012) Polyvinyl alcohol (PVA, n ~ 1.52), (Morissette et al., 2004) Polystyrene (PS, n ~
1.58) (Gao et al., 2006)etc. and the fabrication methods includes solution chemistry methods

like spin coating, dip coating etc.

The selection of a precursor solution is essentially the first part in the preparation of a
solution processed thin film material. After preparing the solution, any solution processed
method can be adopted for depositing liquid precursors onto substrates in order to generate a
thin layer coating. Each approach has advantages and disadvantages that can be influenced by
the chemical and adhesion properties of the precursor solution and the substrate. (Song et al.,
2005) Spin coating is still one of the most widely used deposition processes for homogenous
layers in academics and industry. Multilayers of polymer thin films can be coated on the glass

substrate through spin coating method in a simple and cost-effective way (Kéhnen et al., 2009)

Multilayer thin films can be employed for the fabrication of the antireflection coatings,
distributed Bragg reflectors, comb filters and dichroic filters etc. We had fabricated the flexible
Distributed Bragg reflectors (DBR) in a simple cost-effective solution chemistry method by a
spin coater. DBR is a mirror structure composed of an alternating sequence of layers with high
and low refractive index materials organized in a periodic pattern. (Almeida and Portal, 2003)
All of the reflected components from the interfaces interfere constructively, resulting in strong
reflection. Previously, DBR was fabricated using inorganic metal oxides or semiconductor thin
films. These materials have comparatively high refractive indices and so high refractive index
contrast between the pairs can be achieved by using these materials. (Bergstrom, 1997) Even
though they provide high refractive index contrast, the fabrication method have high cost of
installation and maintenance. Also, the poor mechanical properties of inorganic metal oxides
limiting the possibilities of fabricating flexible, stretchable and bendable opto-electronic and
photonic devices. (He et al., 2015) Flexible DBR can be used in opto-mechanical sensing
applications. (Pruessner et al., 2011) When creating optoelectronic, optomechanical, and
photonic devices, cost reduction and efficiency enhancement are critical variables. Polymer
DBRs can produce high reflectivity through simple and cost-effective production processes.
(Resende et al., 2018) The use of polymeric materials in the fabrication of DBR has advantages
in mechanical sensing applications. (Lova et al., 2018) Polymers are highly flexible under
stress and so very beneficial in the manufacturing of flexible DBR. (Kleine et al., 2018) These
flexible DBR have very much importance in the fabrication of optical devices such as solar

cells, lasers, sensors, ultra-sound receivers etc. (Sethiya et al., 2020)



The optically transparent polymers used for the fabrication of flexible DBRs are

. Fluorinated polymer (n ~ 1.3)

. Cellulose acetate (CA, n ~ 1.46)

. Poly (methyl methacrylate) (PMMA, n ~ 1.50)
. Polyacrylic acid (PAA, n ~ 1.51)

. Polyvinyl alcohol (PVA, n ~ 1.52)

. Polystyrene (PS, n ~ 1.58)

. Poly (N-vinyl carbazole) (PVK, n ~ 1.68) etc.

Using polymers, the DBR fabrication become simple and cost-effective. The
fabrication can be done in the solution processing method like spin coating. But the limitations
are the refractive index of polymers are comparatively low. (Luk’yanchuk et al., 2017) So, high
refractive index contrast between the pairs cannot be achieved. (Luk’yanchuk et al., 2017) So,
large number of periods were required to attain the desired reflectivity. (Karim et al., 2000)
Also, few works were reported on polymer DBRs. These limitations motivated us in developing
a new class of polymer-inorganic nano composite for the high index polymer. The refractive
index of the polymers can be increased by forming a metal oxide-polymer nano composite.
(Ritchie et al., 2021)

The advantages of using Polymer DBR in the fabrication of flexible DBR (Prontera et
al., 2021; Ritchie et al., 2021) are

. Promising alternatives to inorganic materials in the fabrication of flexible DBR
. High refractive index can increase index contrast

. Simple and cost-effective processing methods

. High reflectance can be achieved

. High optical transparency can be achieved

. Stop band can be increased

" Flexible DBR with desired reflectivity and stop band can be fabricated

To increase the refractive index of the polymers, we have chosen TiO: as the inorganic
metal oxide in our research work. Many studies have been conducted on titanium dioxide films
due to their exceptional optical and electrical properties. (Akl et al., 2006) Since TiO> is water

soluble, we considered water soluble poly vinyl alcohol (PVA) as our polymer. Here TiO2 and



PVA can be easily mixed together and both are non-toxic. (Ahmed et al., 2020) So, by mixing

TiO2 and PVA in definite proportions, the refractive index of PVA can be increased.

Now a days, multilayer thin films have numerous applications in the field of opto-
electronic and photonic devices that can integrate the features of several materials. The most
frequent optical elements in solar cells, optical filters, lasers, sensors, and other devices are
multilayers of transparent materials repeated in periodically. (Dubey and Ganesan, 2017; Hu
etal., 2017; Lova, 2018) Multilayer thin films have significant applications in a variety of opto-
electronic and photonic devices, including computer discs, optical filters, sensors, lasers and
solar cells etc. (Dubey and Ganesan, 2017; Wu et al., 2019) The distinctive geometry of
multilayer thin films with nanoscale layer thicknesses gives birth to a diverse range of
applications in opto-electronics. (Hammond, 2004) Numerous optoelectronic and photonic
devices use the multilayer thin films as optical filters, antireflection coatings, highly reflective
films, etc. (Wu et al., 2019) Multilayer thin films are also used in solar panels and solar cells,
in the medical industry as drug carriers, in water filters as desalination membranes etc.
(Barhoum et al., 2019)

1.5 Passive optical components

Optical passive components are those devices or components that can produce light
modification. They doesn’t use any active devices or components for its operations. (Ismaeel

et al., 2013) The main role of optical passive devices are

to connect the optical waveguide or optical path
to control the direction of light propagation

to control the optical power distribution

U0 D0 DO

optical coupling etc.

Examples of optical passive devices are optical filters like anti reflection coatings,
distributed Bragg reflectors, dielectric film filters, power dividers, polarization splitters, optical
couplers, optical connectors, electro-optic modulators, magneto-optic modulators etc.

(Coenning and Caloz, 2017) Some passive optical components are described below.
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1.5.1 Antireflection coatings as passive optical component

An anti-reflection (AR) coating is a type of optical coating used to reduce reflection on
the surface of lenses and other optical devices. (Krogman et al., 2005) They are made up of
thin films of one or more layers of transparent materials that are coated on lenses to reduce the
reflection. (Walheim et al., 1999) In AR coatings, the optically transparent multilayers are
conveniently used for light modification and can be used as passive optical components. For
example, on coating MgF2 above the glass substrate with optical thickness equal to quarter

wavelength thickness, reduced the reflectivity to 4%. (Cox et al., 1954)
1.5.2 Distributed Bragg reflectors (DBR) as passive optical component

DBR is a mirror structure made up of an alternating array of high and low refractive
index materials that are stacked in a periodic pattern. (Quaranta et al., 2018) The reflectivity of
the DBR increased by increasing the number of periods as well as refractive index contrast
between the alternative layers. (Anaya et al., 2016) So, the light modification is possible by
using DBR and can be used as a passive optical component. For example, SiO2/TiO, as

alternating low and high refractive index materials. (Wu et al., 2007, p. 2)
1.5.3 Comb filters as passive optical component

In comb filters, a thick optically transparent material is sandwiched between two DBRs,
by forming cavity like structure. (Chénais and Forget, 2012) As the thickness of the middle
layer increases, a number of low reflectance windows were opened and the full width at half
maximum of the window decreased. (Persson et al., 2006) So, the light modification is possible
by using comb filters and can be used as passive optical component. For example, an optically

transparent material like PVA, PMMA etc. sandwiched between two DBR structures.
1.5.4 Dichroic filters as passive optical component

A dichroic filter allows light of a certain wavelength range to pass through while
reflecting light of an undesirable wavelength. (Shapiro, 2001) High pass and low pass filters
can construct using dichroic filters and can be used as passive optical component. Example,

arranging 60 pairs of Nb2Os and TiO: in a periodic manner.
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1.6 Active optical components

In recent years, there has been a lot of research on new optical active components that
can be tuned actively. Optical active materials are those materials that can generate/absorb
photo electron or photon. (Dalton, 2000) i.e. Light generation or absorption are possible by
these materials. Also, optical active components required a power source to function. The main
elements are optical sending and receiving module, optical amplifier, electrical adjustable
attenuator etc. The optical active components widely used in optical lasers, optical transceivers,
optical receivers etc. (M. Xiao et al., 2020)

1.6.1 Active optical components in laser

Laser dyes are employed as the active medium in dye lasers which can be considered
as an active optical component. (Singh et al., 2003) Examples for laser dyes are Coumarins,
polyphenyl, Fluorescein, Rhodamine 6G, Rhodamine B, Rhodamine 123, Umbelliferone etc.
(Berggren et al., 1997) Each dye emits radiations in the specific region of the electromagnetic
spectrum. For example, Rhodamine dyes are employed for emission in the yellow-red
spectrum, whereas coumarin dyes emit in the green portion of the spectrum. (Wang et al., 2019)
The surrounding media, or the medium in which the laser dyes are dissolved, determines the
colour that is emitted by them. There are, however, many laser dyes that can be employed to
constantly span the emission spectrum from near ultraviolet to near infrared. (Rurack and

Spieles, 2011) Now a days, these laser dyes can be tuned actively.

1.6.2 Quantum dots (QDs) as active optical components

Quantum dots are semiconducting nano particles with size few nano-meters. (Lisichkin
and Olenin, 2020) Quantum-dot molecules are quantum-mechanical systems with delocalized
electronic states and molecular-like wave functions that are built from linked semiconductor
nanocrystals. Electrons behave differently in quantum-confined semiconductor nanostructures
than they do in bulk materials. (Zhang, 1997) This allows for the creation of materials with
variable chemical, physical, electrical, and optical properties. The characteristic properties of
Quantum dots that fall in between those of bulk semiconductors and discrete atoms or
molecules. (Zheng et al., 2004) Their optoelectronic properties depend on size and shape. QDs
with larger size (5-6 nm diameter) emits colours as orange and red (longer wavelength) (Park
etal., 2016) and smaller QDs (2-3 nm diameter) emits shorter wavelength in the blue and green
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region of the electro-magnetic spectrum. (Deppe, 2003) The QDs can be actively tuned and
used as an active optical component. Some examples for QDs are InGaAs (Indium Gallium
Arsenide), CdSe (Cadmium Selenide), PbS (Lead Sulphide), CdS (Cadmium Selenide) etc.
Now a days Carbon quantum dots (CQDs) and Graphene quantum dots (GQDs) are widely
used QDs from biomaterials. (Zheng et al., 2015)

These optical meta-surfaces have unique properties in the achievement of dynamic
tuning due to their optically thin structures. Adding active components to optical nanostructures
was a significant step in creating next-generation optical components and devices. Many
attempts have been made recently, to develop tuneable optical meta-surfaces with dynamic
control of optical properties over amplitude, polarisation, phase, intensity etc. Functions like
tuneable focusing, beam steering, tuneable colour filters or absorbers etc. are based on
numerous novel active materials and tuneable techniques. (S. Xiao et al., 2020) On
incorporating these active meta-surfaces with multilayers have a lot of potential in the real-

world applications.
1.7 Transfer Matrix Model (TMM) Simulations

Many different methods can be adopted for the design of multilayer thin films. The
most adoptable method for the design is numerical simulation method (Lu et al., 2016)and
with proper design, any desired reflectivity and transmittance can be achieved. The transfer
matrix model simulations are the best tool for simulating desired reflectivity, absorption and
transmission for any number of layers of materials. (Barrios et al., 2015) The transfer-matrix
model simulations are based on the Maxwell's equations, and according to this, the electric
field and magnetic field should be continuous at the boundaries as it travels from one medium
to the other. (Hao and Zhou, 2008) If the field at the beginning of the layer is known, the field
at the exit of the layer can be calculated using a simple matrix operation. For the multilayers,
the transfer matrix is the product of the individual layer matrices and finally converting the
transfer matrix back into reflection and transmission coefficients and from this the reflectivity

and transmittance can be found out.

Schematic of multi-layered structure with N layers having refractive indices ni, nz, ns,
.... Nj.... Ny are shown in fig. 1.3. Light is partially absorbed, reflected, and transmitted at each

interface when it enters to this multi-layered structure. The thicknesses and refractive indices
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of the layers can determine whether reflected wave interference is constructive or destructive
at a specific wavelength. Transfer matrix model simulations can be used to calculate
transmission and reflection of the given structure. (n.d.)

Incident <> Reflected
Light | L Light

n,

Substrate

Transmitted
Light

Fig. 1.3: Schematic of multi-layered coating

When an electromagnetic beam of light strikes a thin film of dielectric material with a
thickness [ and a refractive index of n;, sandwiched between two infinite media with refractive
indices of n, and n; (one is air and the other is substrate) respectively. The incident, reflected,
and transmitted amplitudes of the electric fields are Ei Er and Et respectively. It is
schematically represented as shown in the fig. 1.4.
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Fig. 1.4: Reflection and transmission in a

multilayer thin film

The boundary conditions require that the electric and magnetic fields should be

continuous at each interface.

For first interface, Eo + Eor = Eu + E1R (1.1)
Hoi— Hor = H11— Hir (1.2)
No Eor — No Eor = N1E11 - N1 Egr (1.3
For second interface Enel® + Eir e ! = Er (1.4)
Hyel®! — Hige ¥*l= Hy (1.5)
N Evel® —niEir e = n Er (1.6)

Eliminating E1 and Eir
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The equations can then be written in matrix form by applying boundary

conditions at the two interfaces and simplifying them as

[1]+[ 1 ]E_Rzl cos kl —nilsinkl][l]ﬂ (19)

o Mol Bo _insinkl  cos kil | Ml Fo

Let, r:E—R, t =27 and M=
Eo Eo

(1.10)

cos kl —isinkl]
ny

—ingsinkl  cos kl

Where r and t are reflection and transmission coefficients respectively and M is the
transfer matrix. Then equation (1.9) reduces to

[ ] r=m 2] @1
No —Ny n¢
Now suppose that we have N layers numbered as 1, 2, 3, . . . N having indices of

refraction n,, n,, ns, ... ny and thicknesses [, 1,, I3 ... Ly respectively., then we have

1 1 1
[no] + [_no] r = M1M2M3 ...... MN I:nt:I t (112)
1
=M [nt] ¢ (1.13)
- _[A B
Where M= M, M, M;...... My= c D (1.14)
is the overall transfer matrix. Then from eqn. (4) and (6) we have

— An0+Bntn0—C—Dnt (115)

Ang+Bngng+C+Dng
and t = 2 (1.16)

An0+Bntn0+C+Dnt
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So, reflectance and transmittance are given by R = [r]? and T = [t]? respectively.

Using the transfer matrix model simulations, it is possible to design antireflection
coatings, distributed Bragg reflectors, different types of optical filters like comb filters, dichroic

filters etc.
1.7.1 Theory of Antireflection Coatings

An anti-reflection (AR) coating is an optical coating that reduces reflection on the
surface of lenses and other optical devices. This enhances the efficiency of ordinary imaging
systems since less light is wasted owing to reflection. The removal of stray light increases the
contrast of the picture in complicated systems such as cameras, binoculars, telescopes and
microscopes by reducing reflections. (Keller, 2006) In planetary astronomy, antireflection
coatings are very essential. Also, a coating on eyeglass lenses that makes the wearer's eyes

more prominent to others.
The reflection coefficient is given by,

_ il -ng)coskl - i(ng - n;%) sin kl
" m(l+ng) coskl - i(ng +ni?) sin ki

(1.17)

For AR coatings to achieve zero reflectance at A, optical thickness is fixed at A/4 for
each layer and the reflectance is equated to zero in egn. 7, to obtain the required refractive

index matching condition.

If the optical thickness equal to quarter wavelength thickness, kI:7T/2

_ (ng -0’y
= (1.18)

For R=0, ni=+vnt

MgF, (A4, n =1.37
To achieve a wide range of wavelengths with zero

reflectance, a tri-layered structure with optical (A4, n =1.8)
thickness (1/4- 1/2- 2/4) has to be chosen. Fig. 1.5 Substrate (SiO,)
shows the schematic representation of three-layer  Fig. 1.5: Schematic representation of three-

. . . . ) layer anti-reflection coatings
anti-reflection coatings with multilayers.
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1.7.2 Theory of Highly reflecting mirrors

The transfer matrix method can be widely
used in industries for designing highly reflecting
mirrors called distributed Bragg reflectors. (Balili,
2012) These distributed Bragg reflectors made up
of alternating sequence of layers of high and low
refractive index materials of quarter wave thickness
arranged in a periodic manner. If the number of
pairs of alternating high and low refractive index
materials increases, reflectivity also increases. The
reflectivity also increased with increasing refractive
index contrast between high and low refractive
index material. Also, the stop band is determined

mainly by the index contrast of the two materials.

Reflected
Light

N

Incident
Light

> DBR
5 periods

Transmitted
Light

Fig. 1.6: Schematic of a DBR, nyand n. are

high and low index layers respectively

Between any two DBRs an optical medium is placed, then it will form an optical cavity called

microcavity. (Ho et al., 1999) Semiconductor lasers and other optoelectronic devices have this

fundamental structure. The Schematic representation of a DBR is as shown in the fig. 1.6.

Alternative layers of high and low refractive indices ny and n_. were stacked

periodically to form a DBR structure.

i i "
ol s, L 3
_inL 0 _inH 0 0

)y o
For 2N layers, M= t s
N C L
2

When N is Large, R tends to unity.
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Highest reflectance occurs at 4 when optical thickness of high index and low index

matches the condition,
TLLlL = TLHlH = /1/4‘ (122)
1.7.3 Theory of Comb Filters

To realize a comb filter, sandwiching a thick

optically transparent layer in between two DBRs by

= | —

Optically transparent
zero reflectance windows, the cavity length can be material

forming a cavity like structure. To get greater number of

increased. As the width of the cavity increases, a number L n. |
of low reflectance windows were opened and the full _;.l_
width at half maximum of the window decreased. (Shuni "—L
Chu and Burrus, 1984) Fig. 1.7 shows the schematic I "

representation of a Comb filter. Substrate

Fig. 1.7: Schematic representation of a Comb
filter

1.7.4 Theory of Dichroic Filters

For the design of dichroic filters, a stack of

alternative layers of two different optical materials were
arranged in a periodic manner similar to DBRs. (Besso et
al., 2005; Duan et al., 2007) Here optical thickness of
each layer may be varied from quarter wavelength
thickness. By changing the number of periods and high
index material, we can tune the cut off wavelength of the

pass band filters. High pass and low pass filters can be Substrate

1.8 shows the schematic representation of a Dichroic of a Dichroic filter

filter.
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1.8 Active optical components in our work

In our research work, we considered carbon quantum dots (CQDs) and fluorescein

materials as active optical components.
1.8.1 Carbon quantum dots (CQDs)

We present the preparation and characterization method of highly photoluminescent
CQDs in a simple, cost-effective way by microwave assisted hydrothermal method. Carbon
quantum dots, a rising star of carbon nanomaterials (Wang et al., 2017), have demonstrated
remarkable impetus in a variety of sectors such as biosensing, bioimaging, drug delivery,
optoelectronics, photovoltaics, and photocatalysis due to their unique physicochemical,
optical, and electrical capabilities. (Samantara et al., 2018) The rich optical and electronic
properties of CQDs, in particular efficient light harvesting, tunable photoluminescence (PL),
extraordinary up-converted photoluminescence (UCPL), and outstanding photoinduced
electron transfer, have attracted the attentions of various photocatalytic applications for
optimum exploitation of the solar spectrum. CQDs combines the specific optical qualities of
quantum dots with the distinctive electronic properties of carbon materials, distinguishing them
from standard semiconductor quantum dots or other carbon nanomaterials. (Rani et al., 2020)
CQDs have been extensively investigated in various domains, including biosensing,
bioimaging, drug delivery, photocatalysis, photovoltaic devices, and optoelectronics. (Wang et
al., 2017) These zero-dimensional semiconductor quantum dots (QDs) exhibit optical gain and
lasing as well as significant light absorption and brilliant narrowband emission over ultraviolet
and visible wavelengths. (Zhang et al., 2019) These characteristics are useful in photography,

solar energy harvesting, displays, and communications. (Zhang et al., 2019)

CQDs are frequently described as having a carbogenic core and surface functional
groups. Most CQDs have an amorphous to nanocrystalline core composed primarily of sp?
carbon with lattice spacings compatible with graphitic or turbostratic carbon. (Li et al., 2012)
Graphene quantum dots (GQDs), which have comparable structures to CQDs, can be
considered one type of CQDs, however they typically have higher crystallinity than CQDs.
CQDs are nanoparticles with sp2- or sp3-carbon structures and a high proportion of oxygen-
and nitrogen-containing functional groups. GQDs have a quantum-sized effect and are made

up of one to several layers of graphene that are commonly functionalized with molecule groups
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at the edges. CQDs are usually spherical or quasi-spherical nanoparticles with varying degrees
of crystallinity; they frequently exhibit excitation-dependent photoluminescence. (Cao et al.,
2013)

It is possible to tune CQD emission across a large spectral range, which may be
undertaken at the synthesis stage by altering precursors and reaction conditions. In contrast to
most "traditional” Cd- or Pb-based semiconductor QDs, CQDs do not contain any hazardous
components and are considered non-toxic materials. Furthermore, the PL quantum vyield of
CQDs may readily reach extremely high levels, particularly in the blue and green spectral
ranges. (F. Zhang et al., 2016) CQDs have been widely employed in bio-imaging, sensing, and
other biomedical applications because CQDs are a biocompatible and non-toxic alternative to
QDs. (Devi et al., 2019) Phosphorescence has been detected at room temperature in composite
materials based on CQDs, which is a valuable characteristic for data encryption. So, the
electronic nature of CQDs, and hence their optical transitions, can be regulated and modified
over a large spectrum range by adjusting the synthesis conditions and post-synthetic treatment.
(Wu etal., 2017)

The CQDs can be incorporated with the multilayers have numerous applications. On
incorporating with multilayers Carbon quantum dots can be used as active medium in lasers
and distributed Bragg reflectors can be used as fully and partially reflecting mirrors.
(Hammond, 2004) CQD’s photoluminescence characteristics, band gap, and energy levels can
be modified using appropriate structural engineering and so they have wide spread applications
in photovoltaic devices. Solar cells are electrical devices that turn light into electrical energy
using the photovoltaic (PV) effect; they are made up of a p-n junction, which produces an
electric current when the material is illuminated. Because of its low weight, semitransparency,
flexibility, and customizable colors, organic photovoltaic devices (OPVs) have become a prime
example when compared to silicon and other PV technologies. Toxic and harmful materials are
present in photovoltaic devices manufactured with conventional processes. Fluorescent carbon
guantum dots might be regarded a low-cost and sustainable alternative to these materials in this

scenario. (Lim et al., 2018)
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1.8.2 Fluorescein

Another active component we
have used in our study and incorporated )
with multilayers in our work is the © o
fluorescein. Fluorescein is a dye and an
organic substance and it comes in the \,\
form of a dark orange or red powder that LOQ
is slightly soluble in water and alcohol.
(Sednev et al.,, 2013) It is generally
utilized as a fluorescent tracer in a variety
of applications. (Yao et al., 2014) Due to
its elevated fluorescence and other Fig. 1.9: Molecular structure of fluorescein molecule
photophysical properties, fluorescein and its derivatives form a family of versatile functional
dyes that have been widely employed. (Sjoback et al., 1995; Yao et al., 2014) Fluorescein dyes
are xanthene dyes with a three-membered ring structure and they share structural similarities
with xanthones. (Kalampaliki et al., 2021; Sjoback et al., 1995) The chemical formula of
fluorescein is C20H120s. The molar mass of fluorescein is 332.311 g-mol ™! and density is 1.602
g/mL. Fig. 1.9 shows the molecular structure of fluorescein molecule. The important derivative

of fluorescein is fluorescein iso-thio-cyanate (FITC). (Kalampaliki et al., 2021)

Because of its very strong molar absorptivity, high fluorescence quantum yield, and
excellent photostability, it is a very useful and sensitive fluorescent. (Nakayama-Ratchford et
al., 2007) The fluorescein molecules also show PH dependent absorption and emission.
(Nakayama-Ratchford et al., 2007) Fluorescein derivatives, which were covalently linked to a
variety of functional molecules, have a wide range of applications in biological studies.
Fluorescent sensors based on conventional organic and polymeric fluorophores have become

very popular in recent years. (Gupta et al., 2005)

The free spectral emission wavelength of Fluorescein is found to be 500nm to 650nm.
(Burdette et al., 2001). The Free spectral emission of Fluorescein molecule is presented in the
fig.1.10. The peak excitation wavelength of fluorescein in water is 494nm and peak emission

is at 521nm. (Ghini et al., 2013) Due to the self-absorption mechanism, the fluorescence
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quantum yield is extremely sensitive to sample concentration and excitation wavelength. To

avoid the self-absorption effect, the dye concentrations were kept low. (Zhang et al., 2014)

Free spectral emission of Fluorescein

Normalized Emission

| | | | | I | I |
480 500 520 540 560 580 600 620 640

Wavelength (nm)

Fig. 1.10: Free spectral emission of Fluorescein molecule

Over the past ten years, the use of fluorescence technology in biology, biotechnology,
and medicine has grown significantly. Numerous analyses in sensing, medical diagnosis,
biotechnology, and gene expression now use fluorescence as their primary analytical tool. Even
though fluorescence detectors have high sensitivity, more sensitivity is always needed to detect
fewer target molecules. The sensitivity of fluorescence methods is restricted by a number of
factors. The extent of background fluorescence, the efficiency of photon collection, and
photolysis of the fluorophores are the three that are most crucial. (Liu et al., 2016) To improve
detection sensitivity, there are various ways to alter the emissive characteristics of
fluorophores. (Bigdeli et al., 2019)

1.9 Passive optical components in our work

In our research work, multilayer thin films were conveniently used to design and
fabricate various passive optical components. We had designed passive optical components
like antireflection coatings, distributed Bragg reflectors, comb filters and dichroic filters etc.
Also, we had fabricated distributed Bragg reflector by using polymers and a reflectivity of 63%
were achieved. The details about the passive optical components were described in the previous

sessions.
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1.10 Mechanism of Fluorescence Emission

Photoluminescence is a phenomenon

(1"

that occurs when a molecule is excited by

photons of ultraviolet or visible light. (Murthy

Excited state

and Virk, 2013) Depending on the electronic

configuration of the excited state and the

Absorptioh
.. . - E 7 Fl :
emission route, photoluminescence might be % noreseeT
classified as fluorescence or
3
phosphorescence. The property of some 2
1

atoms and molecules to absorb light of a

Ground state

specific wavelength and then, after a small
period of time, release light of a longer Fig. 1.11: Jablonski diagram
wavelength is known as fluorescence. Similar

to fluorescence, phosphorescence happens in a similar way but has a significantly longer

excited state lifespan. (Bebb and Williams, 1972)

Fluorescence is the emission of a photon by an excited molecule or atom or
nanostructure without a change in the electron spin as it relaxes to a lower energy state.
(Noomnarm and Clegg, 2009) The phenomenon is known as phosphorescence when the spin
of the initial and final states differs. (Murthy and Virk, 2013) In fluorescence, the radiation that
is absorbed has a higher photon energy, but the light that is released has a lower energy; so
longer wavelength. (Noomnarm and Clegg, 2009) When the fluorescent material absorbed
radiation in the ultraviolet (UV) region of the electromagnetic spectrum, even though which is
invisible to the human eye, the emission observed in the visible region of the electromagnetic
spectrum. (Kontges et al., 2020) This gives the fluorescent substance a distinctive colour that
can only be seen when exposed to UV radiation. (Kontges et al., 2020) Unlike phosphorescent
materials, which continue to emit light for some time after the radiation source is turned off,

fluorescent materials quit glowing almost instantly. (Murthy and Virk, 2013)

A Jablonski diagram in molecular spectroscopy represents a molecule's electronic states
and the transitions between them. (Zimmermann et al., 2003) Fig. 1.11 shows the Jablonski
diagram represents the vibrational levels of a material describes the absorbance, non-radiative

decay, and fluorescence. Here the non-radiate transitions that include vibrational transitions,
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internal conversions and intersystem crossings.(Zimmermann et al., 2003) Vibrational
relaxation is the process of relaxation of the excited state to its lowest vibrational level. Since
this process requires energy to be dissipated from the molecule to its surroundings, it cannot
take place for isolated molecules. When a vibrational state from an electronically excited level
may couple to a vibrational state from a lower electronic state, internal conversions take place.
A transition to a state with a different spin multiplicity is called an intersystem crossing.
Intersystem crossing is far more significant in molecules with substantial spin-orbit coupling
than it is in molecules with weak spin-orbit coupling. Phosphorescence may come after

intersystem crossing. (Kasha, 1950)

1.11 Light matter interaction studies

On incorporating the active and passive optical components with multilayers have wide
range of potential applications. (Hammond, 2004) The light matter interaction experiments
were accomplished by combining the active and passive optical components with the
multilayers. We had performed surface plasmon coupled emission (SPCE) and SPCE tuning
experiments by combining fluorescein with multilayers. Plasmons are quanta of plasma
oscillations caused by the interaction between photon and electron. Just like light which is
made up of photons, the plasma oscillation is made up of plasmons. So, in definition, the
collective oscillations of the free electrons in a metal are known as plasmons. Plasmons that
are restricted to surfaces and have a strong interaction with light are known as surface
plasmons. (Raether, 1988)

The coherent delocalized electron oscillations at the interface between a metal and a
dielectric material stimulated by incident light is known as surface plasmons (SPs). (Raether,
1988) So, the surface plasmon can be regarded as a non-radiative electromagnetic surface wave
that propagates in a direction parallel to the interface [116]. These oscillations are extremely
sensitive to changes in this boundary, such as molecule adsorption etc. on the conducting
surface. (Cuevas et al., 2016) The two materials (metal and dielectric) are chosen in such a way

that at the interface, the real part of the dielectric function reverse the sign.
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Silver and gold are two

common metals that can create

surface plasmons, and both have a
negative dielectric constant. Surface

Reflection

plasmon is also supported by

copper, chromium, titanium and
0.6

certain other metals. Surface
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plasmon resonance (SPR) refers to
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Fig. 1.12: SPR curve

of negative and positive permittivity materials (metal and dielectric) stimulated by incoming

light. (Deng et al., 2022) In order for SPR to occur, the incoming radiation's momentum must

match that of the plasmon, and when this occurs, the intensity of the reflected light falls

drastically. (Deng et al., 2022) Fig. 1.12 shows an example of SPR curve that have minimum

reflectivity at 60°. For the S- polarized light due to the polarization happens perpendicular to

the plane of incidence, cannot excite surface plasmons. (1. Gryczynski et al., 2004a) The surface

plasmon resonance is extremely sensitive to the medium's effective refractive index. (Homola,

1997) Any desorption or adsorption activities at the metal surface alter the effective refractive

index of the medium, causing the surface plasmon resonance angle to vary. So, by analyzing

surface plasmon resonance angle desorption or adsorption activities at the metal surface can be

detected. (Shumaker-Parry and Campbell, 2004)

There are two well-known arrangements for employing light to trigger SP waves.

(2) Otto configuration
(2) Kretschmann configuration

The schematic representation of Otto
configuration is presented in the fig. 1.13. In
the Otto configuration, the light incident on a
glass block, generally a prism, and is totally
internally reflected. A thin layer of gold or silver
(approximately thickness 50nm) is placed near to

the prism wall, allowing an evanescent wave to
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interact with the plasma waves on the surface of the metal and thereby excite the plasmons.
(Zhu et al., 1986)

The schematic representation of Kretschmann configuration is presented in the fig.1.14.

In the Kretschmann configuration (KR), the

metal film (approximately thickness 50nm) is /// \\\ p
directly coated on the glass block (Gryczynski et ' ._// \\

al., 2006) and when light incident on the glass // \\
block, an evanescent wave passes through the // _. \\
metal coating and the plasmons are stimulated by £ NN

the light. (Lakowicz et al., 2008) In most practical Fig. 1.14: Kretschmann configuration
situations, this setup is employed. (Lakowicz et
al., 2008; Naraoka et al., 2005) This configuration is also known as the Kretschmann-Raether

configuration.

Surface plasmon resonance method has wide range of applications in medical diagnosis
and in biosensors. Imaging of pediatric bone tumors, imaging of pediatric thyroid tumors, liver
tumors etc. can be diagnosed by this method. The SPR sensing technology have been used
almost three decades ago, and its applications in biosensors can be widely used for
characterizing biomolecular interactions. In complementary to SPR in reflection mode,
recently studies are emerging based on surface plasmon coupled emission by coating an
emitting or fluorescent material. The near-field interaction of the fluorophore to the metal-
dielectric interface results in high-efficiency emission. (Yuk et al., 2010) i.e., The coupling of
the fluorophore with the surface plasmon in the thin metal film result into strongly directional
emission, which refer to as surface plasmon-coupled emission (SPCE). (Yuk et al., 2010) This
amazing occurrence is generated by the near-field interaction of fluorophore with the
neighbouring surface plasmon, which provides a new mechanism for the creation of far-field
radiation. (Lakowicz et al., 2008) Depending on the characteristics of the optical system, the
resulting SPCE is highly polarized with precisely specified direction either back into the
substrate or into the sample media. (Z. Gryczynski et al., 2004) With very simple optics, this
innovative technique may deliver 50% light collection efficiency and inherent wavelength
resolution. These qualities can lead to a large range of simple, low-cost, and reliable devices
with broad applications in biology and medicine. (Haleem et al., 2021) We emphasise that the

directional SPCE is caused by the fluctuating dipoles of the excited fluorophores interacting
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with surface plasmons on the metallic surfaces, which then radiate into the substrate or

material. (Lakowicz, 2006)

In Kretschmann 909

configuration, light incident through

the prism. But in reverse

Glass Prism Detector

Kretschmann configuration, light
Metal film

incident from the sample side. Inour 7807 0°

experiment we used a semi
cylindrical prism on which the
substrate is attached by means of

glycerin which was used for the

momentum matching. Initially, the KR

metal film was coated on the

substrate and then the fluorescent Fig. 1.15: Geometry for SPCE measurements

material was coated above the metal film. The light was incident on the sample side and the
direction of light opposite to the incident direction is taken as the reference angle (0°). A
detector was placed on the prism side. Fig. 1.15 shows the geometrical representation of SPCE
measurements in KR and RK configuration. Thus, the emission intensity was measured in a
simple set up. By analyzing the fluorescence emission spectrum, any change on the metal

surface can be studied.

When light incident on the sample, the fluorescent material gets excited and emits light
in all directions. But when the momentum matching conditions are satisfied, the photon emitted
by the fluorescent material coupled with the surface plasmon in the metal leading to surface
plasmon coupled emission. This interaction of fluorophores with surface plasmon that results
into SPCE, which substantially boosts detection sensitivity. (Chowdhury et al., 2008) By
linking the emission to surface plasmons on the metallic surfaces, this innovative technique
permits a large fraction of the emission to be directed toward the detector. The coupling angle
and efficiency of SPCE are greatly influenced by the interface conditions. (Haleem et al., 2021,
Lakowicz, 2004) This unique technique will be particularly beneficial for detecting
biomolecular binding on surfaces, interaction, and conformational changes in biomolecular
systems, as well as providing a novel platform for biomedical assay development. (Haleem et
al., 2021)
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We have studied the light matter interactions of fluorescent materials and its effect on
multilayer fabrication. In our work, we have performed surface plasmon coupled emission
experiment in reverse Kretschmann configuration (RK). Surface plasmon coupled emission
(SPCE) is a physical process that differs from traditional surface plasmon resonance (SPR)
with Kretschmann configuration in that, if a molecule is sufficiently near a metal surface, the
photons produced by its excitation will be coupled to the SPR mode, which will then be
transformed into a far-field beam moving at the resonance angle. (I. Gryczynski et al., 2004a)
Recently, SPCE has been employed in fluorescence and Raman spectroscopies as a potent
surface-selective analytical approach. (Calander, 2004; Hobson et al., 2002) It has several
benefits, including reproducible field enhancement, high collection efficiency and excellent

surface selectivity etc. (Cialla et al., 2012)
1.12 Motivation of the Present Work

Previously DBR was fabricated by complex and expensive methods from
inorganic metal oxides. The inorganic DBR layers limit the possibilities of fabricating flexible,
stretchable, or bendable opto-electronic devices. (Gonzélez-Garcia et al., 2010; Lova, 2018;
Stueber et al., 2009) Our motivation of the present work is to fabricate the multilayers in a
simple, eco-friendly and cost-effective method. Also, few research works were reported on
multilayers by polymer- inorganic nano composites. DBR fabricated from inorganic metal
oxides are not flexible. Flexible DBR can be used in opto-mechanical sensing applications.
Flexible DBR can be fabricated using polymer multilayers. (Anaya et al., 2016; Shekar et al.,
2013) Also, DBR fabricated from polymers have optical limitations and optical limiting
properties of the commonly used high refractive index polymers motivated us to develop a new
class of metal oxide inorganic composite polymer for the DBR fabrication. Since the cost
reduction and efficiency enhancement are the important factors while developing opto-
electronic and photonic devices and hence we were inspired to prepare the active and passive

optical components in a simple, cost effective and eco-friendly method.
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1.13 Objectives of the Study

The objectives of our investigation include

1. To develop non-toxic carbon quantum dots/emitting materials for bio and photonic

applications

2. To develop high index polymers and hence to fabricate polymer multilayers

(Distributed Brag Reflectors) for flexible dielectric mirrors

3. Structural and Optical studies of carbon quantum dots/emitting materials and
polymer multilayers including absorption/reflection/transmission and emission

studies.

4. Study the light matter interaction/energy transfer mechanism of carbon quantum
dots by incorporating carbon quantum dots/emitting materials with multilayers.

5. Explore potential applications of the above fabricated structures for bio photonic

applications.

1.14 Qutline of the study

Thin films of two different materials of high refractive index contrast are arranged
periodically in the DBR and have the ability to deal the light waves in a specific manner.
Traditionally, DBRs were made from inorganic metal oxides or semiconductor thin films, and
the preparation techniques were expensive to install and maintain. (Stueber et al., 2009)Now a
days, flexible optoelectronic devices, such as solar cells or light emitting diodes, are becoming
increasingly important, and this has been complemented by the development of flexible optical
and electrical materials. Because of the poor mechanical properties of inorganic DBR layers,
it is difficult to fabricate flexible, stretchable, or bendable optoelectronic devices. (Gonzalez-
Garcia et al., 2010; Venckatesh et al., 2012) Polymer DBRs provide high reflectivity,
versatility, and simple and cost-effective processing methods. (Lova et al., 2018; Shekar et al.,
2013) We used solution chemistry method to synthesize optically transparent titania doped
poly vinyl alcohol nano composite polymer as the high refractive index polymer by changing
the quantity of TiO2 in PVA. (Anaya et al., 2016; Shekar et al., 2013) This nano composite

polymer can be used in the DBR fabrication as a high refractive index polymer, and any
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refractive index contrast, thus stop band and reflectivity, can be achieved by simply varying
the concentration of TiO2 in PVA without varying any other thin film processing or DBR

fabrication parameters.

As an active optical component, CQDs were synthesized from commercial glucose in
a cost-effective way via solution chemistry route by microwave enabled hydrothermal method.
(Hallaj et al., 2015) CQDs prepared in this manner, possessed all the advantages of quantum
dots prepared commercially. The use of glucose as the sole reagent makes this process more
appealing when compared to other CQD synthesis methods. The resulting CQDs are extremely
photoluminescent, water soluble, environmentally friendly, and non-toxic. In addition, the
consumption of chemicals and other waste output has been greatly reduced during the
synthesising operations. (Hess et al., 2017; Tang et al., 2012) CQDs can be converted into a
thin film by simply mixing with PVA and coated on a glass plate and which has a wide range

of bio-photonic and opto-electronic applications. (Hess et al., 2017)

Finally, we had examined surface plasmon coupled emission studies and the influence
of Poly Methyl Methacrylate layer (PMMA) on surface plasmon coupled emission tuning on
multilayer fabrication by introducing PMMA as a buffer layer between metal and dielectric
material and as a multilayer on coating on top of the Fluorescein layer. Angle tuned emission
measurements of the sample can be performed in a practical and cost-effective manner. The
investigation of light-matter interaction or energy transfer mechanisms using carbon quantum
dots or emitting materials with multilayers has wide range of opto-electronic and bio-photonic
applications. Fig. 1.16 shows the block diagram of the outline of our study.
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Fig. 1.16: The block diagram of the outline of our study

So, in our research, we had realized a highly stable, optically transparent, and variable
refractive index polymer-inorganic nano composite, in a solution chemistry method and
multilayers were fabricated using this polymer by a spin coater. We had realized an active
optical material experimentally, highly luminous carbon quantum dots from glucose in a
microwave assisted hydrothermal process. We have investigated the influence of PMMA film
on surface plasmon coupled emission (SPCE) by forming multilayers and observed plasmon
coupled fluorescence tuning in metal dielectric multi-layered structures using the reverse
Kretschman configuration. We adopted simple, low-cost, eco-friendly and green assisted
method to prepare all the samples, and our findings will open up new avenues for the

development of opto-electronic and photonic devices.
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Chapter — 2

Experimentation and Characterization Tools
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Experimentation and Characterization Tools

We have conducted our research on an experimental basis. We have used some
numerical simulations also in our work. It is a significant task to validate what has been
learnt in theory by the experiment. How theory and experiment are combined and used
at the application level determines if the effort is successful. We have realized active
and passive optical components either experimentally or simulation method. These
works can be used in many opto-electronic and photonic applications.

2.1 Introduction

We have mentioned briefly the experimental methodologies employed in this study
endeavour in this chapter. This includes experimental techniques for fabricating passive optical
components (single layer and multilayer fabrication), techniques for evaluating their properties,
methods for preparing and characterization of active optical components (carbon quantum
dots), and applications of multilayers in surface plasmon coupled emission tuning. We also
briefly discussed the functioning of the instruments utilised in the research.

Also, optical studies of the fabricated film were done by numerical simulation method. In
our work we have adopted the transfer matrix model simulation (TMM) for the design of
multilayer thin films. It is the most effective tool for designing multi-layer thin films with any
number of layers. If the field intensity at the layer's starting is known, the field intensity at the
layer's exit may be calculated using a simple matrix operation known as transfer matrix

operations.

2.2 Experimental Techniques

The experimental component of this study covers the fabrication of multilayer thin
films, the preparation of carbon quantum dots, and the plasmon coupled fluorescence tuning

experiment. Each one is discussed further below.
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2.2.1 For the fabrication of multilayer thin film

In both academic and industrial sectors, spin coating is one of the most common deposition
techniques for homogenous layers. (Nistico et al., 2017) In our work of DBR fabrication,
polymer thin films were coated on the glass substrate by using a spin coater. The model:
SpinNXG-P1 Apex Instruments, that we used in our lab is presented in the fig. 2.1. Spin coating
is a method for uniformly coating polymer solutions onto a substrate. (Nistico et al., 2017) For
decades, spin coating could be used in the deposition of thin films. A typical procedure is
placing a small amount of fluid resin in the centre of a substrate and then rotating the substrate
at a high speed. The resin will spread due to
centripetal acceleration and spread to the substrate's
surfaces, leaving a thin coating of resin on the
surface. (Tyona, 2013) The substrate is mounted on
a spinning table in a spin coater, and as the polymer
solution is deposited on the substrate, it can be
rotated swiftly, causing the solution to spread on the
substrate and forming a thin film coating.
Depending on the spinning speed and solution
concentration, the resulting film thickness can
range from 10nm to micrometres. In order to hold
the substrate on the spinning table, a small vacuum

pump can be used. (Tyona, 2013) The substrate

should be properly cleaned with an ultra-sonicator

Fig. 2.1: Spin Coater

before coating, and make sure the solute was

completely dissolved in the solvent. A magnetic stirrer can be used for this purpose. The
thickness and qualities of the spin casted film are determined by a number of factors. The
thickness and qualities of the multi-layer thin films were affected by variables such as spinning
speed, solution concentration or viscosity, and solution nature (organic or inorganic) etc. This
is a simple method to coat single layer or multilayer polymer thin films on a substrate. This
method is quick and does not require an ultra-high vacuum for thin film applications. (Yuan et
al., 2014) In addition, as compared to other thin film coating devices, a spin coater is quite
inexpensive. The coated film had been dried by using an oven or IR lamp.
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Advantages of Spin Coating Method

e Simple and ease of use

e Provides both homogeneity and speed

e Provides quality consistency across applications
e Cost effective fabrication method

e The fabricating time is fast.

In many industrial circumstances, having this type of consistent speed and quality is

critical, and this coating procedure is one of the finest methods to achieve both. (Scriven, 1988)

Even though the spin coating method have many advantages, may have some limitations
also. Spin coated thin films are not as much uniform as compared to other fabrication
techniques. The thickness of the fabricated thin films may vary from centre to outward. Also,
in the multi-layer thin film fabrication of polymers, the adjacent thin films of polymers may
adhere and this leads to inhomogeneity in the thickness of the layers. So, the efficiency of the

coated film is low as compared to other coating techniques.

In DBR fabrication, high and low refractive index materials were spin coated alternatively
on a glass substrate. The thickness of the deposited film was estimated by fitting the
transmission spectra with the TMM simulations. Here, the optical thickness of each film was
fixed at the quarter wavelength thickness. So, the reflectivity maximum obtained at the central
maximum. Reflectivity was found to be increased with the refractive index contrast of the

alternative layers and also with the number of pairs.
2.2.2 For the preparation of Carbon quantum dots

In our research, we have synthesized highly photoluminescent carbon quantum dots
(CQDs) by microwave assisted hydrothermal method. The CQDs were prepared from
commercial D-glucose (from Alfa Aesar) and the solvent was de-ionised water. 8wt% glucose
solution was prepared by dissolving 8g glucose in 100mL de-ionised water. CQDs were
synthesized in a simple method by microwave heating of the solution. The microwave oven
model: BAJAJ 1701 MT 17L SOLO was used for this purpose and it is presented in the fig.2.2.
The glucose solution taken in different glass bottle was subjected to microwave heating at

different times 5, 6, 7, 9, 11 and 13 minutes at a certain power of 350W. During this process
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of microwave heating, the solution changed its colour from transparent to pale yellow and

brown, as a result of formation of CQDs.

Microwave oven operates on the
premise of electromagnetic energy being
converted to thermal energy. (Whittaker
and Mingos, 1994) In electromagnetic
radiations, electric field and magnetic
field oscillating perpendicular to each
other. When a polar molecule, that is, one
with opposite charges, comes into contact

with these EM radiations, it oscillates to

align itself with them. (Israelachvili and

Fig. 2.2 : Microwave oven (model: BAJAJ 1701 MT 17L
and collision between molecule, energy is SOLO)

Wennerstrém, 1996) As a result of friction

lost from the dipole, resulting in heating.

When water molecules (polar molecules) inside the food products come into contact with
microwave radiation, they undergo a similar reaction, heating the food. So, microwave heating
provides fast heating of the material. (Piyasena et al., 2003) In glucose solution as a result of

these microwave heating CQDs were formed.

Advantages of microwave heating
e Provide simultaneous, homogeneous, fast heating (Oghbaei and Mirzaee, 2010)
e Uniform size distribution of quantum dots.
e Simple and cost-effective method.
e Eco-friendly and non-toxic method
e Time-saving etc.

2.2.3 For the Plasmon coupled fluorescence tuning Experiment

Plasmon coupled fluorescence tuning was observed in metal-dielectric multi-layered
structures in reverse Kretschmann configuration. In the surface plasmon coupled emission

tuning, we have performed the experiment on three samples.

e Ag/PVAF or Metal-Fluorescin (MF)
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e Ag/PMMA/PVAF or Metal/PMMA/Fluorescin (MPF)
e Ag/PVAF/PMMA or Metal/Fluorescin/PMMA (MFP)

The sixth chapter contains more information on surface plasmon coupled emission tuning

studies. Only experiment techniques are discussed here.

Thermal vapour deposition method was used to deposit thin silver film of thickness ~45nm
on the clean glass slides maintaining a vacuum of 5x10 mbar. The deposition rate was kept at
around 10 A /s by adjusting the LT current primary and secondary. The thin film of fluorescein

and PMMA were coated by using a spin coater.

Fig. 2.3 shows the picture of a Thermal evaporation unit that we used in our lab. Thermal
evaporation is a PVD technique that involves heating the depositing material to the point of
evaporation and exposing the substrate
to the vapour to develop a thin film
coating on the substrate. (Shahidi et al., e
2015) PVD operations are usually

performed between medium vacuum R

and high vacuum, with the vacuum

system being a vital part of the

deposition. It is essential that the I~
deposition material should have a clear *
path to the substrate, which can be
accomplished by running the process in
high vacuum. (Schou, 2009) Thermal
evaporation occurs at pressures less than
10 Torr. The vacuum systems require
two pumps in series. This is for the high
vacuum pump should exhaust to a
medium vacuum. The deposition rate of Fig. 2.3 : Thermal evaporation unit

a point on the substrate is proportional to 1/r?, if a point evaporation source and constant rate
of evaporations are assumed. Where r is the distance from the evaporating source to the
substrate. (Powell et al., 2001)

The source is heated by Ohmic resistance via a specially designed heating element called a
boat. The boat must be made of refractory metals like tungsten, molybdenum and tantalum or
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alloys therewith to avoid contamination of the thin film. (Kern and Schuegraf, 2001) Refractory
metals are heat resistant because they have high melting points and enthalpy of vaporizations,

which are essential parameters of a thermal evaporation boat. (Heimann, 1996)

The deposition process is managed by adjusting the current flowing through the boat and
comparing it to the response from a crystal thickness monitor. This can be accomplished
manually or through the use of a closed loop control circuit. The crystal thickness monitor can
monitor the thickness and rate of deposition when the film being deposited. A quartz crystal
microbalance (QCM) is employed in a crystal thickness monitor, and vibrations in the crystal
causes the stress to oscillate at the mechanical resonance of the crystal. The oscillating stress
induces an oscillating electric charge, which produces a detectable signal, because quartz is a
piezoelectric material. By evaluating the change in the crystal's mechanical resonance, this
signal is used to determine the rate of mass deposited on the quartz resonator. The mechanical
resonance of the crystal decreases as mass is deposited on it, in a proportion roughly
proportional to the mass per unit area of the deposited film. The thickness of a film can be

calculated if the density of the film is known.(Reichelt and Jiang, 1990)

The substrate is hidden from the source by a shutter when the evaporation begins. Once a
suitable deposition rate has been established (in the angstroms per second scale) the shutter is
lifted to expose the substrate to the source. When the thin film has reached the appropriate

thickness, the shutter is closed, and the evaporation is halted. (Boone, 1986)

For the first sample, a metal thin film of silver (Ag) of thickness ~45nm was coated on the
glass substrate by using thermal vapour deposition method and 2wt% PVA solution was
prepared by dissolving an appropriate amount of PVA in distilled water and stirring constantly
with a magnetic stirrer for 45 minutes at 80°C. The Fluorescein (FL) solution was prepared by
dissolving 0.5wt% Fluorescein in iso-propyl alcohol. The PVA and FL solutions were then
mixed in a 100:1 ratio using a magnetic stirrer, and the resulting PVAF solution was coated on
the Ag film using the spin coater with a spinning speed of 5000rpm.The PVAF film formed
were dried by an oven kept at 100°C. Two more samples were formed by coating 0.5wt% Poly
Methyl Methacrylate (PMMA) in toluene as a buffer layer between Ag and PVAF, and
depositing PMMA layer after the PVAF layer with the same spinning of 5000rpm. After
conducting the surface plasmon coupled emission tuning experiment we have found the
influence of PMMA on the SPCE tuning.
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2.3 Characterization Techniques

2.3.1 Optical Characterization

Optical characterization was done by Ocean Optics Maya 2000-Pro UV compact
spectrometer, white light source, laser source (450nm, 540nm and 640nm) and necessary
optical fibres and lenses. Fig. 2.4 shows the picture of high sensitivity spectrophotometer and
fig. 2.5 shows picture of the white light _
source that we used in our lab. feloe

The  UV-Visible  absorption,
transmission and  photoluminescence M %2000
studies were carried out using Ocean agaPRO
Optics Maya 2000-Pro UV compact
spectrometer, white light source, laser

source (450nm, 540nm and 640nm) and High Sensitvily. Spectrometef

necessary optical fibres and lenses. Spectra

suit software is used to control the Fig. 2.4 : High Sensitivity Spectrometer

spectrometer.

Spectroscopy is essentially
concerned with the interaction of light with
matter. (Rigosi et al., 2015) When light is
absorbed by matter, the energy content of
the atoms or molecules is increased. The
excitation of electrons from the ground state

to a higher energy state occurs when UV
radiations are absorbed. Molecules with Tt

electrons or non-bonding electrons (n-

electrons) can absorb ultraviolet light

Fig. 2.5 : White Light Source

energy and excite these electrons to higher

anti-bonding molecular orbitals. (Akash and Rehman, 2020) When a chemical substance
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absorbs ultraviolet light, it produces a characteristic spectrum that can be used to identify the

compound. (Koutchma, 2009)

The wavelength is inversely proportional to frequency. As a result, shorter light
wavelengths carry more energy while longer wavelengths carry less. To excite the electrons in
a substance to a higher energy state, a precise quantity of energy is required, which we can
detect as absorption. In a substance, electrons in different bonding environments require a
distinct amount of energy to jump them to a higher energy state. This is why different
wavelengths of light are absorbed by different substances. (He et al., 2008) By locating the
particular wavelengths corresponding to maximum absorbance, UV-Vis spectroscopy can be

used to analyse or identify various compounds. (Barbosa-Garcia et al., 2007)

The schematic of the main parts of UV-Visible spectrophotometer assembled in our
experimental set up as shown in the fig. 2.6. Light from the source incident on the sample and
the sample absorb certain amount of radiations. A part of light was transmitted and the other
part reflected from the sample. The transmitted energy was fed to a highly sensitivity
spectrophotometer through the optical fibre. The spectrometer was computer controlled using
Ocean Optics spectra suit software.

White light source

Spectr-
ometer

Computer

Sample Holder

Fig. 2.6 : Schematic of the experimental set up for the transmission studies

We have used single beam spectrophotometer in our lab to record transmittance and
absorbance. Hence, reference spectrum was recorded first by placing only substrate in the
sample holder and then substrate with sample was placed on the sample holder. Then the
software provides the resultant transmittance/absorbance spectrum of the sample by processing

reference and sample spectrum.

The thickness and refractive index of the coated film was estimated by fitting the

transmission spectra with transfer matrix model simulations. For this, the refractive index of
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the deposited film was first estimated by Brewster’s angle method. The estimated values were
then used in TMM simulations to get the optimized values for refractive indices and film

thicknesses.

2.3.2 Structural Characterization:

2.3.2.1 X-ray Diffraction

The phase identification of the
prepared nanocomposite was done by using
X-ray diffractometer (XRD). Fig. 2.7 shows ) PNalytical
the picture of X-ray diffractometer (Make: 1‘
Malvern Panalytical Aeries Research) that
we used. In materials science, X-ray
diffraction analysis (XRD) is a method for
determining a material's crystallographic
structure. XRD is a technique that involves
irradiating a material with incoming X-rays
and then measuring the intensities and
scattering angles of the X-rays that exit the
substance. (Bunaciu et al., 2015) The

identification of materials based on their

Fig. 2.7 : X-Ray Diffractometer

diffraction pattern is one of the most
common applications of XRD analysis. In
addition to phase identification XRD provides information on how the actual structure of the

material differs from the ideal one due to internal stress and defects.

The bending of light around the corner of an object is known as diffraction. For
diffraction to occur the size of the object must be almost equivalent to the wavelength of light
employed. (Davison and Simpson, 2006) X-rays, like other electromagnetic waves, can be
diffracted. The size of the obstacle for diffraction of X-rays should be a few angstroms (about
1 A) which is the wavelength of X rays. Crystal provides the ideal alternative for studying X-
ray diffraction because the atomic spacing in the crystal is almost comparable to wavelength
of X-rays [176]. As a result, X-ray diffraction gives important information on the structure and
characteristics of both crystalline and non-crystalline materials. (Toby and Egami, 1992)
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In crystals, the atoms are arranged in a regular pattern. When X-rays incident on the
crystal, the scatterers in the crystal produce a regular array of spherical waves. These waves
undergo constructive interference, as indicated by Bragg's law: nA = 2 d Sin 8, where d is the
interplanar spacing, 6 is the glancing angle, n is an integer and A is the wavelength of X-rays.
If the condition for constructive interference from the crystalline sample is satisfied that
direction appeared as spots on the diffraction pattern (Widjonarko, 2016).

Single crystal and Powder XRD are the two most common configurations used in X-
ray diffractometer. The important component parts of x-ray diffractometers are very standard
and include: Source of x-rays, Sample stage and Detector. A plot of the intensity of X-rays
scattered at different angles by a sample is called an X-ray diffraction pattern. (Chung, 1974)

X-ray
Detector

Sample stage

Fig. 2.8 : Schematic arrangement of X-ray Diffractometer

The schematic arrangement of X-ray Diffractometer is as shown in the fig. 2.8. The
detector can rotate in a circle around the sample and the detector’s position is recorded as the
angle 26. The detector counts the number of X-rays seen at each angle 26. The X-ray intensity
is commonly reported in "counts™ or "counts per second”. (Chung, 1974) The sample can also
rotate to ensure that the X-ray beam is properly focused. The X-ray tube, rather than the sample,
may rotate in some instruments. To determine which phases are present in the sample,
experimental XRD data is compared to reference data. (Widjonarko, 2016) All main peaks

specified in the reference pattern should be present in the experimental data.
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2.3.2.2 FTIR Spectrometer

The composition of the prepared sample
was done by an FTIR spectrometer. FTIR spectra of
the prepared high index material were recorded by
using Perkin Elmer Spectrum Two FT-IR
Spectrometer. Fig. 2.9 shows the picture of the
FTIR Spectrophotometer that we used. In the
infrared region (IR) of the electromagnetic
spectrum which has longer wavelength and shorter
frequency than visible light. When a sample is
exposed to infrared radiation, the chemical bonds
between different elements absorb light at different
wavelength. (Jelle and Nilsen, 2011) The range of
wavelengths in the infrared region that are absorbed

by a material is measured via FTIR analysis. The

Fig. 2.9 : FTIR Spectrophotometer

absorbance of infrared radiation at different wavelengths gives information about the material's

molecular composition and structure. (Jelle and Nilsen, 2011) By comparing the spectrum to a

database of reference spectra, unknown compounds can be recognised. Unknown components,

additives within polymers, surface contamination on a material, and more can all be identified

via FTIR Analysis. (Chércoles Asensio et al., 2009)
2.3.2.3 Optical Microscope

An optical microscope was used to find
out the surface quality of the coated film. i.e.,
any cracks or in-homogeneities that appeared in
the film. This helped to conduct a comparative
study of homogeneity of the film as the
thickness increased. Fig. 2.10 shows the picture

of an optical microscope in our lab.

Optical microscopy is a technique for
closely examining a sample using a magnifying
lens and visible light. (Reddick et al., 1989) This
is the classic type of microscopy, which was
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developed before the 18th century and continues to be used today. The optical microscope,
often known as a light microscope, is a type of microscope that employs visible light and a lens
system to magnify pictures of tiny objects with one or more lenses. (Lu et al., 2013) The lenses
are positioned between the sample and the viewer's eye to enlarge the picture and allow for
more detailed examination. There are several kinds of optical microscopes. (Kaneda et al.,
1992) They can range from extremely simple to highly complex designs with increased

resolution and contrast. Some types of optical microscopes listed below:

e A simple microscope consists of a single lens that magnifies the picture of the

sample, like a magnifying glass.

e Compound microscope: a collection of lenses used to magnify the sample picture to a

greater resolution.

¢ Digital microscopes can feature simple or compound lenses, but they use a computer

to display the picture rather than an eyepiece to see the sample.
e The stereo microscope produces a stereoscopic picture that is beneficial for dissections.

e A comparison microscope allows you to see two different samples at the same time to

compare.

e Inverted microscope: examines the sample from below, which is beneficial for

studying liquid cell cultures.

Using conventional light-sensitive cameras, an optical microscope can create an image.
Traditionally, photographic film was used to capture the photographs. With the advancement
of technology, optical microscopes can now take digital pictures with CMOS and charge-
couple device (CCD) cameras. (Flores-Moreno et al., 2020) These digital microscopes provide
real-time image projection onto a computer screen for sample examination. Because eyepieces
are no longer required, using this device is more convenient. Numerous scientific fields, such
as microbiology, microelectronics, nanophysics, biotechnology, and pharmaceutical research
etc. frequently employ optical microscopy. (Grieshaber et al., 2008)
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2.3.2.4 Transmission Electron Microscopy

Transmission electron microscopy
images were carried out by JEM 2100
having resolution 0.24nm and an
acceleration voltage of 200kV used to
realize morphological, compositional and
crystallographic information about the
sample. Fig. 2.11 shows the picture of the
transmission electron microscope that we
used. Transmission electron microscopy
(TEM) creates a 2D image with the best

possible  resolution by  transmitting

electrons through a sample with a high-
energy beam of electrons. (Inkson, 2016) Fig. 2.11 : Transmission Electron Microscope
TEM may be wused to examine

nanomaterials and provide information about their structure and composition at the atomic
level. (Frenkel et al., 2001) To acquire the more detailed information, it is critical to choose the
correct sample holder (TEM grid) for different types of nanomaterials. When samples are
excessively thick, they must first be thinned to allow electrons to pass through them, ideally to
less than 100 nano meters. (Inkson, 2016) These TEM samples are then put on a TEM grid and
analysed with a concentrated, strong electron beam under ultra-high vacuum conditions.
(Inkson, 2016; Kik and Brongersma, 2007)

2.3.3 Plasmon coupled fluorescence tuning

The schematic representation of the experimental setup for the surface plasmon coupled
emission tuning is presented in the fig. 2.12 below. The sample was coupled to a hemi
cylindrical prism (n=1.5) by using glycerine as the coupling agent (index-matching liquid to
maintain the optical index continuity between the prism and the glass substrate). (Kik and
Brongersma, 2007) A diode laser of wavelength A=450nm was allowed to fall normally to the
sample to excite the fluorescein molecules within the PVA matrix and the emission studies
were done by Reverse Kretschmann configuration (RK). The fluorescein molecule get excited
and emits light in all directions. To filter the excitation wavelength a high pass (HP) filter can

be used. The collection optics were mounted on a rotational platform to record the spectra at
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different angles from 20° to 90° with an interval of 1°. The direction opposite to the excitation

laser was taken as the reference angle (0°).

Laser Cylindrical

prism

Rotating

Comput
platform

\jr

Fig. 2.12 : Schematic of the experimental setup for surface plasmon coupled emission tuning

The emitted light then fed to the high sensitivity spectrometer (from Ocean Optics;
Model: Maya2000Pro) through the optical fibres. Ocean optics Spectra Suite software was used
to control and collect the emission spectra. For modelling the SPR for more than one layers,
we can choose transfer matrix model simulations (TMM) or other commercial software. For
the present work we have used WINSPALL software (version 3.02) to simulate SPR curves of
Ag/PVAF layers.

The reflectivity curves generated in surface plasmon resonance studies must be fitted
using theoretical models. WINSPALL, a free software (for non-commercial usage), performs
just that. WINSPALL is a PC-based free software that evaluates the reflectivity of optical
multilayer systems and that can predict the SPR angles. (Pérez-Ocon et al., 2022) It is founded
on Fresnel equations and matrix formalism. It is useful for analysing surface plasmon
investigations. (Ji et al., 2014) The Knoll group invented this WINSPALL software and it is
available for free download from the MPI website. It is not permitted to be utilised for

commercial purposes. [181]

2.4 Conclusion
In this chapter, we had exhibited different types of techniques used for the
experimentation and characterization in our research work. The single layer and multilayer thin

films were fabricated in a simple spin coating method. The optical and structural
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characterization of the fabricated film had done in different methods and it was discussed here.
We had also described the preparation methods of carbon quantum dots in a simple, eco-
friendly and cost-effective microwave assisted hydrothermal method. The optical and the
structural characterization techniques also discussed here. In the last session we had discussed
the applications of multilayers in surface plasmon coupled emission tuning. We had also
exhibited a simple experimental set up for the surface plasmon coupled emission tuning
experiment. We had also briefly described the working principles of different instruments used
in the research work. All our works were done in simple, eco-friendly, non-toxic and cost-
effective method. So, in our work we had adopted simple, low cost and green assisted method
for the preparation of all the sample and these works will create wide possibilities in the

fabrication of opto-electronic and photonic devices.
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Chapter -3

Passive Optical Filters- Design



Passive Optical Filters- Design

In recent years, multilayers have inevitable importance in the field of photonics
and optoelectronic devices and they offer fine control over light transmission and
reflection, have attracted the attention of many scientists and technologists. On
fabricating multilayer thin films, the designer has to be conscious about the parameters
like number of layers, film thicknesses and the refractive indices of the individual layers
and the surrounding media. In this chapter, we have designed the multi-layered thin
film coatings using transfer matrix model (TMM) simulations. Also, these multi-layered
thin films were conveniently used to realise anti-reflection coatings, highly reflecting
mirrors, high pass filters, comb filters etc. This paper had been communicated in the

journal Materials Today proceedings.
3.1 Introduction and Motivation

Now a days, multilayer thin films are common elements of many opto-electronic and
photonic devices and the industrial development of these materials has led to the realization of
passive and active optical elements and commonly found in all kinds of optical characterization
setups. The optical thin films have numerous applications in many fields of science and
technology. Many different methods have been developed for the design of multilayer thin
films. Numerical simulation methods are the most flexible method because they can be applied
to problems with complex specifications that required a large number of multilayers for their
solutions. These complicated spectral problems can be solved by using matrix theory of optical

multilayer system.

In this chapter, number of optical filters were designed and modeled to aid the
fabrication of optical filters which are essential from both industrial and scientific perspective.
The multi layered thin film coatings were conveniently used to realise various optical
components like anti-reflection coatings, highly reflecting mirrors, high pass filters, comb
filters etc. AR coatings were demonstrated using one, two- and three-layered optical coatings.
To increase the zero-reflectance window, a tri-layered optical coating with central layer having
an optical thickness of 1/2 may be chosen. With this design, reflectance was highly reduced

(~0.04%) within the visible wavelength region. DBRs were designed using alternating
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sequence of layers of high and low refractive index materials to get highly reflecting mirrors.
Results show that, for a high index contrast (~0.87) DBR, ten periods were adequate to get
reflectance of ~ 99.7%. Comb filters were designed by sandwiching a thick transparent layer
between two DBRs. As the thickness of the middle layer increases, a greater number of low
reflectance windows were opened and the full width at half maximum (FWHM) of the window
decreased. Dichroic filters were also designed by multilayers of alternating high and low
refractive index materials in a periodic pattern. Studies show that for a design with the ratio of
thicknesses of high and low index layer ~0.11, pass band was increased and the ripple in the

transmission spectra was minimised.

An optical filter, like an electrical filter, can be designed to selectively pass on one
portion of the optical spectrum while blocking the other portions. Optical filters can be made
in a variety of ways, and their properties may or may not be affected by the wavelength of light
used. External electric or magnetic fields, temperature, illumination level, and other factors can
alter the properties of thin-film filters. (Rack and Holloway, 1998) Optical filters such as beam
splitters, highly reflecting mirrors, and various optical pass band filters (high, low, and band)
are essential components of various optical devices such as lasers, microscopes, and Michelson
interferometers, as well as optical setups such as holography and photonic setups. (Glebov et
al., 2012) The transmittance, reflectance, absorbance spectra, and optical density curves can
provide more information about an optical filter's properties. The desired spectral intensity can

be achieved by arranging many optical filters in parallel or in series. (Liu et al., 2018)

Optical thin film filters can be designed in different ways and have numerous
applications. Antireflection coatings, cut-off filters, narrowband transmission or rejection
filters, beam splitters and comb filters are some of them. There is an ongoing effort to reduce
reflection by using some coating and patterns on the reflective surfaces, which is known as
anti-reflection (AR) coating. (Walheim et al., 1999) Optical thin films coated on optical
surfaces to reduce the reflectivity is called the antireflection coatings. Anti-reflection (AR)
coatings are used in optical devices such as camera lenses, regular spectacles, optical windows,
and so on. (Garlisi et al., 2020) Even with a single layer able to achieve a zero reflectance at a
particular wavelength. However, due to a shortage of suitable low-index coating materials, this
cannot be achieved in practise for substrates with refractive indices less than 1.9. Nonetheless,
even with the available materials, all popular glass types materials achieve a highly helpful

reduction in reflection in a broad spectral area. Rayleigh proposed in 1879 that the reflectivity
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of an object's outer surface could be reduced if the transition of refractive index (RI) between
the object and the surrounding medium was small and AR grew from there. (Cui et al., 2016)
Following the proposal of Rayleigh, English lens designer H. Dennis Taylor in 1892 discovered
that tarnished camera lenses permit photography with less exposure. (Joo et al., 2010) He
discovered a decrease in reflection that was linked to the tarnish on a glass surface. F. E. Wright
turned this observation into an AR development method. He explained how the coating's anti-
glare properties are achieved by a gradual RI transition from glass to air due to tarnishing. (Ye
et al., 2016) There have been a lot of methods and strategies developed over the last century to
reduce the reflection. An effective zero percent reflection at a specific wavelength can be
achieved when a single-layer quarter-wave optical material coating is applied to flat substrates.
Bi- and tri-layer coatings can improve the zero percent reflection. Modern optoelectronic
devices, such as displays, touchscreens, and ultra-compact cameras, are rapidly evolving,
putting new demands on the AR industry. (Chen, 2001) By reducing reflective losses at
interfaces over a wide range of wavelengths, broadband antireflective (AR) coatings have
attracted a lot of attention in imaging devices, solar cells, display panels, and laser systems.
(Liuetal., 2018; Tan et al., 2018)

Another optical component is distributed Bragg reflector (DBR). The most common
optical elements used in the fabrication of high reflectivity distributed Bragg reflectors are
multilayers of transparent materials repeated in a periodic pattern (DBR). DBR is made up of
layers of two different optical materials that alternate in order. In DBR all the reflected
components from the interfaces interfere constructively, that leads to strong reflection.
(Sridharan and Waks, 2011) The photonic stop band refers to the wavelength range that is
reflected. The stop band is determined by the difference in refractive index between the two
materials. (Dong et al., 2016; Sridharan and Waks, 2011) DBRs have an important role in opto-
electronic and photonic devices due to their high reflectance and wavelength selectivity similar
to metallic mirrors. (Dong et al., 2016; Yang et al., 2019) DBRs with such great features can
be used in photovoltaic devices, exciton-polariton lasers, vertical cavity surface-emitting lasers
(VCSELSs), light-emitting diodes (LEDSs), sensors, solar cell actuators, optical switches, in data
communication, etc. (Christopoulos et al., 2007; Johnson et al., 2001) The responsiveness of
DBR to electric, magnetic, mechanic and chemical stimuli makes them very appealing for a
variety of different applications. [90,195-197]
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Third optical component design in this work is comb filter. Comb filters are the basic
building blocks for digital audio effects and are used in wavelength division multiplexed
(WDM) systems, multi-channel dispersion compensation, fibre sensors, and multi-wavelength
lasers. (He et al., 2017; Li et al., 2015; Liu et al., 2014) Researchers improve the filter
performance in two ways in order to improve filter efficiency. The first is to precisely control
the filter channel spacing, while the second is to tune the transmission spectrum of a comb filter
to a desired wavelength. (Jin et al., 2013; Kwon et al., 2005) To create a comb filter, a thick
optically transparent layer was sandwiched between two DBRs. (Huang et al., 2016; Tan et al.,
2017)

Dichroic filter is the fourth optical component design using multilayers. A dichroic
filter is a type of colour filter that selectively passes light of a narrow wavelength range while
reflecting other colours. This filter transmits light in one wavelength range while blocking light
in another. Unwanted wavelengths are reflected in dichroic filters, while desired portions of
the spectrum are transmitted. (Glukhov et al., 2020) It is also possible to separate light into two
sources based on wavelengths using dichroic filters. These can also be achieved by layering
varying refractive index materials in a single or multiple layers. These filters are suitable for
both high and low pass filtering. (Madsen and Lenz, 1998; Weng et al., 2019)

For the design of optical filters, inorganic metal oxides or semiconductor thin films
such as magnesium fluoride (n~1.38), silicon dioxide (n~1.46), zinc sulphide (n~2.35),
titanium dioxide (n~2.1), calcium fluoride (n~1.43), aluminium oxide (n~1.77) etc. can be
used. Here we have considered the refractive index of the inorganic materials at 632nm. These
inorganic materials can achieve high transparencies and high refractive index contrasts of up
to An = 1. For the design of flexible, stretchable, or bendable optical filters, organic materials,
such as fluorinated polymer, (n ~1.3), poly (methyl methacrylate) (PMMA, n ~1.50), cellulose
acetate (CA, n ~ 1.46), poly vinyl alcohol (PVA, n ~ 1.52), polyacrylic acid (PAA, n ~ 1.51),
polystyrene (PS, n ~ 1.58), poly (N-vinyl carbazole) (PVK, n ~ 1.68) etc., are auspicious
substitutes to inorganic materials. These flexible multilayers can be used to make highly
transparent, bendable and flexible optical filters. (Kou et al., 2020; Lova et al., 2018) For
multilayer fabrication, low-cost methods such as spin coating, chemical vapour deposition
(CVD), or sol gel methods can be used. [205,206]

In our present work, transfer matrix model (TMM) simulations were used to design

multi-layered thin film coatings. The design parameters like optical thicknesses, number of
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pairs and refractive indices were optimised to get desired transmission or reflection windows
within the desired region. AR coatings, DBR mirrors, comb filters, and dichroic filters are all
made possible with these multi-layered thin films. One, two, and three-layered optical coatings
were used to demonstrate AR coatings. Using an alternating sequence of layers of high and low
refractive index materials, highly reflecting DBR mirrors were designed. A thick transparent
layer was sandwiched between two DBRs to create comb filters so that a cavity like structure
was formed. As the cavity length was increased, a number of low reflectance windows were
opened. Multilayers of high and low refractive index materials were arranged in a periodic
pattern to create dichroic filters. A stack of alternative layers of two different materials were
arranged in a periodic manner. Here optical thickness of each layer may be varied from quarter
wavelength thickness. Six sets of dichroic filters were designed with 60 pairs of alternating
high and low index materials. In all dichroic filters, the low index material was fixed as SiO;
and high index material was chosen from Nb2Os, TiO2 and Al2Os. By changing the optical

thickness and high index material, we can tune the cut off wavelength of the pass band filters.

3.2 Results and Discussions
3.2.1 Anti-reflection (AR) coating

Anti-reflection coating was designed using single layer, bi-layer and tri-layer optical
coatings as shown in Fig. 3.1(a-d). Corresponding reflectance spectra is shown in Fig. 3.1(e).
Reflectance of 3.8% was observed for a normal glass with a refractive index of 1.45. A coating
of MgF2 (n=1.37) with optical thickness (1/4) on the top of a glass substrate drastically reduced
the reflectance to 2% around the wavelength 500nm. For a double layer coating with each layer
having an optical thickness of (1/4) satisfying the condition of destructive interference in the
reflection mode, the reflectance percentage reduced to below 2% around 500nm. But for
wavelengths away from the central wavelength, reflectance increased above that of glass

reflectance.
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Fig. 3.1: (a) to (d) Schematic of single, bi-, tri- (narrow) and tri-(wide) layered AR coating and (e)
corresponding reflectance spectra

A tri-layered optical coating can be used to get low reflectance for a wider range of
wavelengths. While (1/4- 1/4- A2/4) optical thickness stacking could reduce reflectance to
nearly zero (1.35%) around central wavelength, the reflectance increased beyond 4% for
wavelength away from central wavelength (4 <450 nm and A > 590 nm). However, to increase
the zero-reflection window, we can opt for a tri-layered optical coating where the central layer
has an optical thickness of 1/2. With this design, a reflectance of ~0.04% was observed for a
wavelength range of 400nm to 700nm. This type of coating reduced the reflectance to a very
low value over the entire visible region. Hence to get an antireflection coating with near zero
reflectance within visible region, we can go for (1/4- 1/2- A/4) multi-layered optical coatings.
The choice of materials is also an important point to get a better anti-reflection coating and

high transmittance. AR design and the corresponding parameters are tabulated in Table 3.1.
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Table 3.1: AR design parameters for central wavelength 500 nm

No. of Materials Refracti  Optical Reflectance

layers (from top ve index  thickness v
to bottom)

One MgF: 1.37 A/4 2
Substrate 1.45

Two Polymer2 1.71 A4 0.38
Polymerl 2.2 A4
Substrate 1.45

Three  MgF2 1.37 1/4 1.35
Polymerl 2.2 A/4
Polymer2 1.71 A/4
Substrate 1.45

Three  MgF> 1.37 1/4 0.04
Polymerl 2.2 A/2
Polymer2 1.8 A/4

Substrate 1.45

3.2.2 Distributed Bragg Reflectors (DBRs)

In a DBR alternative layers of high and low refractive index materials are arranged
periodically. One pair of low and high refractive index layers is called a period and to get a
high reflectivity number of periods may be increased. The refractive index contrast between
high and low index layers is the basic parameter deciding the span of wavelengths with high
reflectivity.

For DBR1, MgF, (n=1.38) was selected as the low refractive index material and SiO>
(n=1.46) as the high refractive index material. The refractive indices of each film were
considered at 632nm wavelength (Wavelength of Ruby laser). The central wavelength was
fixed at 500nm and the thickness of each layer was designed for quarter wavelength thickness.
The refractive index contrast between low and high index material were An =0.08. Reflectance
spectra of the designed DBRs were presented in fig. 3.2(a). We have designed the DBR1 for 5,

56



10,15,20,30 and 40 pairs. As the number of periods of high and low refractive index material
increases reflectivity also increases. For 5 periods of DBR, the maximum reflectivity at the
central maximum was found to be 19%. But for 10 periods of DBR, the maximum reflectivity
increased to 40%. In order to achieve 93% reflectivity, about 40 periods were required.

1004 (a) SiO2/MgF2

Reflectance (%)

N A OO
o O o o o
| | | | |

400 500 600 700
Wavelength (nm)

Fig. 3.2(a): simulated reflectance spectra of DBR1

In DBR2, SiO2(n=1.46) was selected as the low refractive index material and Al,O3
(n=1.77) was chosen as the high index material. The refractive index contrast between high
and low refractive index material was 0.31. The reflectance spectra designed by transfer matrix
model simulations were as shown in the fig. 3.2(b). For 5 periods, the reflectivity found to be
41%. But as the number of periods increased to 10, reflectivity also increased to 79%. For 15
periods, reflectivity increased to 93%. For 20 periods, reflectivity increased to 97%. As the
number of periods increased to 30, reflectivity increased to 98%. On further increase in number

of periods, not much increase in reflectivity.
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Fig. 3.2(b): simulated reflectance spectra of DBR2

In DBR3, SiO2(n=1.46) was selected as the low refractive index material and TiO>
(n=2.1) was chosen as the high index material. The refractive index contrast between high and
low refractive index material was 0.64. The reflectance spectra designed by transfer matrix
model simulations were as shown in the fig. 3.2(c). In DBR3, the reflectivity found to be greater

than 90% with 5 periods. As the number of periods increased to 10, reflectivity also increased

to 99%.

TiO,/SiO,

400 500 600 700
Wavelength (nm)

Fig. 3.2(c): simulated reflectance spectra of DBR3

In DBR4, SiO2(n=1.46) was selected as the low refractive index material and Nb2Os
(n=2.32) was chosen as the high index material. The refractive index contrast between high
and low refractive index material was 0.87. The reflectance spectra designed by transfer matrix

model simulations were as shown in the fig. 3.2(d). The reflectivity found to be greater than
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95% with 5 periods. The reflectivity found to be increased with increasing number of periods
and also with increasing refractive index contrast of the low and high refractive index materials.
High refractive index contrast between the two consecutive layers will also benefit in having a

relatively broad stop band.

400 500 600 700
Wavelength (nm)

Fig. 3.2(d): simulated reflectance spectra of DBR4

For an index contrast of 0.08, 5 periods of DBR shows a reflectance of less than 20%.
But as the number of periods increased to 10, 15 and 20, reflectance also increased to 40, 60
and 74% respectively. From the table 2, it is clear that in DBR1 in order to achieve 90%
reflectance, almost 40 pairs of high and low refractive index layers were required. In contrast
to increase in reflectance, FWHM decreases from 93nm to 25nm and the curve edges get
sharper as periods increases. Similar trend was observed for all the DBRs. DBR parameters are
determined and tabulated in Table 2. It is to be noted that as the index contrast increases, very
few periods were sufficient to get a reflectance of more than 99%. For example, DBR4 with an
index contrast of 0.87 a reflectance of 99.7% could be achieved for 10 periods. Further increase
in the periods has very little effect on the reflectance. But the curve edges become more step
like function as period increased to 10, 15 and 20. So, the reflectivity of the DBR can be
increased either by increasing the number of pairs of DBR or by increasing the refractive index
contrast between the pairs. The various parameters determined from DBR design is presented
in the table 3.2.

Also, these high index contrast DBRs could be used as laser mirrors for a laser operating

within visible region [226]. So, in the fabrication of DBR, the optical thickness of each layer
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can be easily changed and so possible to get a high reflectance at any desired range of

wavelengths.

Table 3.2: Various parameters determined from DBR design

No. of Peak Stop band
dDeBsiF;n Materials index An periods reflectivity  FWHM
) (%) (nm)
DBR1 SiO; 146 0.08 5 18 93
MgF, 1.38 10 40 49
15 60 36
20 74 32
30 89 27
40 93 25
DBR2 Al03 1.77 0.31 5 41 118
SiO. 1.46 10 79 71
15 93 61
20 97 55
30 98.4 51
40 98.4 48
DBR3 TiO2 2.1 0.64 5 91 173
SiO; 1.46 10 99.4 141
15 99.4 130
20 99.4 126
DBR4  Nb20Os 232 0.87 5 95.8 203
SiO2 1.46 10 99.7 164
15 99.7 154
20 99.7 150
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3.2.3. Comb filters

To realize a comb filter, we have designed multilayered optical coatings in a different
way, by sandwiching a thick optically transparent layer in between two DBRs, by forming
cavity like structure. In our work, we have chosen MgF.and ZnS as the low and high refractive
index material for the DBR designing and the refractive index contrast between these two
materials are 0.95. Four periods of multilayers have been chosen for both the DBRs. In Fig.
3.3(a), the cavity length was fixed at 182.5 nm to get a single zero reflectance window at ~500
nm. As the cavity length increased to 500 nm, two peaks with low reflectance were observed,
one at 600 nm and the other at 470 nm (Fig. 3.3(b)).

120 (a} cavity - 182 5nm  MgF2/ZnS | (b} cavity - 500nm MaF2/Zn5
An=0.95 An=0.95
100 4
ES; 80 - f \
(&)
-
£ 604
b
E 40
20 4
04 T T T T T T T T T T T T T
400 500 600 400 500 600 700
Wavelength (nm) Wavelength (nm)

Fig. 3.3: Simulated comb filters for middle layer thickness (a) 182.5 nm and (b) 500 nm.

On increased further to 1um and 3 um, number of low reflectance windows increased
to four and ten respectively (Fig. 3.3 (c)&(d)). While number of peaks increased for higher
cavity length, the FWHM of each peak decreased with increase in cavity length. Thus, to get a
high-resolution filtering we prefer larger cavity length. Multi wavelength lasers can also be
designed by using the comb filter along with a florescent material incorporated within the
cavity. (Hofmann et al., 2010)
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Fig. 3.3: Simulated comb filters for middle layer thickness (¢) 1um and (d) 3 um

3.2.4. Dichroic Filters

A dichroic filter allows light of a specific range of wavelength to pass through while
reflecting light of undesired wavelength. Unwanted wavelengths are reflected in dichroic
filters, while desired portions of the spectrum are transmitted. In our study, we have designed
six sets of dichroic filters by coating three pairs of different refractive index materials in a
periodic manner and with different optical thicknesses. The designed dichroic filters were
named as DC1, DC2, DC3, DC4, DC5, DC6. All dichroic filters were designed for 60 pairs of
alternating high and low index materials and for a central wavelength of 500nm. And in all
dichroic filters, the low index material was SiO».

In DC1 and DC2 the materials selected were Nb2Os (ny = 2.32) and SiO2 (n. = 1.456)
as the high and low refractive index material respectively and the refractive index contrast
between high and low index material is 0.87. The optical thickness of each layer in DC1 were
fixed at quarter wave optical thickness (named as Quarter wavelength filter-QWF) and in DC2
the thickness of high and low index layers was fixed at 0.21(A/4ny) and 1.16(A/4n.)
respectively (named as non-quarter wavelength filter-NWF). Where A/4n is the quarter wave
optical thickness. Simulation results of transmission spectra of the dichroic filters with H and
L are quarter wave thickness of high and low index layers respectively are presented in fig.
3.4(a) and 3.4(b). All dichroic filters were modelled for 60 pairs and the central wavelength
were chosen at 632nm (wavelength of He-Ne laser). For DC1 and DC2 the cut off wavelengths
are 580nm and 400nm respectively showing a higher pass band for DC2 as compared to DC1.
It is observed that, when the optical thickness was deviated from quarter wavelength thickness

the cut off wavelength and the ripple in the transmission spectra decreased.
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Fig. 3.4: (a) and (b) are the simulated transmission spectra of the dichroic filters of Nb,Os/SiO; pairs for QWF
and NWF respectively.

In DC3 and DC4, TiO2 (nn = 2.1) and SiO2 (n. = 1.456) were selected as high and low
refractive index materials respectively. Refractive index contrast of the two materials were
0.65. In DC3, the optical thickness of each layer was fixed at the quarter wave optical thickness
and in DC4, the thickness of high and low index layers was fixed at 0.18(\/4nn) and
1.16(M/4n.) respectively. Simulation results of transmission spectra were presented in fig.
3.4(c) and 3.4(d) shows that the cut-off wavelength is shifted from 560 nm to 380 nm as we go

from QWF to NWF. It is also observed that the ripple on the transmission curve of NWF is
minimised.
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Fig. 3.4: (c) and (d) are the simulated transmission spectra of the dichroic filters of TiO2/SiO. pairs for QWF and
NWEF respectively.

Similar results were observed for third set of dichroic filters (DC5 and DC6) where the

high and low index materials selected were Al,O3 (ny = 1.77) and SiO2 (n. = 1.456)
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respectively. The refractive index contrast of the two materials was 0.31. DC5 is a QWF and
DC6 is NWF. The thicknesses of high and low index layers of DC6 were fixed at 0.16(A/4ny)
and 1.16(\/4ny) respectively. Transmission spectra of DC5 and DC6 are presented in fig. 3.4(e)
and 3.4(f). Similar trend was observed when we go from QWF to NWF. DC6 shows high band

pass as compared to DC5 and the ripple on the transmission curve is minimised further for the
NWEF (DC6) as compared to any other designed filters.
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Fig. 3.4: (e) and (f) are the simulated transmission spectra of the dichroic filters of Al,O3/SiO, pairs for QWF and
NWEF respectively.

From our simulation results it is clear that the cut off wavelength depends on the
refractive index contrast and optical thickness of the high and low refractive index materials.
As the refractive index contrast of high and low refractive index material was decreased, cut
off wavelength decreased and the dichroic filters show higher pass bands. In addition to this,
the fringes appeared in the transmitted light were found to decrease when the ratio of the
thickness of high and low index layers were approximately maintained around ~0.11. Dichroic
filter parameters are given in Table 3.3.
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Table 3.3: List of dichroic filters, materials used for high and low index layers and the
corresponding parameters. The refractive indices of the film were chosen at 632nm
wavelength. (QWF-Quarter wavelength filter, NWF-Non-quarter wavelength filter,
tu/tL-thickness ratio of high and low index layers)

) Refractive
) ~ Highand . QWF tu/tL

Dichroic index

low index or ratio
filter contrast

layers NWF

(An)

DC1 Nb2Os/SiO2  0.87 QWF 0.63
DC2 Nb2Os/SiO2  0.87 NWF 0.11
DC3 TiO2/SiO2 0.65 QWF 0.69
DC4 TiO2/SiO2 0.65 NWF 0.11
DC5 Al,03/Si02  0.31 QWF 0.83
DC6 Al,03/Si02  0.31 NWF 0.11

3.3 Conclusions

Multi-layered thin film coatings were designed using transfer matrix model (TMM)
simulations. Multi-layered thin films were used to realise anti-reflection coating, highly
reflecting mirrors, comb filters and dichroic filters. Anti-reflection (AR) coatings were
demonstrated using single layer, bi layer and three-layered optical coatings. While one and two
layered coatings show high transmission for a narrow range of wavelengths, three layered
coating shows high transmission for a wide range of wavelengths. The width of the zero-
reflectance window can be increased if a tri-layered optical coating with central layer having
an optical thickness of 4/2 may be chosen. Distributed Bragg reflectors (DBR) were designed
using alternating sequence of layers of high and low refractive index materials in a periodic
manner. Simulation results showed that, to achieve reflectivity of more than 90%, 40 periods
were required for an index contrast of 0.08 and periods reduced to 15 for an index contrast of
0.31. For an index contrast of 0.64 and 0.87, reflectivity above 90% was achieved for just 5
periods. High index contrast of alternative layers will also benefit in having high reflectivity
for a broad range of wavelengths. Comb filters were designed by sandwiching a thick
transparent layer between two DBRs. As the thickness of the middle layer increased, a greater
number of low reflectance peaks were opened and the full width at half maximum (FWHM) of
each window decreased. Dichroic filters were designed by arranging multiple layers of

different refractive index materials in a periodic manner with different optical thicknesses. The
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optical thicknesses of the filters were selected for both the quarter wave thicknesses and non-
quarter wave thicknesses. The cut off wavelength depends on the refractive index contrast and
optical thicknesses of the high and low refractive index materials. As the refractive index
contrast of high and low refractive index material was decreased, cut off wavelength shifted
towards lower wavelengths and hence have higher pass band. In addition to this, the ripple in
the transmitted light was minimised. When the ratio of the thicknesses of high and low
refractive index material was approximately equal to 0.11, the dichroic filter shows higher pass
band and very low ripples in the transmission spectra. By choosing appropriate material and
optical thickness, the cut-off wavelength can be tuned to any desired wavelength. These optical
filter designs can be employed to realize various optical components and hence could be

utilized for wide range of practical applications.
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Chapter - 4

TiO2-PVA Nano Composite Polymer Thin Film for
Flexible DBR
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T102-PVA Nano Composite Polymer Thin Film
for Flexible DBR

In the previous chapter, multi-layered thin film coatings were conveniently used to
design different types of optical filters using transfer matrix model (TMM) simulations. Anti-
reflection coating, highly reflective mirrors, comb filters, and dichroic filters were all designed
using multi-layered thin films. These optical filter designs may be used to generate a variety of
optical components and hence have a wide range of practical applications. Now, in this
chapter, we have fabricated Polymer Distributed Bragg Reflectors by coating titania doped
PVA polymer matrix composite and poly methyl methacrylate polymer as alternating high and
low index layers respectively. The reflectivity of the fabricated DBR was increased by
increasing number of periods. The experimental results were in agreement with transfer matrix
model (TMM) simulations. The present work suggests that fabricating flexible polymer DBRs
with any desired reflectivity and stop band can be achieved by simply varying the concentration
of TiO2 in PVA without altering any other thin film processing and DBR fabrication
parameters. This paper had been communicated in Optical Materials (Elsevier).

4.1 Introduction and Motivation

During the last decade, researchers are very much interested towards the optoelectronic
and photonic devices. Flexible and transparent optoelectronic devices have unique physical
properties and infinite possibilities to design hetero-structures. Multilayers of transparent
materials repeated in a periodic way are the most common optical elements used in the
fabrication of high reflectivity distributed Bragg reflectors (DBR).(Brudieu et al., 2014) A
DBR is a mirror structure which consists of an alternating sequence of layers of two different
optical materials. (Schubert et al., 2007) The design is such a way that all reflected components
from the interfaces interfere constructively, which results in a strong reflection. (Jambunathan
and Singh, 1997) Distributed Bragg Reflectors have great importance and acceptance in opto-
electronic and photonic devices due to their unique properties and cost-effective fabrication
process like sol-gel method. DBR have plenty of applications in opto-electronic and photonic
devices and a lot of research work going on in this area. These highly reflecting dielectric
mirrors which are used as waveguides, laser resonators, antireflection coatings, optical filters,

sensors, etc. (Qiao et al., 2018) Because of these diverse applications of DBR, motivated us to
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fabricate these featured DBRs and incorporate its applications into photonic and optoelectronic

devices.

In DBR, thin films of two distinct material with high refractive index contrast are
arranged periodically and they have the capability to deal light waves in a particular manner.
On arranging periodically, these periodic structures affect photons properties as the crystal
potential in a semiconductor affects the properties of electrons. (Lim et al., 2019) Many
different methods have been developed for the design of multilayers. Traditionally, DBRs were
fabricated from inorganic metal oxides or semiconductor thin films. (Kedawat et al., 2013;
Muallem et al., 2015; Weng et al., 2019) Inorganic DBRs offer dielectric contrasts as large as
An = 1. Fabrication methods include vacuum evaporation technologies, sputtering, metal
organic chemical vapor deposition, electron-beam evaporation, molecular beam epitaxy,
atomic layer deposition, etc. (Alias et al., 2018; Cetin et al., 2013) These methods have high

cost of installation and maintenance.

Now a day’s flexible optoelectronic devices, such as solar cells or light emitting diodes,
have so much importance and it been accompanied by that of flexible optical and electronic
materials. Integration into such type of devices, require the stability of their properties upon
bending and stretching, adaptability to different types of substrates and durability etc. Among
optical materials employed in opto-electronics, distributed Bragg reflectors (DBRs) play a
central role. In order to attain the flexible version of the DBRs, a common strategy is taken that
stack the thin polymer layers of varying refractive index alternatively. In order to improve
performance and functionality of the optoelectronic and photonic devices Flexible Distributed
Bragg reflectors have an important role. (Brudieu et al., 2014) Flexible Distributed Bragg
reflectors have a self-standing and flexible structure with high mechanical stability. The
flexible DBR’s can be used as photon frequency filters, optical cavities to enhance spontaneous
or stimulated emission or simply as mirrors to increase the time of residence of photons in
absorbing electrodes and thus improve their photovoltaic performance. (Calvo et al., 2015)
Recent optoelectronic research works aim at developing flexible optoelectronic devices
including tuneability of optical filters, mirrors, vertical cavity surface emitting lasers
(VCSELSs), LEDs etc. (Ji et al., 2016; Yao et al., 2016)

Optically transparent polymers such as fluorinated polymer, (n ~ 1.3), cellulose acetate
(CA, n ~ 1.46), poly (methyl methacrylate) (PMMA, n ~ 1.50), polyacrylic acid (PAA, n ~
1.51), poly vinyl alcohol (PVA, n ~ 1.52), polystyrene (PS, n ~ 1.58), poly (N-vinyl carbazole)
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(PVK, n ~ 1.68) etc. are promising alternatives to inorganic materials in the fabrication of
flexible DBRs (Kou et al., 2020; Lova et al., 2018, 2015) Fabrication of high index and highly
transparent polymers can increase index contrast (Ho et al., 2009) and hence the stop band of
polymer DBRs. Fabrication of flexible DBRs from high index contrast polymers has the

advantages in opto-mechanical sensing applications.

Cost reduction and efficiency enhancement are the important factors while developing
optoelectronic, opto-mechanical and photonic devices. Polymer DBRs have the ability to
achieve high reflectance, simple and cost-effective processing methods. (Resende et al., 2018)

While there are reports on the fabrication of high index polymer-inorganic
nanocomposites, achieving high index with high transparency is more challenging. (Lee and
Chen, 2001; Liu et al., 2011, p. 2; Liu and Ueda, 2009) One of the works reported is on the
fabrication of polymer DBRs by Poly vinyl (N- carbazole) (PVK) and cellulose acetate (CA)
as high and low index layers respectively. (Takeuchi and Sakata, 2008) But PVK is a toxic
polymer and also takes long time to become completely soluble. CA is not a good transparent

material as compared to other transparent polymers like PVA, PMMA, PS etc.

Also, while fabricating DBR using CA and PVK as low and high index polymer layers
respectively, a refractive index contrasts greater than 0.15 cannot be achieved, and this limiting
the photonic band gap width. So, a very large number of periods are required to achieve the
desired reflectance. These limitations motivated us in developing new class of metal oxide
polymer composite materials for high index polymer layers in polymer DBRs.

For optical applications such as DBR, individual thin film layers of DBR must have
high transparency in the visible region. Metal oxides with wide optical band gap act as highly
transparent medium for light wavelengths within visible region. Also, high refractive index
contrasts greater than An = 0.5 can be easily achieved if we choose certain metal oxides in the
fabrication of DBR. This will reduce periods of the DBR and high reflectivity can be easily
achieved. Hence the choice of metal oxide for a polymer composite must have high refractive

index, high transparency and a wide band gap.

For such optical applications, metal oxides such as TiO2 and ZnO are commonly used
as suitable additives (Jeong et al., 2004; Shetty B et al., 2019). TiO> is one such metal oxide
with exceptional electrical, optical, chemical and photo catalytic properties. (Haider et al.,

2017; Yildiz et al., 2008) It has widespread applications in many areas such as transparent
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conducting electrodes, photo catalysis and sensor applications. (Bai and Zhou, 2014; Zhu et
al., 2016) TiO2 semiconductor has a band gap of 3.2eV and refractive index of 2.72 (@550nm
for rutile phase). (Bendavid et al., 1999) Also, optical band gap of nanostructured TiO2 is higher
as compared to its bulk counterpart. Moreover, TiO2 is non-toxic, have strong catalytic activity,
powerful self-cleaning characteristics and low cost. These properties led us to choose TiO2 as

a suitable metal oxide for the synthesis of metal oxide polymer composite.

In this work, we have developed a variable refractive index and optically transparent
TiO2 doped PVA polymer composite film (TPMC) by solution chemistry method. TiO, of
varying concentrations was mixed to PVA solution and then spin-coated to get high index
optically transparent polymer thin films. One such high index polymer was then used as high
index layer to fabricate DBR. Highly transparent water insoluble poly methyl methacrylate
(PMMA) was chosen as low index layer. PMMA was chosen as the low index polymer layer
due to its high transmittance of over 92%. Polymer DBRs of up to five periods (one period
equals a pair of TPMC and PMMA layers) were fabricated by cost effective spin-coating
method. Refractive indices and thickness were estimated by fitting the transmission curves of
polymer thin films and DBRs by Transfer Matrix model (TMM) simulations. The TMM
simulations were extended to identify number of periods necessary to get DBR reflection
higher than 90% and feasible refractive index contrast to reduce number of periods to as low
as possible. The present work suggests fabricating flexible polymer DBRs using highly
transparent and cost-effective polymers (TPMC and PMMA). Moreover, any desired refractive
index contrast, and hence stop band, can be achieved by simply varying the concentration of

TiO2 in PVA without altering any other thin film processing and DBR fabrication parameters.

4.2 Materials and Methods

The pigmentation, refractive index and structural arrangement of materials may
change the optical properties of various optical devices. So, for the fabrication of DBR, the
material chosen have to be optically transparent and should have sufficient refractive index
contrast between the layers. Also, the materials must be capable of being processed into a defect
free photonic structure. Initially, we have chosen the materials Poly (9- Vinyl Carbazole)
(PVK) and Cellulose Acetate (CA) as high and low refractive index materials. PVK was
dissolved in Chlorobenzene and CA was dissolved in Diacetone alcohol. PVK takes long time
to become completely soluble in the solution Chlorobenzene. Again, CA is not a good

transparent material as compared to other transparent polymers like PVA, PMMA, PS etc. The
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refractive index of PVK is approximately 1.6 and CA is 1.48. On fabricating DBR using CA
and PVK as low and high index polymer layers respectively, a refractive index contrasts greater
than 0.12 cannot achieved. This limiting the photonic band gap width and so very large number
of periods are required to achieve the desired reflectance. On increasing the number of periods,
the fabrication becomes more challenging. Moreover, PVK was a toxic material and
Chlorobenzene was less environment friendly. Also, the coated film was rugged and not in
uniform and transmittance spectra obtained was not wave like as expected. The transmittance

spectra obtained was as shown in fig. 4.1.
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Fig. 4.1. (a) single layer of PVK and CA coated on glass substrate (b) 3 layers of PVK and 2 layers of CA coated

on glass substrate.

Due to these reasons, we were forced to change our materials. Thus, began the search
for materials with high transparency and high refractive index contrast. On considering the
advantages of flexible DBR, we decided to fabricate a nanocomposite polymer, mixture of
inorganic metal oxides like titanium dioxide (TiO2) and a polymer like poly vinyl alcohol

(PVA). The reason for choosing TiO2 as our inorganic material is that

» TiO2 have exceptional electrical, optical and chemical properties

» Good photo catalytic properties

» High refractive index (2.72 @550nm for rutile phase)

* Water soluble nature

» Optical band gap of nanostructured TiOz is higher as compared to its bulk counterpart.
* TiO2can be mixed with polymer by simple solution chemistry method

* TiO2is non-toxic inorganic metal oxide

» Preparation method is eco-friendly

* Cost effective
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« High optical band gap (3.2eV) and dielectric constant

» TiO2 have high transparency in the visible region

Its high refractive index and huge band gap make it ideal for multilayer thin films.
(Khan et al., 2017) It is important to investigate the optical and structural features of TiO> films
in order to successfully promote their uses. A critical demand for industrial use is the low cost
and vast area deposition of TiO> thin film on diverse substrates. Even though TiO2 films can
be deposited using a variety of processes, including sputtering, (L6bl et al., 1994) chemical
vapour deposition, (Martinet et al., 1997) and the sol—gel process (Garzella et al., 2000) etc.,
we prefer the solution chemistry method. Here TiO2 can be easily mixed with the polymer for
depositing the thin films. It offers many advantages over other processes, such as low

processing temperature, easy composition control, broad area coatings and low equipment cost.

Titanium dioxide nanomaterials have numerous photonic and biomedical applications
ranging from common products to advanced devices, such as solar cells, bio-sensors etc.
(Sanchez et al., 2011) TiO2 is an excellent material with outstanding properties and had wide
variety of photonic and opto-electronic applications. And PVA is a good and optically
transparent polymer which is easily soluble in water. Again, PVA is a non-toxic polymer. Also,
both TiO2 and PVA are water soluble and easily can be mixed. This motivated us to prefer
TiO2 doped PVA as our high refractive index material. The prepared titania doped polyvinyl
alcohol nano composite was highly stable, optically transparent and high refractive index

contrast can be achieved using these materials.

4.2.1 Material preparation

Solutions of titanium dioxide (TiO2) doped polyvinyl alcohol (PVA) polymer
composite of varying TiO2 concentrations were synthesised via solution chemistry route. Poly-
vinyl alcohol (PVA) (from Sigma Aldrich) was chosen as the polymer matrix and commercial
1 molar Titanium tetra chloride (TiCls) in toluene solution (from Sigma Aldrich) was used as
initial precursor. Initially, titania solution was prepared through a controlled hydrolysis of TiCls
solution by injecting 1.5 ml of TiCls slowly into 10ml deionized water maintained at 0°C. The
mixture was maintained at room temperature with constant stirring for 5 hours to ensure full
reaction. Otherwise, white precipitates will sediment at the bottom. 2 wt% PVA solution was
then prepared by dissolving 0.2g PVA in 10 ml deionized water (DI) and maintaining at 80°C

for an hour by constant stirring. Freshly prepared titania solution was added to the freshly
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prepared PVA solution at a ratio 1.4:1 and stirred the mixture for 20 minutes at room
temperature to get transparent TiO. dispersed PVA solution (T-PVA solution). T-PVA
solutions with varying concentrations of TiO2 in PVA were prepared by following the above
procedure but by increasing the initial volume of TiCls from 1.5ml to 2ml, 2.5 ml, 3 ml and 4
ml. The molar concentrations of TiO2 in PVA solution is presented in Table 1. Solutions thus
prepared were named as T-PVAL, T-PVA2, T-PVA3, T-PVA4 and T-PVADS respectively. The
prepared TPVA solutions were highly stable, optically transparent, non-toxic and varying
refractive index. While synthesizing T-PVA solutions with higher concentrations of TiO., the
reaction time to prepare titania solution may be increased considerably to ensure complete
reaction. Thin films of varying thicknesses were deposited by spin coating method and the
films were named as TiO2-polymer matrix composites (TPMCSs). Thin films from the above T-
PVA solutions were named as TPMC1, TPMC2, TPMC3, TPMC4 and TPMCS5 respectively.
DBRs (named DBR1 and DBR3) were fabricated on cleaned glass substrates by choosing
TPMC3 and TPMCS5 as high index layers respectively. Poly (methyl methacrylate) (PMMA)
(purchased from Alfa Aesar) was chosen as low index layer in both the DBRs. 2 wt% PMMA
solution was prepared by dissolving 0.2g PMMA in 10 ml Toluene and maintaining at 90°C
for an hour by constant stirring. Clear and optically transparent PMMA solutions were
obtained. For thin film fabrication, the obtained PMMA solution was spin coated with

rotational speed 5000rpm. All thin films were dried by using IR lamp to remove excess solvent.

4.2.2 Thin film deposition and characterisation

Thin films were deposited on a glass plate by spin coater (Apex instruments spinNXG-
P1). The UV-Visible absorption and transmission studies were carried out using Ocean Optics
Maya 2000-Pro UV compact spectrometer, white light source and necessary optical fibres and
lenses. The phase identification of the prepared nanocomposite was done by using X-ray
diffractometer (XRD) (Make: Malvern Panalytical Aeries Research) and FTIR spectra were
recorded by using Perkin Elmer Spectrum Two FT-IR Spectrometer. The Igor software and the

TMM simulations were used for the analysis.

4.2.3 Transfer Matrix Model (TMM) Simulations

The thin film designer has to be designed the multilayer thin films in such a way that
the transmittance, reflectance and absorbance values should be specified for the particular
wavelength of the incident light. This is achieved by regulating the thickness and the refractive
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indices of the individual layers. The transfer matrix method is a method used to analyse the
propagation of electromagnetic waves through the multilayers of different refractive indices.
When electromagnetic wave falls on multilayer thin films of different refractive indices, optical
reflections will take place from each interface. Depending on the wavelength of the light source
and thickness of the layer, the reflected beams interfere with one another. In transfer matrix
model simulations, the optical interference spectra of the reflected beam analysed and then
design the optical multilayers with widely varying spectral characteristics. So, transfer matrix
model simulations can be used for the design of optical multilayers, distributed Bragg
reflectors, optical filters and antireflection coatings etc. Detailed description of the TMM

simulations were described in the previous chapter.

Schematic of a DBR made of multiple layers of two transparent media with refractive
indices ny and n. (ny > ni) is shown in fig. 1.6. When light enters into this structure, light is
partially absorbed, reflected and transmitted at each interface. The thicknesses and refractive
indices of the layers define whether the interference among reflected wave is constructive or
destructive at a specific wavelength. This can be calculated using transfer matrix model
simulations [35].

We have realized that, for alternative layers of high and low refractive indices ny and

nL and number of periods N, the highest reflectance occurs at 1 when
nLlL = nHlH = 1/4 (41)

When the optical thickness of each layer equal to quarter wavelength of the light used,

constructive interference occurs and the layers act as a high-quality reflector.
4.3 Results and Discussions

4.3.1 Structural characterisation

To identify the presence of TiO. before and after mixing titania solution with PVA
polymer solution, XRD patterns of thin films deposited from titania solution and TPMC4 were
recorded and is presented in fig. 4.2. Both the films were spin coated at 3000rpm with dwelling
time of 60s on cleaned glass substrate. The broad amorphous background in XRD patterns of
thin films from titania solution and TPMC4 might be due to background reflections from both

the substrate and polymer matrix. Both the XRD patterns show peak at 28.6° corresponding to
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(110) plane of rutile phase TiO,. Standard XRD pattern of TiO- rutile phase is also presented
in Fig.4.2 for reference. (Bae et al., 2009; Howard et al., 1991)
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Fig. 4.2: XRD patterns of thin films fabricated from titania solution (TS) (blue) and TPMC4 (red) and standard
rutile phase of TiO,,

As compared to other phases of TiO, (Reyes-Coronado et al., 2008) the strongest XRD
peak of TPMC4 well matches with rutile phase. This confirms the formation of TiO> rutile
phase during hydrolysis of TiCls. The peak is more prominent in TPMC4 film as compared to
titania film. This is due to the crystallization of TiO> particle within the PVA matrix during
thin film formation and post processes such as drying. Crystallite size and d-spacing were
determined using Debye Scherer formulae (egns. 10 and 11). The crystallite size and d-pacing
thus estimated were found to be 37.7nm and 3.12 A respectively. The various parameters

determined from XRD pattern is presented in the table 4.1.

00924
" Bcoso (4.2)
A
and dspacing = ZZW (43)

Where A is the wavelength of X-rays, B is the full width at half maximum of the

diffraction peak, n is the order of the spectrum- and 6 is the angle of diffraction.
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Table 4.1: VVarious parameters determined from XRD pattern

Sample | 20 0 FWHM | pin | cosO sin@ Din d spacing
radian Al (A%

TPMC4 | 28.6230 | 14.31150 | 0.21730 | 0.00379 | 0.969 0.2472 | 377 3.115

The infrared spectrum of a molecule provides information about the characteristic
properties of the molecule. So, the infrared spectrum can be used as a fingerprint for
identification of the structural features of the molecule, and the functional groups attached to
the molecule. From the structural features of the molecule, or the functional groups attached to
the molecule, we can analyse characteristic properties of the material. FTIR spectra of TPMC4
thin film is presented in fig. 4.3. The largest singlet peak in the wavenumber ranging between
3000 cm™ to 3600 cm™ and the peak around 1650 cm™ are due to the stretching and bending
vibrations of -OH group and this indicates the normal polymeric OH presence. The broad peak
extending from 400 cm™ to 1000 cm™ shows stretching vibrations of Ti-O and Ti-O-Ti

framework bonds. (Kumar et al., 2000)
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Fig. 4.3: FTIR spectra of TPMC4
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4.3.2 Optical characterisation

The transmittance
spectra of a TPMC thin film
UV-Visible
Spectro-photometer is as shown

obtained  from
in fig. 4.4. The transmittance
spectra appeared like a wave with
a dip in certain wavelength
this the

reflectivity goes to a high value.

region. At region,

The transmittance spectra of TPMC thin films with different concentrations of TiO2 in
PVA were deposited on glass substrates as shown in the fig. 4.5. The different concentrations
of TPVA solutions were obtained by increasing the concentrations of TiCls as 2ml, 2.5ml, 3ml
and each corresponds to a concentration of TiO2 in PVA as 231, 266, 295 mmol/lit respectively.
From the fig.6, it is clear that, the transmittance decreases and so the reflectance increases with
increasing concentration of TiO2 in PVA. Here, we have assuming R%=100-T%, assuming
very low absorption over the entire visible region. From the table 4.1, it is obvious that as the
concentration of TiO2 in PVA increases, refractive index of the TPV A solution increases. This
implies that as the refractive index of the TPV A solution increases, reflectivity of the film also

increases.
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Fig. 4.4 : Transmission spectra of TPMC thin film
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Fig. 4.5: Transmission spectra of the TPMC film by increasing TiCls concentration
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The estimated refractive indices of samples with varying TiO2 concentrations were
presented in Table 4.2. The refractive indices were found to increase monotonically with an

increase in TiO2 concentrations.

Table 4.2: Polymer film id, TiO, concentration
and corresponding refractive indices (estimated by TMM simulations)

Sample  Conc. of TiO2 N
id (mmolity (@ 6320m)

PVA 0 1.48
TPMC1 194 1.52
TPMC2 231 1.58
TPMC3 266 1.66
TPMC4 295 1.75
TPMC5 442 1.80

TPMC thin films of various thicknesses were deposited on glass substrates by varying
the spinning speeds. Spinning speeds were between 2000 rpm and 7000 rpm, with a spinning
time of 60 sec. A set of transmission spectra recorded for TPMC4 thin films is shown in fig.
4.6. Refractive indices were first estimated by Brewster’s method. Using these refractive index
values in TMM simulations to get optimised values for refractive indices and film thicknesses.
Thicker TPMC4 films (Fig. 4.6(c) and 4.6(d)) were deposited from T-PVA solution prepared
as mentioned in section 4.2.1 except 2wt% PVA solution was replaced with 3wt% PVA

solution.
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Fig 4.6: Transmission spectra of TPMC4 thin films (a) 2wt% PVA, 7000rpm, (b) 2 wt% PVA, 3000rpm, (c) 3
wt% PVA, 6000rpm and (d) 3wt% PVA, 2000rpm. (t-thickness)

To perceive the overall quality of the spin coated film the optical microscopy images
were taken. The pictures taken by an optical microscope is presented in the fig. 4.7.

From the optical microscopy images, it is clear that the deposited film was almost uniformly
coated on the glass substrate.

Fig. 4.7: Optical microscopy images of the spin coated TPMC film at various resolutions
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But as the thickness of the film increased by increasing the concentration of PVA,
uniformity of the film lost to a certain extent. As the number of pairs increased, cracks were
observed on the film. Fig. 4.8 shows the optical microscopy images of the spin coated TPMC

film with higher thickness at various resolutions.

Fig. 4.8: Optical microscopy images of the spin coated TPMC film with higher thickness at various resolutions

4.4 Distributed Bragg Reflectors (DBR)

Distributed Bragg reflectors were fabricated by spin coating T-PVA and PMMA
solutions on a glass substrate using a spin coater. TiO2-polymer matrix composites (TPMCs)
were used as high index polymer and PMMA were used as low index polymer. DBR1 was
fabricated with TPMC3 (nn-1.66) and PMMA (n.-1.49) as high and low index layers

respectively.
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Fig. 4.9 Transmission spectra of DBR1 for N=2
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The transmission spectra were recorded and from the transmission spectra, reflection
spectra were calculated by R%=100-T%, assuming very low absorption over the entire visible
region. The transmission spectra of DBR1 with N=2 was obtained as shown in fig. 4.9. As the
number of periods (N) in DBR was increased from 2 to 5, a stop band between wavelength
range 500 nm and 700nm was observed and the reflection increased from 12% to 33% around
the central wavelength 600nm. Fig. 4.10[(a)-(d)] represents the experimental and simulation
results of reflection spectra of DBR1 with increasing periods and fig. 4.10(e) is the simulation
results of DBR1 for periods N =5, 10, 15 and 20.
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Fig. 4.10: (a) to (d) Experimental and simulation results of reflection spectra of DBR1 with increasing periods
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Fig. 4.10: (e) Simulation results of DBR1 for periods N = 5, 10, 15 and 20.
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TMM simulations perfectly match with the experimental results. From TMM
simulations the thickness of high index and low index were estimated to be 60 nm and 140 nm.
We have extended the simulation results to observe the increase in reflection (%) by increased
N from 5 to 20. From fig. 4.10(e) it is clear that the reflection band increases up to 90% with a
DBR having 20 periods. It is also observed that the central wavelength red shifts with increase
in N. This is due to the mismatch in the condition n;l;, = nyly = A/4. Thicknesses of high
index and low index layers within DBR1 structure do not exactly match optical thickness as
mentioned in the above equation. Hence, we observed peak shift of 46 nm as N was increased
from 2 to 20. To reduce this shift and to get a DBR with a central wavelength of 600nm, the
thickness of TPMC3 and PMMA layers must be fixed at 90.4 nm and 100.7 nm respectively.
The deposition parameters like rotation speed and time and PVA wt% are to be optimised to
get the above estimated layer thicknesses for n4 and n.. Thus, by fixing the optical thickness
of each layer to 1/4™ of central wavelength the peak shift with increase in N can be minimised.
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Fig. 4.11: Simulation results of (a) DBR2 and (b) DBRA4 for no. of periods (N) =5, 10, 15 and 20.

Simulations were carried out for DBR structures with higher TPMC indices 1.75 and

2.0 (named as DBR2 and DBR4). The results are presented in fig. 4.11. DBR parameters
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estimated from simulations are tabulated in Table. 4.3. It is clear that as N increases reflectivity
increases. For DBR1 (An ~ 0.17), the peak reflectivity increased from 12.5% to 90.8% as N
was increased from 2 to 20. For an index contrast of 0.26 (DBR2), peak reflectivity of 88.8%
was achieved for N=10 and the reflectivity increased to ~98% for 20 periods. As the index
contrast was increased to 0.51 (for DBR4), within 5 periods a peak reflectivity of 86.5% was
achieved. This DBR structure could deliver a reflectivity of as high as 99.3% within 15 periods.
Reflectivity was not increased much for N above 15 periods. DBR2 and DBR4 were designed
with optical thicknesses of each layer exactly equal to quarter wave (central wavelength
550nm). These structures do not show any peak shift. Full width half maximum of stop band
can be increased by increasing the index contrast. For a 20 periods DBR structure, stop band
of 50 nm was estimated for An of 0.17. This was increased to 70 nm and 115 nm for An of 0.26

and 0.51 respectively.
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Fig. 4.12: (a) to (d) Experimental and simulated reflection spectra of DBR3 with N =1 to 4 and (e) transmission
spectra of DBR3 with N=4, 5, 6 and 7.
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Further we have extended our studies by fabricating DBR (named DBR3) using
TPMCS5 (n=1.8) and PMMA as high and low index layers respectively. Reflection spectra of
the fabricated DBR3 are presented in Fig. 4.12. The index contrast between high and low index
layers in DBR3 is 0.31 and hence a wide stop band and high reflectivity is expected even for
low N values as compared to DBR1 and DBR2. DBR3 shows a reflectivity of 62.3% for
number of periods 4. This is much better than the reflectivity of 24.6% achieved for DBR1 for
the same number of periods. Unfortunately, as the number of periods was further increased in
DBR3, the reflectivity was found to decrease. For seven pairs of layers, reflectivity decreased
to 28.6% (Fig. 4.12(e)). Cracks were observed for DBRs having number of pairs more than 4
when viewed with optical microscope. This led to more surface roughness and hence to a low
reflectivity. The base line of the transmission spectra was found to decrease for N values above
4 as shown in Fig. 4.12(e). This implies that, apart from transmission and reflection, a fraction
of light gets scattered due to surface roughness. From fig. 4.12(e), the scattering percentage
was estimated to be 61% for seven periods. From our designs, peak reflectivity of 80% or above
is achievable with high index contrast layers in DBR. Our fabrication is limited to DBRs with
5 periods due to reduced surface quality on depositing a greater number of layers. Fabrication
process needs to be optimised to identify the origin of cracks and hence on reducing scattering
effects. Nevertheless, high reflectivity and a broad stop band may be achieved by choosing
high index contrast layers and minimal number of periods to avoid scattering losses. We
propose TPMC and PMMA as high and low index layers for a flexible polymer DBR mirrors.
Here TPMC index can be changed by simply varying the concentration of TiO2 in PVA without
altering any other thin film processing and DBR fabrication parameters. Hence any desired
stop band range and any desired peak wavelength and reflectivity can be designed using the
proposed DBR structure. The various parameters determined from DBR design were tabulated
in the table 4.3.
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Table 4.3: Various parameters determined from DBR design and fabrication

DBR TPMC No. of reflpei?ilj/ity Peak Stopband o,/

design index An periods (%) - FWHM Sim
(N) (nm) (nm)

DBR1 1.66 0.17 2 12.5 570 350 Expt.
3 21.0 585 165 Expt.
4 24.6 600 140 Expt.
5 32.5 605 110 Expt.
10 63.7 612 70 Sim.
15 82.0 615 55 Sim.
20 90.8 616 50 Sim.

DBR2 1.75 0.26 5 58.3 550 120 Sim.
10 88.8 550 90 Sim.
15 96.5 550 80 Sim.
20 98.1 550 70 Sim.

DBR3 1.8 0.31 2 28.0 596 310 Expt.
3 34.9 598 205 Expt.
4 62.3 602 173 Expt.
5 62.8 602 160 Expt.

DBR4 2.0 0.51 5 86.5 550 165 Sim.
10 98.6 550 135 Sim.
15 99.3 550 125 Sim.
20 99.3 550 115 Sim.

4.5 Conclusions

by doping titanium dioxide (TiO2) in poly-vinyl alcohol (PVA) by solution processing. A
refractive index of up to 1.80 was achieved by increasing the doping levels of TiO2 in PVA.
Further increase in TiO2 could increase the refractive index of T-PVA to 2.0 or even more.
DBRs were fabricated by titania doped PVA polymer matrix composite (TPMC) and poly
methyl methacrylate (PMMA) polymers as alternating high and low index layers respectively.
The reflectivity of DBR was increased by increasing number of periods. The experimental
results were in agreement with transfer matrix model (TMM) simulations. TMM simulation
results showed that, to achieve reflectivity of more than 90%, number of periods can be

increased or refractive index contrast can be increased. With a high index contrast of 0.51,
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number of periods can be reduced to 5 as compared to 20 periods in a DBR with an index
contrast of 0.17. High index contrast of alternative layers will also benefit in having a relatively
broad stop band. The present work proposed that fabricating flexible polymer DBRs from
highly transparent and cost-effective polymers TPMC and PMMA in a simple solution
chemistry method. Moreover, any desired refractive index contrast, and hence stop band, can
be achieved by simply varying the concentration of TiO2 in PVA without altering any other

thin film processing and DBR fabrication parameters.
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Chapter -5

Carbon Quantum Dots Dispersed PVA Thin Films
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Carbon Quantum Dots Dispersed PVA Thin Films

In the previous chapter, we had proposed TPMC and PMMA polymers as high and low
refractive index materials for the fabrication of flexible DBR using a simple, cost-effective
solution chemistry approach. Using these pairs, any desired refractive index contrast and
hence stop band and reflectivity can be achieved by simply varying the concentration of TiO>
in PVA. In this chapter, we discussed the synthesizing method of highly photoluminescent
carbon quantum dots in a simple microwave assisted hydrothermal method. The CQDs were
prepared from Commercial D-glucose, a simple monosaccharide sugar. The solvent was de-
ionised water. CQDs were synthesized in a simple, green assisted method by microwave
heating of the solution. CQDs can exhibit different emission colours when they are excited at
different excitation wavelengths. Also, the emission wavelength of CQDs independent of size
of the CQDs. We found that CQDs show strong optical absorption in the UV region. ie. CQDs
are effective photon-harvesting agents especially in short-wavelength region. In order to form
a thin film of CQDs we had mixed CQDs with PVA and CQD-PVA nano composite thin film
had done. This work presented in the international conference of Optical Society of America
and published in OSA Technical Digest as ‘“Photoluminescent glucose derived carbon

quantum dots for photonic and optoelectronic applications .

5.1 Introduction And Motivation

Carbon quantum dots are carbon based zero dimensional materials with size less than
10nm. Carbon is one of the fundamental elements of all living things, have an important role
in modern science and technology. Among the quantum dots CQDs are rising stars due to their
low cost, intense fluorescence, low toxicity, flexible luminescence range, excellent light
stability, non-blinking features and outstanding solubility. (Wang et al., 2017) With these
significant features CQDs have wide range of potential applications. (Kandasamy, 2019) In
addition, CQDs have appealing qualities like high stability, strong conductivity, environmental
friendliness, straightforward synthetic processes, and optical features that are equivalent to
other quantum dots. Therefore, CQDs are fascinating class of carbon nanoparticles. (Lim et al.,
2015)

When purifying single-walled carbon nanotubes from arc-discharged soot, Xu et al.
unintentionally found this fascinating class of fluorescent CQDs. (Wang et al., 2017) Following

that, many synthesis routes have been created for the preparation of CQDs, and many of them
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are simple, affordable, and size-controllable procedures. Furthermore, a variety of techniques

may be employed for the synthesis of large-scale CQDs. (Chen et al., 2016)

Mainly, there are two different approaches for the synthesis of CQDs. One is top-down
approach and the other is bottom-up approach. Top-down approaches use chemical oxidation,
laser etching, and other techniques to reduce the size of massive carbon structures such as
graphite and carbon nanotubes. This technique necessitates expensive and time-consuming
equipment. (Yang et al., 2022) Controlling the size and properties of the CQDs is also
challenging in this procedure. In the bottom-up approach, a variety of techniques including the
microwave-assisted hydro-thermal method, can be used to generate the CQDs from small
carbon particles or molecules, which is relatively straightforward and simple to manage.
Reliable row materials are often employed in the bottom-up approach for CQD synthesis. As a
result, this strategy is cost-efficient, environmentally friendly, and successful in reducing waste
creation. (Singh et al., 2018) Schematic illustration of CQD preparation via ‘top-down’ and

‘bottom-up’ approaches is presented in the fig. 5.1.
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Fig. 5.1: Schematic illustration of CQD preparation via ‘top-down’ and ‘bottom-up’ approaches

The raw materials used in the synthesis of CQDs are naturally occurring various carbon
containing materials such as citric acid, denatured milk, dried leaves, sodium hydroxide,
broccoli, food wastes, ammonium citrate, grass, ascorbic acid, vegetables, gelatine etc. (Rani
et al., 2020) Carbon is one of the essential elements of organism and because of the wide
extensive resources of carbon, the production cost of CQDs is much lowered. Also, CQDs

possess attractive properties such as high stability, good conductivity, environmental
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friendliness, simple synthetic routes as well as comparable optical properties to quantum dots.
(Liu et al., 2020) In most cases, CQDs are synthesized from naturally occurring plants,
vegetables or other carbon sources. (Fan et al., 2020) So, the method is cost effective, low
toxic, eco-friendly and the raw materials are widely available. Also, in the synthesizing

processes, the consumption of chemicals and waste production has been greatly reduced.

Carbon quantum dots (CQDs) or graphene quantum dots (GQDs) may be the two types
of carbon-based quantum dots that are synthesised. The major difference between CQDs and
GQDs are in CQDs excitation dependent emissions are happened; but in GQDs excitation
independent emission are happened. In CQDs size may be below 10nm, but in GQDs size lies
between 1-100nm. CQDs may be amorphous in nature; but GQDs are crystalline. For the
preparation of CQDs , we have wide range of resources including all biomaterials; but in GQDs
we have only limited number of precursors including carbon nanotube, graphene oxide, carbon
black etc. (Ghosh et al., 2021; Li et al., 2019)

Although there are various methods for producing carbon quantum dots, the
microwave-assisted hydrothermal (MAH) method combines hydrothermal and microwave
techniques. Intense energy can be provided by microwave radiation to break the molecule's
chemical bonds. So, this method can effectively reduce the reaction time and so provide
simultaneous, homogeneous fast heating, which leads to uniform size distribution of quantum
dots. Additionally, by adjusting the microwave heating time, the size of the CQDs can be easily
controlled using this method. The formation of highly photoluminescent carbon quantum dots
is done in an easy, non-toxic and economical way. Also, CQDs obtained using this method are
highly stable and water soluble. (Xu et al., 2020)

The mechanism for CQD formation includes dehydrating glucose molecules to produce
the nucleus of the CQDs. Then the growth of CQD occurs at the spherical surface with
increasing microwave heating time. As the microwave heating time increases, the source
molecules reach the surface of the CQD and generate new C-C by dehydration. By this way
CQD becomes larger as heating time increases. Owing to the high pressure induced by the
hydrothermal condition, the newly formed C-C is orderly arranged and that causes the growth
of CQDs. The newly formed surface functional groups in CQDs causes to absorb the UV
Visible light. So CQDs act as an effective photon harvesting agents especially in the UV
Visible region. (Rani et al., 2020) The mechanism of CQD formation is schematically
represented in the fig.5.2.

91



%

Glucose Nucleating cQb growth

As microwave heating time increases >

Fig. 5.2 Mechanism of CQD formation

CQD’s remarkable features such as low toxicity, inexpensive and strong
biocompatibility make them attractive materials for photocatalysts, UV absorbers, bioimaging,
biosensors, photosensitizers, electron mediators and spectral converters etc. (Mehta et al.,
2019) CQDs have superiority in water solubility, chemical stability and low toxicity over
common photocatalysts ZnO, TiO2, CdS etc. Also, after specific surface modification, CQDs
exhibit excellent and tuneable optical properties particularly absorbance and
photoluminescence. (Heng et al., 2021) Main challenges facing the photo-catalyst materials are
fast recombination of charges and limited light utilisation properties. In CQD-based nano
composite photocatalysts materials, CQDs can be easily dispersed into the surfaces of other
nanocomposites. Also, CQDs have an excellent electron-transfer property that can improve
charge separation. (Khan et al., 2020) Conventional photocatalysts, TiO2 and ZnO have wide-
bandgap and can be excited only by UV light and this limits their practical applications. (Zhang
et al., 2009) When conventional TiO2-based photo catalyst coupled with narrow-bandgap
semiconductors like CdS and CdSe etc. the composite system exhibits photo-excitation by wide
range of wavelength from the full solar spectrum. (Zheng et al., 2020) But in practical
applications they are restricted because of their toxicity and instability. CQDs/TiO, composite
photocatalyst system exhibits higher photocatalytic activity than pure TiO2 because CQDs
trade as a spectral converter in CQD-based composite photocatalysts system. i.e., CQDs can
extend the light utilisation range of photo-catalyst from UV-light to visible-light range. (Zhang
etal., 2017)
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Other applications of CQDs are adsorption treatment using CQDs. CQDs can remove
organic and inorganic pollutants or unwanted materials from a solution. This is because CQDs
have large surface area and these surfaces or edges of CQDs can interact with other functional
groups. i.e., CQDs increases the physical or chemical interactions among the materials. So, the
precipitate formed can be easily removed. (Rani et al., 2020) It is also possible to tune the
energy bandgap of quantum dots and this leads to increase of adsorption capability. This
captivating property of CQDs makes them an efficient adsorbent in the removal of pollutants
from waste water. (Wu et al., 2018)

CQDs can be used as an antimicrobial agent for the degradation of bacteria and the
CQDs/TiO2 nanocomposite has sustainable antibacterial property. The CQDs/TiO:
nanocomposite can effectively use as an antibacterial agent than pure TiO2 because in pure
TiO2 due to the agglomeration, antibacterial efficiency will degrade. CQDs/TiO>
nanocomposite may produce more free radicals, and these free radicals will decompose the
organic materials in the bacteria cells causing decay of these bacteria. (Yan et al., 2019) CQDs
can be used as an excellent antibacterial agent because of their fascinating properties like
controlled-size, well-dispersed in water and good antimicrobial properties. CQDs antibacterial
activity enhanced by UV-light irradiation, because of their fluorescent properties and resistance
to photo-bleaching. (Budimir et al., 2021)

Due to the outstanding features of CQDs as biocompatibility, good solubility in aqueous
solution, non-toxicity and desirable optical properties, they have many attractive biomedical
applications. (Azam et al., 2021) The tuneable fluorescence and quantum size effect of CQDs
make them to choose as promising material in the biological imaging of various cellular

processes. (Jin et al., 2011)

In our research, we initially intended to develop CdSe quantum dots. But it is toxic.
CQDs were developed after it was realized that they offered all of the advantages of CdSe or
other quantum dots. We had synthesized highly photoluminescent, water soluble, eco-friendly,
non-toxic CQDs in a cost-effective way by microwave assisted hydrothermal method. CQDs
were synthesized from glucose via solution chemistry route and Deionized water was used as
solvent. This method has the advantages of microwave and hydrothermal techniques. This
method does not require any surface passivation agents or inorganic additives. The sole reagent
is glucose, which makes this method more attractive as compared to other CQD synthesis
methods. Also, all our works were polymer related and using CQDs polymer matrix can be

easily formed. So, more applications can be done in polymers. We had prepared different sized
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CQDs by changing the heating time and the concentrations of glucose solutions. It was found
that size of the CQDs increased with increasing heating time as well as with the concentrations
of CQDs. From the photoluminescence spectra it was found that the emission wavelength of
CQDs is independent of size of the CQDs but depends on the excitation wavelengths. Also,
CQDs show strong optical absorption in the UV region. ie. CQDs are effective photon-

harvesting agents especially in short-wavelength region.
5.2 Materials and Methods

CQDs were synthesized from commercial glucose via solution chemistry route.
Deionized (DI) water which is used as solvent. Both the materials used in the synthesis process
are easily available and non-toxic. Here glucose is used as the carbon source. Microwave-
irradiation of the sample was done by model: BAJAJ 1701 MT 17L SOLO microwave oven.
We considered a straightforward synthetic method involving microwave heating of the
material. This microwave heating provides simultaneous, homogeneous, fast heating, leading
to uniform size distribution of quantum dots. Since the ingredients are glucose and DI water,
the method is cost effective and eco-friendly. Also, in the synthesizing processes, the

consumption of chemicals and other waste production has been very much reduced.

We had synthesised water soluble CQDs from glucose solution (8wt% concentration)
by using glucose and DI water as source and solvent respectively. 8.0g glucose was dissolved
in 100ml DI water, and the resulting glucose solution was collected in a 5ml glass bottle.
Microwave heating of the solution contained in the glass bottle for different time such as 5, 6,
7, 9, 11 and 13minutes at a certain power of 350W. We had repeated the experiment by
changing the microwave power, microwave heating time, concentration of the solution and
volume of the solution. It was found that the experimental parameters such as microwave
power, heating time, source concentration as well as solution volume have a distinct effect on
the growth of CQDs. i.e., these experimental parameters will affect the size of the CQDs. In
the process of microwave heating, the solution changed its colour from transparent to pale
yellow and brown, as a result of formation of CQDs [5,6]. The procedure of CQD formation

diagrammatically represented as shown in the fig. 5.3.
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Fig. 5.3 Diagrammatical representation of CQD formation

When the solutions were kept in a UV chamber and subjected to UV radiation different
solutions show different fluorescent colour. UV-Visible absorption and transmission studies
were carried out using Ocean Optics Maya 2000-Pro UV compact spectrometer, white light
source and necessary optical fibres and lenses. For photoluminescence study, laser sources of
wavelength 540nm, 450nm and 280nm was used as excitation sources and Ocean Optics

spectrophotometer was used as a detector.

Transmission electron microscopy images were taken to analyse morphological,
compositional and crystallographic information about the sample. Surface area electron

diffraction pattern was also taken to identify whether the sample is crystalline or not.

Even though the synthesized CQDs were highly water soluble, it cannot form into a
thin film when coated on a glass plate. Even if it was heated to a high temperature for a long
time, it did not form into a thin film. The CQD’s were found to be sticked on the glass plate
like a sticky gel. If CQDs can be converted into a thin film, it will have numerous photonic and
optoelectronic applications. On mixing CQDs with certain polymers, it can be possible to coat
on the substrate as a thin film. But it must be confirmed that when mixed with a polymer, its
transparency and photoluminescence properties should not change. So, the choice of the
polymer is an important factor. Since CQDs are water soluble we search for a water-soluble
polymer and found that PVA is exactly apt for it. PVA is a non-toxic, comparatively low cost
and optically transparent polymer which is easily soluble in water. So, we choose PVA as the
polymer to mix CQD to form thin film.
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We had synthesized CQD-PVA composite by mixing CQDs with 2wt% PVA solution.
2wt% PVA solution was prepared by mixing 0.2g PVA in 10ml distilled water and stirred for
45minutes using a magnetic stirrer at a temperature of 80°C. Then the PVA solution were
mixed with the CQDs in the ratio 3:1 by using a magnetic stirrer. The mixture was coated on
a glass plate by using a spin coater with a spinning speed of 5000rpm. Then the film allowed
to dry by using an oven. UV-Visible absorption and transmission studies of the prepared CQD-
PVA film were carried out using Ocean Optics Maya 2000-Pro UV compact spectrometer,
white light source and necessary optical fibres and lenses. Photoluminescence spectra of the

CQD-PVA composite film was also obtained by exciting a laser of wavelength 450nm.
5.3 Result and Discussions

Highly photoluminescent, water soluble CQDs were prepared from 8% glucose
solution by microwave heating of the solution for different time such as 5, 6, 7, 9, 11, 13
minutes. Fig. 5.4 represents the CQDs formed by microwave heating at different time. From
the fig. 5.4 it is clear that the solution changed its colour from transparent to pale yellow and
brown as a result of formation of CQDs. The size of the CQDs increased with increasing
microwave heating time. We had repeated the experiment by changing the microwave heating
time, power, source concentration and solution volume etc. and optimized synthesizing process
flow and the parameters to get low cost, but high yield uniformly sized quantum dots. It was
discovered that the growth of the CQDS were significantly influenced by experimental
variables such as microwave power, heating time, source concentration, and solution volume
etc. The synthesized CQDs had a uniform size distribution due to the simultaneous,
homogeneous, fast heating provided by the microwave oven.

Fig. 5.4: CQDs formed by microwave heating at different time
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The newly prepared CQDs under UV light is as shown in the fig. 5.5. The prepared

CQDs were stable for at least six months in room temperature.

Fig. 5.5: CQDs illuminated by UV light

The photoluminescence of CQDs by two excitation wavelength 540nm and 450nm are
presented in the fig. 5.6. From the photoluminescence spectra it is clear that emission
wavelength of CQDs is independent of size of the CQDs. But the intensity of the emission that
depends on the size of the CQDs. Also, CQDs can exhibit different emission colours when they
are excited at different excitation wavelengths.

In contradictory to the other QDs, the size independent emission is a common
phenomenon observed in many carbon based QDs and this unique optical properties of CQDs
attributed to the self-passivated layer on the surface of CQDs. Different kinds of functional
groups (C-OH, C-O-C, C-H etc. ) are presented on the surface of the CQDs forming surface
states. These functional groups have various energy levels which may result in a series of
emissive traps. When a certain excitation wavelength illuminates CQDs, a surface state
emissive trap will dominate the emission. As the excitation wavelength changes, another
corresponding surface state emissive trap will become dominant. Since both the absorption and
emission spectrum of the CQDs are independent of size, the emissive traps induced by the

surface states of the functional groups should play an important role in the emission.
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Fig. 5.6: Photoluminescence of CQDs with excitation wavelength of (i) 540 nm and (ii) 450nm

The photoluminescence of CQDs with excitation wavelength of 280nm is as shown in

the fig. 5.7. Here also emission wavelength is independent of the size of the CQDs.

10000 —j
Photoluminescence of CQD
8000 —
> _ — cqd2
.5) 6000 cqd3
=z
w
£ 4000
2000 —
0 T T T T
300 400 500 600 700

Wavelength (nm)
Fig. 5.7 : Photoluminescence of CQDs with excitation wavelength of 280nm

The absorption spectra of CQDs are as shown in the fig. 5.8. The transmission spectra

of CQDs are also presented in the fig. 5.9.
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Fig. 5.8: Absorption spectra of CQD
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From the transmission and absorption spectra, it is clear that CQDs show strong optical
absorption in the UV region. ie. CQDs are effective photon-harvesting agents especially in
short-wavelength region, due to the n-n* transition of C=C bonds. Also, the surface functional

groups may also greatly contribute to the absorption at the UV-visible region.
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Fig. 5.9: Transmission spectra of CQD

We also attempted another method of preparing the CQDs by heating the glucose
solution in an oven for 4 hours at 180°C. 1g glucose powder was dissolved in 15ml distilled
water to make the glucose solution. We obtained a brown suspension after filtering it with filter
paper. The transmission spectra of the resultant CQDs are as shown in the fig. 5.10. Here the
low transmission window is greater than the previously prepared CQDs. This may be due to

the lack of proper filtering. If it was filtered by a track membrane there will be a better result.
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Fig. 5.10: Transmission spectra of CQDS prepared by heating in a oven
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Fig. 5.11 shows the transmission electron microscopy (TEM) image of the
monodispersed CQDs. From TEM images it is clear that quantum dots were formed with
majority of QDs with sizes less than 10nm. So, it was realized that the synthesized quantum
dots were Carbon quantum dots.

A

Fig. 5.11: Transmission electron microscopy image of the CQDs.

Fig. 5.12: The selected area electron diffraction (SAED) pattern of monodispersed CQDs

The selected area electron diffraction (SAED) pattern of monodispersed CQDs is as
shown in the fig. 5.12. From the SAED pattern it is clear that CQDs have neither pure

crystalline nor amorphous structure. But a structure intermediate between these two.

The synthesized highly luminescent carbon quantum dots were stable for at least three
months at room temperature. The photoluminescent properties of the CQDs may be due to
either bandgap transitions corresponding to conjugated p-domains (Aziz et al., 2019) or due to
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the self passivated layer on the surface of the CQDs. (Tang et al., 2012) Also, the
photoluminescent properties of the CQDs vary sharply with the size of the CQDs.

The synthesized CQDs didn’t form into a thin film when coated on a glass substrate.
After coating CQDs on a glass substrate and heated for a long time, the CQDs were found to
be adhered to the glass substrate like a sticky gel. It was not dry even after being heated for a
long time. If it is possible to make a thin film using CQDs, it will have variety of photonic and
opto-electronic applications. On mixing CQDs with PVA, it can be possible to form a thin film
by coating on the substrate. Since CQDs are water soluble, it can easily mix with PVA because
PVA also a water-soluble polymer. PVA is non-toxic, comparatively low cost and optically
transparent polymer. Also, all our works are related with PVA. So, we choose PVA as the

polymer to mix CQD to form a thin film.

Transmission and absorption studies of the prepared CQD-PVA film was as shown in
the fig. 5.13. The transmission and absorbance of the CQD-PVA film are in line with the CQD
in solution form.
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Fig. 5.13: Transmission and absorbance of CQD-PVA film
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The transmission and absorbance spectra of the CQD-PV A composite when taken from
a cuvette was as shown in the fig. 5.14. As compared to pure CQDs, transmission was decreased
and absorption was increased. This may be due to the presence of PVA in the bulk composite

form.
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Fig. 5.14: Transmission and absorbance of CQD-PVA composite

The photoluminescence spectra of CQD-PVA nano composite film excited by a laser
of 540nm is presented in the fig. 5.15. In the photoluminescence spectra the peak emission was
observed at 700nm. So, this photoluminescence spectra are also consistent with the spectra of
CQD in solution form.
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Fig. 5.15: Transmission and absorbance of CQD-PVA composite
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5.4 Conclusions

In this chapter, we had synthesized highly photoluminescent, eco-friendly
carbon quantum dots from naturally occurred D-Glucose by microwave assisted hydrothermal
method. From the photoluminescence spectra of CQDs, with different excitation wavelength
of 280nm 450nm and 540nm, it is obvious that emission wavelength of CQDs were
independent of size of the CQDs. But the intensity of emission depends on the size of the
CQDs. Also, CQDs can exhibit different emission colours when they were excited at different
excitation wavelengths. From the absorption and transmission spectra, it is clear that CQDs
show strong optical absorption in the UV region. ie. CQDs are effective photon-harvesting
agents especially in short-wavelength region, due to the n-n* transition of C=C bonds. Also,
the surface functional groups may also greatly contribute to the absorption at the UV-visible
region. From TEM images it is clear that the synthesized quantum dots were uniformly sized.
For film formation, CQDs were mixed with PVA and coated on glass substrate. The obtained
CQD-PVA composite film were also emitted light around 700nm when excited by a
wavelength of 540nm. The emission spectra of CQD-PVA nano composite film was also

consistent with the spectra of CQD in solution form.
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Chapter -6

Surface Plasmon Coupled Emission by Active

Optical Components
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Surface Plasmon Coupled Emission by Active
Optical Components

In the previous chapter, we had described the synthesizing method of highly
photoluminescent carbon quantum dots by microwave assisted hydrothermal method.
Transmission, absorbance and photoluminescence studies of the synthesized CQDs had
done. These quantum dots must be converted into thin films for use in photonic and opto-
electronic applications. In order to form a thin film of CQDs, we had mixed CQDs with PVA
and CQD-PVA nano composite thin film had done. Now in this chapter, we had studied the
light matter interactions or energy transfer mechanism by incorporating an emitting
material with multilayers. We performed surface plasmon coupled emission experiments
with multilayers containing the active optical components and discovered the effect of
PMMA on surface plasmon coupled emission tuning. Thus, the potential applications of the

previously fabricated structures explored for the photonic applications.

6.1 Introduction and Motivation

During the last decade, surface plasmon resonance applied sensing devices
have an important growth in photonic and biomedical applications. Surface plasmon
resonance is a promising technique and now a days, surface plasmon resonance (SPR) and
surface plasmon coupled emission (SPCE) are widely used in the field of biosciences and
material sciences. Both the SPR and SPCE depends on the unique optical conditions that
leads to the surface plasmon modes. (I. Gryczynski et al., 2004a)

SPR is the resonant oscillations of conduction electrons at the interface between
metal and a dielectric material stimulated by incident light. Typical metals that support
surface plasmons are silver and gold; but metals such as Cu, Sn, Cr etc have also been used.
(Amendola et al., 2017) For SPR to occur the incoming radiations has to match its
momentum to that of plasmon, and when it is happened, the intensity of the reflected light

decreases sharply. (Jiang et al., 2018) The merging of two rapidly expanding research areas
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fluorescence and plasmonic, gave rise to the surface plasmon—coupled emission (SPCE). In
SPCE, the excited fluorophores interact with the surface plasmons on a thin metal film.
(Lakowicz et al., 2006) The sensitivity of this approach can be substantially improved with

good collecting efficiency owing to the directional emission.

SPR occurs when a monochromatic light is incident on a thin metal film through a
prism of moderate refractive index such as glass. As the angle of incidence is gradually
increased, a total internal reflection takes place at the prism interface. So, we expect high
reflectivity for incident angles above total internal reflection. But, due to the evanescent
waves, free electrons within the metal oscillate generating surface plasmons. When the angle
of incidence (01) matches with the SPR angle (0sp), incident light gets absorbed by the surface
plasmon for a small range of angles around 6sp. These kinds of absorption occur when the
momentum of the incident light through the prism matches with the momentum of the
surface plasmon. (I. Gryczynski et al., 2004b) The momentum matching has to occur for the
in-plane component of the incident wave vector. So, p-polarized light with a perpendicular

electric field can excite surface plasmons. (Holman et al., 2013)

Theoretically, SPR phenomena would not have appeared if the hemicylindrical prism
had not been there. Because the wave vector of surface plasmons (ksp) propagating through
the interface, is often less than the wave vector of light in free space (ko). It was necessary
to match the wave vector or increase ko by using a material with a higher refractive index,
usually a glass prism. (Lakowicz, 2004) In these circumstances a hemicylindrical glass prism

was used and SPR is not achievable without a glass prism.

The wave vectors, of the incident light in-plane of the metal dielectric interface (kx)

and the surface plasmon (ksp), are given by

21 )
ky = — Mo sin0,

_2m | n% n?
ksp—_

and
A Al nZ +n2

Where np is the refractive index of the prism and nmand ns are refractive index of the
metal and the effective refractive index of the metal dielectric interface respectively. The
condition for SPR absorption to occur is when the light wave vector equals surface plasmon

wave vector (Kurihara and Suzuki, 2002) as given by
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and ns. So, the minimum reflectivity Fig. 6.1: Representation of SPR Phenomenon

angle Osp is highly sensitive to the

refractive index of the medium. Adsorption and desorption on the metal surface changes the
effective refractive index of the metal-dielectric interface and hence the resonance angle.
Therefore, monitoring of the Osp change can be used to analyse the adsorption— desorption
or association—dissociation activities that take place on the metal surface. (Damos et al.,
2005) Fig. 6.1 shows geometrical representation of SPR phenomenon at the metal surface.
SPR sensing method is widely used in the studies on interaction between biological
molecules, detection of lipid

bilayer membranes, studying the 907

hybridization and adsorption of
DNA, etc. (Phillips and Cheng,
2007)

Metal film Glass Prism

180° X4

The SPCE phenomenon ’
is the consequence of the near-
field interaction of fluorophores Fluorescence

material

with the surface plasmons that

provides a new pathway for
creation of far-field radiation Fig. 6.2 Experimentation geometry for SPCE
(Lakowicz et al., 2008) Within the near-field distance, the fluorophores can experience the

energy field, and the excited state fluorophore strongly couple with the surface plasmons,
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thereby releasing energy as radiation from the prism. This is possible only when the wave-
vector was matching. (Knoblauch and Geddes, 2019) The surface plasmons can radiate into
the substrate at definite angles with fascinating polarization properties. (Lakowicz, 2004)
The interactions of the fluorophores with the metal film result into steered emission. The
resulting SPCE is highly directional and steered either back into the substrate or into the
sample media, depending on the optical system. (Dutta Choudhury et al., 2015) The
experimentation geometry for SPCE is presented in the fig. 6.2. These steering of the optical
energy from fluorophores can be applied in many devices for fluorescence sensing. These
properties can apply in a wide range of simple, inexpensive, and robust devices in biology
and medicine. (Dutta Choudhury et al., 2015)

SPR and SPCE has to be consider as two entities and studied and analysed separately.
The SPR provides a simple and instinctive approach to understanding SPCE. SPR methods
give a qualitative idea about the presence of the molecules and is a convenient detection
method, but gives poor quantitative features. On the other hand, SPCE methods focused on
fluorescence enhancement, control, steering and directionality based on Reverse-
Kretschmann (RK) configuration. SPCE depends on interactions of the excited fluorophore
with the metal surface. The interaction may be independent of the mode of excitation; that
is, it does not require evanescent wave or surface-plasmon excitation. SPR is the angle-
dependent absorption of thin metal films where as SPCE is the inverse process of the SPR
absorption of thin metal films. SPCE occurs over a narrow angular distribution, converting
normally isotropic emission into easily collected directional emission. (Johansen et al., 2000;
Lakowicz, 2004) Also, experimental studies showed that optical excitation is not essential
for directional emission. SPCE can also be applied to chemiluminescent and electro-
chemiluminescent species. (Solaimuthu et al., 2020) Again, directional emission has also
been observed as forms of phosphorescence and two-photon excited fluorescence. (Cao et
al., 2012)

One of the most popular methods in biological sciences, biotechnology, and medical
diagnostics is fluorescence detection. Fluorescence has an important role in gene expression,
biotechnology, sensing and medical diagnostics among other applications. The SPR
technique in association with fluorescence technology can reveal several characteristics of
the biological system. (Jans and Huo, 2012) By employing wavevector matching at the metal

surfaces, the typical omnidirectional fluorescence can be changed into directional emission.
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Now the interaction of fluorophores with metals is an active area of research. (Badugu et al.,
2013)

But, studies on fluorescence control were limited to emission properties and its
steering and hence a proper understanding on the correlation of SPR and SPCE is lacking.
The present work demonstrates a method to couple surface plasmon resonance phenomenon
to the fluorescence to tune the fluorescence emission. We had made an effort to correlate the
measured Plasmon Coupled Emission Tuning with the standard SPR. This novel setup could
open up a new perspective towards the understanding of detection, kinetics and dynamics of

bio molecules.

In this work, we had demonstrated the surface plasmon coupled fluorescence
emission tuning and directionality in metal dielectric multilayered structures in reverse
Kretschman configurations. The setup contained a metal-dielectric layered structure coupled
to a hemicylindrical prism in a Reverse Kretschmann (RK) configuration. By introducing a
small coating of Poly Methyl Methacrylate (PMMA) polymer before and after the
fluorescein material, we were able to compare the impact of PMMA layer on plasmon

coupled emission tuning.

6.2 Materials and Methods:

Silver (Ag) films of thickness ~45nm were deposited on clean glass slides by
thermal vapour deposition method by maintaining a vaccum of 5x10° mbar. The deposition
rate was maintained at ~10 A/s. Poly Vinyl Alcohol (PVA)-Fluorescin (PVAF) composite
thin films were prepared by the following procedure. 2wt% solution of PVA (from Sigma
Aldrich) was first prepared by dissolving appropriate quantity of PVA in distilled water and
on constant stirring for 45min. Temperature was maintained at ~80 °C during stirring.
Fluorescein(FL) solution was prepared by dissolving 0.5wt% of Fluorescein (from Sigma
Aldrich) in isopropyl alcohol. The prepared PVA and FL solutions were then mixed at a ratio
100:1 to get PVAF solution. PVAF solution was then spin coated on top of silver film at
5000 rpm and dwelling time of 2 min to get a thickness of ~80nm. The layered structure
Ag/PVAF thus obtained was named as Metal-Fluorescin (MF). 0.5wt% PMMA (purchased
from Alfa Aesar) solution was prepared by dissolving 0.05g PMMA in 10ml toluene and
spin coated at 5000 rpm and dwelling time of 2 min to get a thickness of 38nm. To study the
influence of polymer on PCET, PMMA layer was coated as a buffer layer between Ag and
PVAF with a spinning speed of 5000rpm. PMMA was also coated on top of Ag/PVAF
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structure with the same spinning speed 5000rpm. The samples were named as
Metal/PMMA/Fluorescin (MPF) and Metal/Fluorescin/PMMA (MFP) respectively. In fig.
6.3, the three samples are schematically represented.
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Ag Ag | Ag
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Fig. 6.3: Representation of the three sample (a) MF (b)MFP and (c)MPF

So, we had prepared three samples. (1) Ag/PVAF (Metal/Fluorescein- MF) — Thin
films of a mixture of Polyvinyl alcohol (PVA) and flurescent material, (PVAF) were
deposted on the silver film. (2)Ag/PVAF/PMMA (Metal/Fluorescein/PMMA- MFP) — Thin
films of PVAF were coated on the silver film and Polymethyl Methacrylate (PMMA) were
coated on the PVAF film and (3) Ag/PMMA/PVAF ((Metal/PMMA/Fluorescein- MPF)-
Again thin films of two layers, first PMMA and then PVAF were coated on the silver. On
multi layer fabrication with PMMA we found the effect of PMMA on surface plasmon

coupled emission tuning.

Schematic of the experimental setup to study surface plasmon coupled emission
tuning is presented in fig. 6.4. The sample was coupled to a hemi cylindrical prism (n=1.5)
by using glycerine (index-matching liquid to maintain the optical index continuity between
the prism and the glass substrate) as the coupling agent. A diode laser of wavelength
A=450nm was allowed to fall normally to the sample to excite the fluorescein molecules
within the PVA matrix and the emission studies were done by Reverse Kretschmann
configuration (RK). The collection optics were mounted on a rotational platform to record
the emission spectra at different angles ranging from 20° to 90° with an interval of 1°. The
direction opposite to the excitation laser was taken as the reference angle (0°). The emitted
light was fed to a high sensitivity spectrometer (Ocean Optics; Model: Maya2000Pro)
through optical fibres. Ocean optics Spectra Suite software was used to control and collect

the emission spectra from the spectrometer.
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Fig. 6.4: Schematic of the experimental setup for surface plasmon coupled emission tuning

Thin films were deposited on the metal film by a spin coater (Apex instruments
spinNXG-P1). The UV-Visible transmission studies were carried out using Ocean Optics
Maya 2000-Pro UV compact spectrometer, white light source and necessary optical fibres
and lenses. The thickness of the deposited film was estimated by comparing the transmission
spectra with transfer matrix model simulations. For modelling the SPR for more than one
layer, we can choose transfer matrix model simulations (TMM) or other commercial
software. For the present work we have used WINSPALL software (version 3.02) to simulate
SPR curves of all the three samples, MF, MFP and MPF.

Furthermore, we had spin coated a CQD-PVA nano composite film on the metal (Ag)
film and the light matter interactions of the CQD-PVA nano composite film had done. For
this on a glass substrate, a silver film of thickness 45nm was coated by physical vapour
deposition method. Then the CQD-PVA composite was coated on the top of Ag film by a
spin coater at a spinning speed of 5000rpm. The substrate with the sample attached to a hemi-
cylindrical glass prim by using glycerol as the momentum matching liquid. The sample was
excited by a laser source of excitation wavelength 450nm in reverse Kretschmann
configuration. The CQDs absorb the excitation energy and emit wavelengths near to 700nm.
The angle tuned emission spectra of the sample were recorded from 10° to 70° with an
interval of 1°. The direction normal to the substrate from the prism side was taken as the
reference direction (0%). All the collected spectra were then combined and plot an image

with wavelength along x-axis, angle along y-axis and the emission intensity as colour map.
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6.3 Results and Discussions

The transmission spectra of the Ag film, Ag/PVAF and Ag/PVAF/PMMA film were
presented as fig. 6.5(a), 6.5(b) and 6.5(c) respectively. The thickness of the deposited film
was estimated by fitting transmission spectra with the transfer matrix model simulations. The

simulation spectra were also presented in the fig. 6.5.
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Fig. 6.5: Transmission spectra of (a)Ag film (b)Ag/PVAF (c) Ag/PVAF/PMMA

On comparing the transmission and the simulation spectra by TMM simulations, the
thickness of Ag film was found to be 45nm, PVA film was found to be 80nm and PMMA
film was found to be 35nm. Since we just added one or two drops of fluorescein solution to
PVA (in a ratio of 1:100) while making the fluorescein mixed PVA solution, we solely
focused on PVA when optimising thickness of PVAF film. Similarly, the transmission and
the simulation spectra of the (a) Ag (b) Ag/PMMA(MP) and (c) Ag/PMMA/PVAF (MPF)

film are presented in fig. 6.6.
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Fig. 6.6: Transmission spectra of (a)Ag film (b)Ag/PMMA(c) Ag/ PMMA/PVAF

Here also, on comparing the transmission and the simulation spectra by TMM
simulations, the thickness of Ag film was found to be 45nm, PMMA film was found to be
35nm and PVA film was found to be 80nm resprctively. We had examined the surface
plasmon coupled emission tuning using these multi-layered dielectric structures in reverse

Kretschmann configuration and discovered the impact of PMMA film on SPCE tuning.

Now the three samples MF, MFP and MPF were excited with the excitation
wavelength of Lex-450 nm in Reverse-Kretschmann configuration as shown in fig. 6.4. The
fluorescein molecules absorb light energy from the laser source and emit radiations in the
wavelengths between 500nm and 650nm. This is because the free spectral emission
wavelength of fluorescein is from 500nm to 650nm. The emission spectra were collected in
a rotational platform by the optical fibres and recorded by a high sensitivity spectrometer.
The angle tuned emission spectra were recorded from 20° to 90° with an interval of 1°. The

direction normal to the substrate from the prism side was taken as the reference direction.
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Ocean Optics Spectra Suit software was used to collect and control the emission spectra. For
a particular sample, all the collected spectra were then combined to plot an image with
wavelength along x-axis, angle along y-axis and the fluorescence intensity as colour map.

Image plots of the samples MF is presented in fig. 6.7.
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Fig. 6.7: Image plots of the sample MF

From the image plots it was clear that emission was not observed at all angles but
was observed in an angular range 52° to 67°. The angle tuned emission spectra that was also
presented in the fig. 6.8. It is obvious from the angle tuned emission spectra that tuning

observed in the emission spectra.
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Fig. 6.8: The angle tuned emission spectra of the sample MF
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Using WINSPALL software,

the SPR curves were simulated for the

sample Ag/PVAF multilayer system.
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spectra by WINSPALL software. Fig. 6.10: Experimental emission spectra coincide with
the SPR curves simulated by Winspall software fo the

- sample MF
The emission angle was P

consistent with the surface plasmon angle calculated by using WINSPALL software for the
emission wavelength. When the incident angle (0)) matches with the SPR angle (Osp),
incident light gets absorbed by the surface plasmons for a small range of angles around Osp.
Absorption by surface plasmons at Ag/PVAF interface occurs when the momentum of the

incident light through the prism matches the momentum of the surface plasmon.

The observed emission tuning could be explained from the experimental and
simulation results. Within the near field distance, the excited fluorescein molecule can
experience the energy field and the excited state fluorophore strongly couple with the surface
plasmon and thereby releasing energy as radiation from the prism. This is possible only when
the wave vector was matching. i.e., when the momentum matching conditions are satisfied,

the surface plasmon will absorb these radiations and reflectivity minimum will be observed
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at these angles and the emission observed in the angular range 52°to 64°. If the fluorophore
having emission wavelength A, is placed near the metal film, it emit radiations through the
substrate at the surface plasmon angle 0Osp, at the wavelength A, due to the near-field coupling
of the emission with the surface plasmon mode. i.e., The emission of the fluorophore is
coupled to the reflectivity dip due to the SPR at Osp. Because the excited fluorescein
molecules emit light from 500nm to 640nm, when the momentum matching conditions are
satisfied, surface plasmons will absorb these radiations and a reflectivity minimum will be
observed at these angles. For the sample MF, the emission was observed from 520nm to
600nm when angle varied from 52° to 64°. So, the tuning was due to surface plasmon coupled
emission. The line profile in the emission spectra showed that the emission might be from
two or more types of fluorescein molecules. The experimental results were exactly matched
with the simulation results. As the angle was increased the peak emission wavelength shift
towards lower wavelength region (tuned emission). The emitted light was highly directional
and so, the coupling of fluorescence emission with the surface plasmons are useful to steer

the direction of emission.

This plasmon coupled fluorescence tuning depends on a lot parameters such as
thickness of the metal, distance between the fluorophores and the metal surface, orientation
of the fluorophores and refractive index of the prism etc. The thickness of metal and the
dielectric layer can be optimised according to the spectral range of the fluorophore.
Depending on the thicknesses of the dielectric layer and the optical properties of the metals,
the fluorescence emission can be tuned to certain wavelength. In RK configuration, as the
light incident on the sample the Fluorescein molecules within PVA excited uniformly across
the thickness and emit wavelengths in the range 500nm to 640 nm. But only those molecules
placed at a certain distance from the metal surface and have specific orientations will coupled
to the metal surface and produce plasmon coupled emission tuning. Hence, by using surface

plasmon resonance-based emission we can tune the emission wavelengths.

It was discovered that when sample thickness increases, the number of surface
plasmon modes also does. According to earlier reports, samples with a thickness of less than
140 nm only displayed one SPR mode. Since the PVAF layer was 80 nm thick, the sample
Ag/PVAF only displayed one surface plasmon mode. Here the free spectral emission wave
length of fluorescein ranges from 500nm to 640nm. To achieve a broad range of PCFE

tuning, we must employ an emitting material with a broad emission range.
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Fig. 6.11: Image plots of the sample MFP

The same phenomena -PCFE tuning and directionality- was again appeared for the
second sample Ag/PVAF/PMMA. Similar to Ag/PVAF, for the sample Ag/PVAF/PMMA,
the emission was tuned from 560nm to 630nm when the angle ranged from 60° to 72°. Here
also, when the momentum matching conditions are satisfied, the excited fluorescein
molecules coupled with the surface plasmon and emission observed in the angular range 60°
to 72°. In addition to this tuning, at the angle 70° a directionality also observed. This is due
to the uncoupled emission of the fluorescein molecule in the PVA matrix. So, after adding a
PMMA layer above the metal- fluorescein layer, a tuning—directionality duality was
observed. This is due to coupled and uncoupled emission of fluorescein molecules on the
metal surface. The image plots of the sample Ag/PVAF/PMMA is presented in the fig. 6.11.
Fig. 6.12 shows the angle tuned emission spectra of the sample Ag/PVAF/PMMA.
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Fig. 6.12: Angled tuned emission spectra of the sample
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Using WINSPALL software, the SPR
curves were simulated for the sample
Ag/PVAF/PMMA multilayer system. The
SPR reflection curves simulated using
WINSPALL software for the sample
Ag/PVAF/PMMA is presented in the fig.
6.13. From the fig. 6.13, it was clear that
as the angle tuned from 65° to 74°, the
wavelength changed from 615nm to
560nm. The observed SPR reflection dip
matches well with the experimental results.
Fig. 6.14 shows the experimental emission
spectra exactly consistent with the
by WINSPALL

software. This surface plasmons coupled

simulation  spectra
emission tuning occur only when the
momentum of the incident light through
the prism matches the momentum of the
surface plasmon. So, this study can be
applied in the sensor applications. On
coating a layer of biomaterial above the

Ag-Fluorescein layer, and the emission
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Fig. 6.13: SPR curves simulated by Winspall software
for the sample MFP
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Fig. 6.14: Experimental emission spectra
consistent with the SPR curves simulated by
Winspall software for the sample MFP

studies gives the characteristic properties of that material.
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Fig. 6.15: Image plots for the sample MPF
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But in the third sample Ag/PMMA/PVAF no tuning was observed. Fig. 6.15 shows
the image plots and fig. 6.16 shows the angle tuned emission spectra for the sample

Ag/PMMA/PVAF and from it is clear that no tuning was observed.

T T T
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Wavelength (nm)

Fig. 6.16: Angle tuned emission spectra for the
sample MPF

So, on coating PMMA layer of thickness 35nm between Ag and PVAF, the
interaction between fluorescein molecule and the surface plasmon become weak. Thus
PMMA molecule decoupling the fluorophore and surface plasmon. So, the tuning was
disappeared. Even though directionality were appeared. This is due to the uncoupled
emission of the fluorescein molecules. So by introducing PMMA, the near field coupling
effect of the fluorescein molecule with the surface plasmon had gone and the tuning was
disappeared. This experiment confirmed that tuning was due to surface plasmon coupled
emission. Since in the third sample no tuning was observed, we consider only first and

second sample for the simulations.

Now for the first and second sample, MF and MFP, the emission tuning were
observed above 540nm. Based on the literature, the fluorescein molecule has three structures
or configurations with peak emission wavelengths of 520nm, 540nm, and 560nm. So, for the
two samples Ag/PVAF and Ag/PVAF/PMMA, we multi-peak fitted the emission peak with
the wavelength of the fluorescein molecule with the corresponding angle. Fig. 6.17(a) and
6.17(b) represents the curve fitted samples at the angle 52° and 53° for the emission peak of
fluorescein with wavelength for the sample MF. We had curve fitted at all angles from 52°

and 64° for the samples MF. However, just two examples are presented here.
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Fig. 6.17: Sample of curve fitted emission peak wavelength for the sample MF

In a similar way, we had curve fitted the emission peak from 64° and 72° for the

second sample MFP also. Two plots are presented in the fig. 6.18 below.
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Fig. 6.18: Sample of curve fitted emission peak with wavelength for the sample MFP

In our work, for both the sample

MF and MFP, the tuning was observed

above 540nm. So, we considered the third

component (configuration) of fluorescein

molecule with peak emission wavelength
560nm for the curve fitting. Fig. 6.19

shows the peak emission wavelength fitted

for the third component (structure) of

fluorescein molecule for the two sample
Ag/PVAF and Ag/PVAF/PMMA with the

corresponding angle.
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Fig. 6.19: Variation of emission peak with
wavelength for the sample MF and MPF
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We used WINSPALL software to simulate the peak emission curve of the
fluorescein molecule for the two samples MF and MFP and the simulated curve and the
experimental curves were presented in the fig. 6.20. Fig. 6.20 shows peak emission
wavelength fitted for the third component of the fluorescein molecule and the SPR curves
simulated using WINSPALL software for the two sample Ag/PVAF and Ag/PVAF/PMMA.
From the fig. 6.20 it is clear that the experimental curve deviated from simulated curve as
the peak emission wavelength increased from 540nm. This is because the fluorescein
molecule has three configurations (structures) with emission wavelength 520nm, 540nm and
560nm. So, we have to consider the coupled emission wavelength of the fluorescein
structures of emission wavelength 520nm, 540nm and 560nm rather than only 560nm. So,
the peak emission wavelength is decided by the coupled emission wavelength of the
fluorescein structures. So the peak emission wavelength does not depends on the individual
fluorescein molecule and the structures. As a result, the emission wavelength of 540nm must
also be considered while fitting the curve. The structure with an emission wavelength of
520nm had no impact on tuning. So, tuning was due to coupled emission effect of the

fluorescein structures and does not depends on individual molecule or structures.
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Fig. 6.20: Peak emission wavelength fitted for 560nm and Simulated curve for the sample MF and MPF

Fig. 6.21 shows the simulated SPR curves of Ag/PVAF and Ag/PVAF/PMMA.
These curves were exactly consistent with the experimental curves. On coating PMMA
above Ag/PVAF layer, the peak emission wavelength and emission angle changes. So, this
experiment can be used in sensor applications. On coating any material above the Ag-

fluorescein layer, emission studies give the characteristic properties of that material.
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Fig. 6.21: Simulated SPR for the sample MF and MPF

Fig. 6.22 shows the polar plots for the three sample Ag/PVAF, Ag/PVAF/PMMA
and Ag/PMMA/PVAF respectively. For the first sample, strong coupling between
fluorescein and surface plasmon were present and hence tuning was observed. Similar to the
first sample, in the second sample also, strong plasmon coupled emission tuning was
observed. But in the third sample from the fig. 6.22(c), it is clear that weak coupling and

hence no tuning was observed.
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Fig. 6.22: Polar plots for the three sample (a) MF, (b) MFP and (c) MPF
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Again, the angle tuned emission spectra of the prepared CQD-PVA composite film in
the Reverse Kretschmann configuration was as shown in the fig. 6.23. The angle tuned
emission spectra were recorded from 20° to 70° with an interval of 1°. The direction normal to
the substrate from the prism side was taken as the reference(0°). All the collected spectra were
then combined to plot an image with wavelength along the X axis, angle along the Y axis and
the photoluminescence intensity as colour map. From the emission spectra, it is clear that
emission was observed around 700nm with an excitation wavelength of 540nm. It was found
that when pure CQD solution excited by laser of 540nm, the emission occurred around 700nm.
So, this spectra of CQD-PVA nono composite film are very much in line with the
photoluminescence spectra of CQD. Also, the emission was not observed at all angles but was

observed within the angular range 40° to 48°. So, the emission directionality was enhanced.
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Fig. 6.23: Emission spectra of CQD-PVA nano composite

6.4 Conclusions

Plasmon coupled fluorescence tuning was observed in metal dielectric multilayered
structures in reverse Kretschmann configuration. On multilayer fabrication with PMMA, we
had studied the influence of PMMA on surface plasmon coupled emission tuning. The sample
MF exhibited strong plasmon coupled fluorescence tuning, with emission ranging from 600nm
to 520nm when the angle changed from 52° to 64°. The second sample MFP also showed
substantial surface plasmon coupled emission tuning. As the angle varied from 60° to 72°
wavelength changed from 630nm to 560nm In addition to this tuning, at the angle 70° a
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directionality also observed. This is due to uncoupled emission of fluorescein molecules. For
the third sample MPF, the near-field coupling effect of the fluorescein molecule with the
surface plasmon mode had gone and tuning was disappeared. By using multi-layered coating
in SPCET we had verified that the emission tuning was due to the strong coupling of emission
with the surface plasmon resonance. This coupling was independent of the fluorophore
molecules but depends only on the emission wavelength range. Moreover, the coupling
becomes weak on introducing a thin layer in between the metal and the fluorophore layer,

concluding that, for SPCET to observe, it is not necessary to introduce a buffer layer.
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Chapter -7

Conclusions



7.1 Summary and Conclusions

In this chapter, we had summarised the research works carried out in this thesis and
provide a clear understanding of the work and fresh prospects for future investigation.

Regarding the big challenges of nanotechnology in our prospective living and the
current trend of study in this area, we attempted the investigation on the topic "Realization of
active and passive optical components and their applications using multilayered
polymer/inorganic thin films ". Now a days, multilayer thin films are common elements of
many opto-electronic and photonic devices. These multilayer thin films have numerous
applications in many fields of science and technology including photoluminescence devices,
optical coating, antibacterial activities, solar cells, light emitting diodes, sensors,
lasers, medical applications, photocatalytic activity and health care etc. Attempts have been
made to design and fabricate multilayer thin films and optical filters using a low-cost and easy
process, with good results when compared to nanofabrication employing more advanced and
expensive procedures. In addition, we investigated the possible applications of multilayer thin
films in photonic and opto-electronic applications. The entire research work was presented in

the previous six chapters.

In chapter 1, we had presented a comprehensive discussion about the multilayer thin
films and the fabrication techniques, materials used for the fabrication and applications of
multi-layer thin films. Even though different methods were adopted for the fabrication of
multilayer thin films, solution chemistry technique is cost effective and the easy method. We
had designed the multilayer thin films by transfer matrix model simulations and the theory was
also described in the chapter. Also, we had discussed about the active and passive optical
components and studied the light matter interactions of these active and passive optical
components with multilayers. Motivation, objectives and the outline of the present work had

also been discussed in this chapter.

In chapter 2, we discussed briefly the experimental techniques used in this study
attempt. This includes the experimental techniques used for the fabrication of multilayer thin
films, preparation of CQDs and the plasmon coupled fluorescence tuning experiment. The
characterization techniques were also presented in this chapter. The thin film fabrication was
done by a spin coater and a physical vapour deposition unit and CQDs were prepared by
microwave assisted hydrothermal method. The optical characterization of the prepared sample
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was done by UV- Visible spectrophotometer, white light source and necessary optical fibres
and lenses. The structural characterization was done by X-ray diffractometer, FTIR

spectrometer, optical microscope and transmission electron microscopy etc.

In chapter 3, we had designed different types of optical filters using transfer matrix
model (TMM) simulations. So, the multi-layered thin film coatings were conveniently used to
realise different types of optical filters like anti-reflection coatings, highly reflecting mirrors,
high pass filters, comb filters etc. In this chapter we had discussed about these optical filters
elaborately. Employing single layer, bi layer, and tri-layered optical coatings, anti-reflection
(AR) coatings were demonstrated. One and two layered coatings exhibit strong transmission
for a specific range of wavelengths, but three-layered coating exhibits high transmission for a
broad range of wavelengths. A tri-layered optical coating with a middle layer having an optical
thickness of A/2 may be used, which can expand the width of the zero-reflectance window. We
had designed distributed Bragg reflectors by arranging alternating sequence of layers of high
and low refractive index materials in a periodic manner. According to simulation results, 40
periods were needed to attain reflectivity of more than 90% for an index contrast of 0.08, while
15 periods were required for an index contrast of 0.31. Reflectivity of 90% was attained for 5
periods for an index contrast of 0.64 and 0.87. So, we had realized that reflectivity increased
with the refractive index contrast as well as the number of periods. Comb filters were designed
by sandwiching a thick optically transparent layer between two DBRs. As the thickness of the
middle layer increased, a greater number of low reflectance peaks were opened and the full
width at half maximum (FWHM) of the window decreased. Multiple layers of materials with
various refractive indices were layered in a periodic pattern with various optical thicknesses to
create the dichroic filters. We had designed six sets of dichroic filters and both the quarter wave
thicknesses and non-quarter wave thicknesses were considered while choosing the optical
thicknesses of the filters. The contrast between the material’s refractive indices and their optical
thicknesses determine the cut-off wavelength. The cut-off wavelength shifted towards lower
wavelengths and hence had a higher pass band as the refractive index contrast between high
and low refractive index materials was reduced. In addition to this, the ripple in the transmitted
light was minimised. The dichroic filter exhibits greater pass band and extremely low ripples
in the transmission spectra when the ratio of the thicknesses of high and low refractive index

material was roughly equal to 0.11.

In chapter 4, we had fabricated a flexible polymer DBR by a simple solution chemistry

method. We had developed a variable refractive index, optically transparent, high index
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polymer (Titania doped poly vinyl alcohol nano composite polymer) by simple solution
chemistry method. Here the refractive index of the polymer can be varied by simply varying
the concentration of TiO2 in PVA. A refractive index of up to 1.80 was achieved by increasing
the doping levels of TiO2 in PVA. We had fabricated flexible polymer DBR by using this newly
developed polymer titania doped PVA polymer matrix composite (TPMC) as the high index
polymer and PMMA as the low refractive index polymer. The reflectivity of DBR was
increased by increasing number of periods as well as refractive index contrast between the
pairs. The experimental results were in agreement with transfer matrix model (TMM)
simulations. TMM simulation results revealed that in order to attain reflectivity more than 90%,
the number of periods or refractive index contrast between the pairs may be increased. The
number of periods in a DBR with a high index contrast of 0.51 can be lowered to 5 as compared
to 20 in a DBR with a low index contrast of 0.17. So, in this chapter we had proposed that
fabricating the flexible polymer DBRs from highly transparent and cost-effective polymers
TPMC and PMMA in a simple solution chemistry method. The refractive index contrast
between the pairs can be changed by simply varying the concentration of TiO2 in PVA. So, any
desired refractive index contrast, and hence stop band, can be achieved by simply varying the
concentration of TiO2 in PVA without altering any other thin film processing and DBR

fabrication parameters.

In chapter 5, we had prepared highly photoluminescent CQDs from commercial D-
glucose in a simple microwave assisted hydrothermal method. The solvent was de-ionised
water. The materials and methods for CQD formation were described comprehensively. The
transmission and absorption studies of the CQDs were done by UV-Visible spectrophotometer,
white light source, and necessary optical fibres and lenses. The transmission electron
microscopy images showed that the synthesized CQDs were uniformly sized. The surface area
electron diffraction pattern showed that the synthesized quantum dots were not crystalline. It
was found that the experimental parameters like microwave power, heating time, source
concentration as well as solution volume have a distinct effect on the growth of CQDs. We had
excited the CQDs with different excitation wavelength of 280nm, 450nm and 540nm and the
photoluminescence spectra of the CQDs were recorded. From the photoluminescence spectra
it is obvious that emission wavelength of CQDs were independent of the size of the CQDs. But
the intensity of emission depends on the size of the CQDs. Also, CQDs can exhibit different
emission colours when they were excited at different excitation wavelengths. From the

absorption and transmission spectra, it was clear that CQDs show strong optical absorption in
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the UV region. ie. CQDs are effective photon-harvesting agents especially in short-wavelength
region. The synthesized CQDs didn’t form into a thin film when coated on the glass substrate.
In order to form a thin film of CQDs, we had mixed CQDs with PVA and the CQD-PVA nano
composite thin film had formed. The photoluminescence spectra of CQD-PVA nano composite

film were also consistent with the spectra of CQD in solution form.

In chapter 6, we had studied the light matter interactions or energy transfer mechanism
by incorporating an emitting material with multilayers. We had demonstrated the surface
plasmon coupled emission tuning and directionality in metal dielectric multilayered structures
in reverse Kretschman configurations. On incorporating active optical components with
multilayers, we found the influence of PMMA on surface plasmon coupled emission tuning.
The experimental methods were clearly described in this chapter. We had performed the SPCE
experiments on three samples: Metal/Fluorescein, Metal/Fluorescein/PMMA  and
Metal/PMMA/Fluorescein. The sample MF showed strong plasmon coupled fluorescence
tuning, with emission ranging from 600nm to 520nm when the angle changed from 52° to 64°.
The second sample MFP also showed substantial surface plasmon coupled emission tuning. As
the angle varied from 60° to 72° wavelength changed from 630nm to 560nm. In addition to this
tuning, at the angle 70° a directionality also observed. This is due to uncoupled emission of
fluorescein molecules. For the third sample MPF, the near-field coupling effect of the
fluorescein molecule with the surface plasmon mode had gone and tuning was disappeared.
This is because, on coating PMMA between metal and fluorescein, PMMA decouples the
fluorescein molecule from that of surface plasmon and hence no tuning was observed. So, it is
confirmed that the tuning was due to surface plasmon coupled emission. Again we had repeated
the experiment by CQD as the active optical component. Here, the emission was not observed
at all angles but was observed within the angular range 40° to 48°. Therefore, a variety of
photonic and opto-electronic applications are possible with this CQD-PVA nano composite
film. Consequently, the prospective uses of the previously fabricated structures for photonic

applications were investigated by combining active optical materials with multilayers.
The following subsections summarize our research findings:
7.1.1 Realization of passive optical components by simulation

We had realized the passive optical components by designing different types of
optical filters like antireflection coatings, distributed Bragg reflectors, comb filters and

dichroic filters by numerical simulation method.
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7.1.2 Realization of passive optical components by Experimentation

We had realized passive optical components, the distributed Bragg reflectors
experimentally. By using the solution chemistry approach, we had synthesized a newly
developed polymer, Titania doped PVA nanocomposite (T-PVA) polymer, with
variable refractive index and high optical transparency. The refractive index of 1.8 was
achieved by increasing the doping levels of TiO2 in PVA. DBRs were fabricated by T-
PVA and PMMA as alternating high and low refractive index layers respectively. Any
desired refractive index contrast, and hence stop band and reflectivity can be achieved
by simply varying the concentration of TiO2 in PVA without altering any other thin

film processing and DBR fabrication parameters.
7.1.3 Realization of active optical components by Experimentation

We had realized the active optical component, Carbon quantum dots,
experimentally. Through a simple, green assisted method, highly luminescent, non-
toxic CQDs were prepared from commercial D-glucose by microwave assisted
hydrothermal method. The microwave oven provides simultaneous, homogeneous fast
heating leads to uniform size distribution of quantum dotes. The growth of CQDs were
found to be significantly influenced by the experimental parameters including
microwave power, heating time, source concentration, and solution volume. In order to
use this active optical components in opto-electronic and photonic applications, we had
mixed CQDs with PVA and CQD-PVA nano composite thin film had formed.

7.1.4 Applications of multilayers in surface plasmon coupled emission

In our work, we had realized the active and passive optical components in a
simple, green assisted method. Our main goal is to investigate how the above fabricated
optical components can be used in photonic and optoelectronic applications. On
incorporating these optical components with multilayers, the potential applications of
the above fabricated structures explored in photonic and opto-electronic applications.
Using metal dielectric multi-layered structures in reverse Kretschmann configurations,
we had performed the surface plasmon coupled emission experiment on three samples:
Metal/Fluorescein, Metal/Fluorescein/PMMA and Metal/PMMA/Fluorescein. On
multilayer fabrication with PMMA, we had studied the influence of PMMA on SPCE
tuning and found that Strong plasmon coupled emission tuning was observed in the

sample MF, as well as tuning and directionality in the sample MFP. There was no tuning
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observed for the third sample MPF. So, by coating a thin layer of PMMA between metal
and the fluorescein molecule, the interaction between the fluorescein molecule and the
surface plasmon become weak and tuning was disappeared. This experiment confirmed
that the tuning was caused by surface plasmon coupled emission. This study can be
used in sensor applications. On coating a thin layer of biomaterial above the
metal/Fluorescein layer and emission spectra gives the characteristic properties of that

material.

The efficiency and functionality of optoelectronic and photonic devices can be
boosted by fabricating them in a faster, more adaptive, more performant, and less
expensive manner. We used a simple, inexpensive, and eco-friendly green assisted
method to prepare every sample for both the fabrication of multilayers and the
preparation of CQDs. In this thesis endeavour, we had fulfilled almost all of our thesis
objectives. These works will create wide possibilities in the fabrication of opto-

electronic and photonic devices.
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Chapter -8

Recommendations and Scope for Future
study
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Recommendations and Scope for future study

Although all of our research objectives were completed, the scope of the study may be

greatly extended and developed if more time and resources were provided. The scope for the

future study are pointed out below:

To fabricate other optical filters like anti reflection coating, comb filters and
dichroic filters in a simple, cost effective and green assisted method: Multilayer
thin film filters can be design and fabricate to realize various optical components
and hence could be utilized for wide range of practical applications. Similar to the
fabrication method of distributed Bragg reflectors, we can fabricate other optical
filters like anti reflection coating, comb filters and dichroic filters in a simple, cost
effective and green assisted method. Because the refractive index of the newly
developed TPVA polymer can vary, optical filters with any desired reflectivity,
peak wavelength and stop band etc. can be achieved. So, these pairs TPVA and
PMMA can be used in the fabrication of different types of optical filters and can be
used in many opto-electronic and photonic devices. This study opens a new gate
way for the fabrication of opto-electronic and photonic devices in a simple, eco-

friendly and cost-effective way.

CQD-PVA film formed can be used in finger print technology and can explore
its potential applications in Biometric technology: Carbon quantum dots are
intensively investigated in a range of applications due to their high fluorescence
performance, economical synthesis procedure and eco-friendly nature. In our
research work, the highly photoluminescent CQDs were prepared in a simple, cost-
effective and green assisted method. The CQD-PVA film can be employed for
finger print technology, and its prospective uses in biometric technology can be
investigated. On combining CQDs in the finger print technology, strong adhesion
to the fingerprint residue, improved visibility, high-resolution imaging and
molecular recognition agents are all features that provides. When lighted by
different illumination sources, CQD based compositions for fingerprint recovery
take on distinct colours, providing background-free views and maximising the

accuracy of fingerprint analysis.
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Incorporate Carbon quantum dots in lasers using distributed Bragg reflectors
as fully and partially reflecting mirrors and can be used in photonic
applications: The DBR formed using TPMC and PMMA can be used in lasers as
fully and partially reflecting mirrors and the CQDs can be used as active medium

in lasers.

On coating the flexible DBR on a flexible substrate and can be used in pressure
sensors: The flexible DBR formed using TPMC and PMMA, when coating on a
flexible substrate can be used in the pressure sensors. The flexible substrate will
bend during the pressure variation and the thickness of the high and low refractive
index polymer will vary with the bending of flexible substrate. So, by analysing the
transmission and the reflection spectra, the pressure variation can be identified.

SPCE studies on sensor applications: On coating a layer of bio-material (even
with minute concentration) above the Ag-fluorescein layer and the emission studies
gives the characteristic properties of that material. This study can be applied in
sensor applications as well as in biomedical applications especially for the cancer

treatment.
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