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Abstract

The applications in the real world require specific sizes, shapes, compositions, and
structures. Hence, this dissertation is devoted to the theoretical and numerical investi-
gations of the effects of size, shape, surface plasmons, and host medium on the optical
properties of core-shell nanocomposites (NCs).

Under the quasi-static approximation, we employed Laplace’s equation and the Drude-
Lorentz model for electric potential distributions and dielectric functions, respectively.
Then we calculated the local field enhancement factor (LFEF), polarizability, absorp-
tion, scattering, and extinction cross sections for spherical, cylindrical, prolate, and
oblate core-shell NCs. The study reveals that when the core radius of spherical CdSe @Ag
decreases, the resonance peaks of LFEF increase and are red shifted in the inner in-
terface and blue-shifted in the outer interface of the shell. However, whether the shell
radius is kept constant or decreased, increasing the core size produces a lower LFEF,
showing that the core size is a crucial parameter to change the LFEF of nanoshells. Fur-
thermore, an increase in the size of the core results in an increased resonance peaks of
LFEF only in the presence of the spacer (ZnSe) between the core (CdSe) and the shell
(Ag), demonstrating that the number of layers and the size of the spacer of core-shell
NCs can affect the optical characteristics. When the metal shell thickness increases
at a constant core radius, an enhancement in the local field factor is observed due to
plasmonic effects.

In addition, out of the four different shapes of CdSe@ Au core-shell NCs studied, the
LFEF, absorption, and extinction cross sections of the spherical and cylindrical struc-

tures possess two peaks, whereas oblate and prolate spheroids show three observable

XV



peaks. Moreover, the spherical and cylindrical core-shell NCs show higher peaks of
LFEF and extinction cross sections, respectively. For the same composition, the dif-
ferences in shapes of core-shell NCs determine the intensity, the number, and the posi-
tions of peaks of the LFEF and optical cross sections. The study also indicated that in
different shapes of core-shell NCs, the change in the dielectric function of the embed-
ding medium produces LFEF and extinction cross sections of different properties. Our
analysis reveals that increasing the magnitude of the permittivity of the embedding
medium greatly enhances the LFEF of nanoshells, than does increasing the metallic
shell thickness. The possibility of obtaining adjustable LFEF by varying the sizes of
the components of the core-shell NCs makes them attractive for applications in nonlin-
ear optics, photocatalysis, and optoelectronics. Furthermore, shape dependent optical
properties might be promising for applications in optical detection and bio-sensing.
Especially, gold coated core-shell spheroids have good potential uses in multi-channel

sensing.
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Chapter 1

Introduction

1.1 Nanoparticles

To transform many aspects of human life to the contemporary standards and keep up
to date, nanoscience is expected to address the demanding needs by providing new ap-
proaches to scientific innovations, education, and governances. Further developments
and advancements in medicine, information and communication technologies, materi-
als, cosmetics, industries, military, aerospace, energy, environmental preservation, and
water treatment are also being addressed through nanoscience [1, 2]. To achieve all
these results, nanoscience uses nanotechnology, which is the manipulation of matter at
the nanoscale level [3]. In order to design and synthesize nanodevices and systems with
basically new characteristics and functions, nanoscience utilizes nanoparticles [4, 5].
Moreover, the chemical and physical characteristics of materials were seen to undergo
significant changes as bulk materials are reduced to nanoparticles [6, 7]. Hence, nano-
materials are the cornerstones of nanoscience and nanotechnology. This being the case,
researchers in the discipline have been focusing their attentions on the investigations

of nanoparticles.

Nanoparticle is a general term in which “nano” refers to size, and comes from the

Greek word "nanos", which means “dwarf ”, and designates a billionth of a unit [8].



Nanoparticles cover a large scope of different types of nanomaterials. In size, they
range from around 1 nm to 100 nm and behave as a whole unit in terms of their transport
and properties. This shows that nanoparticle normally includes a cluster of hundreds
of thousands of atoms of a total size that does not exceed 100 nm. A virus cannot be
seen with the help of optical microscopes. However, amazingly, a metal nanoparticle
of the same size can be seen by human eye easily. Light imposed on such a nanoparti-
cle causes the conduction of electrons into motion, producing plasmons, which are at
the center of the discipline referred to as plasmonics. Depending on the size and shape
of the particle, and the particle’s immediate environment, the ringing electrons scatter
light of a particular colour [9]. Nowadays, nanosized devices which are 1000 times

smaller than human cells are being built.

In shape, nanoparticles occur in great varieties such as nanospheres, nanocylinders,
nano ellipsoids, nanorods [10], nanowires [11], nanocubes [12], nanoprisms [13],
nanostars [ 14], nanotubes, nanoflowers, nanoreefs [15], nanowhiskers, nanofibers, nanoboxes
[16] or even amorphous [17]. In form of existence, they can be colloidal dispersion
by sol-gel process, nano-islands on substrate by epitaxy, or functional nanostructures
made by multi-step nanofabrication. Moreover, nanoparticles can be produced natu-
rally by cosmological [18], geological [19], meteorological, and biological processes.
In configuration, nanoparticles can be homogeneous material throughout the whole
structure, or hetero-structured with two materials or more. In materials, they can be
produced from metals, metal oxides, semiconductors, dielectrics, non-oxide ceramics,
polymers, organics, and biomolecules [20]. Nowadays, atmospheric dusts and a num-
ber of interplanetary dusts falling on our planet at a rate of tens of thousands of tons

annually, are also in the nanoparticle range [21, 22].

Since prehistory, artisans used nanoparticles. However, they were unaware of the na-
ture of those particles. In the Greco-Roman era, glass makers and potters used nanopar-
ticles as exemplified by the Roman Lycurgus cup of dichroic glass (47 century) [23]

and stained glass of church windows (from 57 to 15" century). The Lycurgus cup,



Figure 1.1: The Lycurgus cup seen in: (a) reflected light, green and (b) transmitted
light, red [23].

shown in figure 1.1 exhibits various colors under different lighting conditions. It ap-
pears green (Fig. 1.1(a)) when light comes from in front of the cup and red (Fig. 1.1(b))
when light comes from behind of the cup. This property stems from the scattering and
the absorption of light by embedded gold (40 ppm) and silver (330 ppm) nanoparticles

present in the glass [10].

Another example is the stained glass [24]. Almost entirely for the course of its thou-
sand year history, the phrase "stained glass" has been used to describe the windows of
churches and other notable religious structures. At the first stage, it has been colored
as a material by the addition of metallic salts during its production, and is typically
further decorated in numerous ways. The colored glass is made into stained glass
windows, where tiny pieces of glass are traditionally arranged to produce designs or
pictures and kept together by lead strips. Both artistic and crafty skills are needed to
create a suitable and functional design, as well as engineering expertise to put the com-
ponent together. The purpose of colored glass window is to manage light, not to let

people within a building view what’s outside. For this reason stained glass windows



have been described as "illuminated wall decorations".

The first scientific investigation of nanoparticles took place in 1857 when Michael
Faraday prepared the first pure sample of gold colloid and stated that the red color was

because of the small size of these particles. He demonstrated that nanostructured gold

Figure 1.2: Faraday’s Au colloid in water [26].

under certain lighting conditions produces different-colored solutions [25, 26]. It was
only in 1908 that Gustav Mie formulated the precise expressions for Maxwell’s equa-
tions and provided a theoretical explanation for the optical behaviour of an arbitrary-
sized sphere embedded in a homogeneous material and exposed to a monochromatic

plane wave [27].

With his famous talk entitled “There is Plenty of Room at the Bottom”, Richard Feyn-
man in 1959 gave what is considered to be the first lecture that triggered research at
nanoscale level [28]. Recently, this field encompasses nanoscience and nanotechnol-

ogy. Beginning in the early seventies, theoretical and experimental studies of nanopar-

29 ¢ 9% ¢

ticles are initially called “superfine,” “ultrafine,” “ultramicroscopic” or “very small” par-

ticles [23]. The after, it is generally acknowledged that the term nanotechnology was
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first used by the late Professor Norio Taniguchi of the Tokyo Science University in
a paper, "On the Basic Concept of ’Nanotechnology’", presented at a meeting of the
Japan Society of Precision Engineering in 1974. In this paper, Taniguchi states that
"Nano-technology mainly consists of the processing of separation, consolidation and

deformation of materials by one atom or one molecule" [29].

Since nanoparticles have been in use, their applications may require specific shapes,
sizes or size ranges. They can also incorporate different components to achieve multi-
functional capabilities with high biocompatibility, specially in the case of metal nanopar-
ticles. For example, gold nanoparticles can incorporate antibodies for selective imag-
ing and killing cancer cells using visible light (and leaving healthy cells unaffected)
[30, 31], whereas silver nanoparticles, due to its bioactive properties, are being ap-
plied for developing new biosystems with antibacterial activity [32]. Other biomedical
applications of nanoparticles involve biological sequencing, cell labeling [33], hyper-

thermia [34], drug delivery [35], gene therapy or pharmacokinetic studies.

Among many others, the most important characteristic of nanoparticles is their small
size, which results in a higher surface area-to-volume ratio. This enables the nanopar-
ticle’s surface atoms to dominate over the interior atoms. Another remarkable feature
is that this small size is far less than the wavelength of infra-red and visible light and
comparable to the ultraviolet. This phenomenon is important and necessary for con-
finement of charges and separation of energy levels, thus imparting to the nanoparti-
cles distinctive optical properties that deviate substantially from that of bulk materials.
Moreover, the plasmonic effects with metals, the quantum confinement effects with
semiconductor nanoparticles (quantum dots), and photothermal effects make nanopar-
ticles strong candidates for numerous applications within the field of optics and related

disciplines.

As synthesis and characterization methods have advanced quickly, scientists have dis-

covered that substantially modified characteristics could be possible for core-shell



nanocomposites compared to nanoparticles of single composition. The variety in struc-
ture and configuration of core-shell materials could greatly enhance their applications
in a variety of disciplines. Due to theirAdexceptional qualities, including adaptability,
tunability, and stability, biocompatibility, and controllability [36—-39], core-shell nano-
materials are used in a variety of fields, including optics, healthcare, environmental
science, materials, catalysis, energy, and others [40, 41]. Moreover, their most preva-
lent uses in the area of optics include the development of robust light-emitting diodes
and tuning the color of light produced by changing the bandgap of nanomaterial [42].
They can also be used to revitalize the LCD screens in our phones, tablets, TVs, and
laptops. As a result, extensive studies have been conducted on core-shell nanomate-
rials. Since these numerous investigations are producing new properties needed for
immense potential applications, there is still an increasing research interest in core-

shell nanomaterials.

1.2 Statement of the problem

The interest in studying core-shell nanoparticles has been stimulated by the need to de-
velop nanostructures and nanomaterials with the needed characteristics. These charac-
teristics primarily involve electronic, optical, or magnetic phenomena of the nanoparti-
cles. Core-shell NCs have been known since 1920’s [43]. However, the first theoretical
investigations were published only in 1951 by Aden and Kerker [44], by extending the
optical characteristics of Mie theory for a coated spherical core-shell NCs. The experi-
mental studies on core-shell NCs first appeared in 1964, when Morriss and Collins [45]
employed the Aden and Kerker theory on a gold coated with silver. As metal nanopar-
ticles attracted more and more interest, more detailed investigations started late in the

1980’s, covering a wide range of core-shell NCs.

Since then, through the fine-tuning of the sizes of cores and shells of nanoparticles,
several types of nanomaterials with modified properties have been obtained [46, 47].

These tailored properties are increasingly important in the development of smaller,



cheaper, faster, and more efficient optoelectronic devices. In the structure of core-shell
materials, the shell passivates the nonradiative recombination sites of the core surface,
improves its optical characteristics, and minimizes the chemical attack. Furthermore,
the shell is used to physically separate the core from its external environment. Over-
coating also prevents the leakage of core materials thereby reducing the toxicity of
quantum dots [48]. Finally, this encapsulation can lead to the strengthening of quantum
confinement effect which enables quantum dots reach their higher emission intensity

or shift the maximum in the emission spectrum toward longer wavelengths.

For instance, cadmium selenide (CdSe) nanocrystals can emit fluorescence at different
wavelengths depending on their size, being feasible to synthesize in all UV-Vis spectra
and use them as emitters in optoelectronics or in (bio) chemical sensing as labels [49].
To further improve the photoluminescence efficiency of such nanocrystals, overcoating
them using inorganic shell materials having similar lattice parameters and higher band

gap energy is found to be successful.

In case of CdSe, preferred shell materials include zinc selenide (ZnSe), zinc sulphide
(ZnS), and cadmium sulphide (CdS) [50-53]. Among these, combining CdSe and
ZnSe as core-shell NCs is remarkably needed to stop interfacial misfit dislocations
from evolving and hence reduce the trapping sites of electrons and holes [54]. How-
ever, no enough theoretical and numerical studies were conducted by this combination.
Exclusively, using CdSe as a core and silver metal as a plasmonic shell, size depen-
dent local field enhancement factor (LFEF) was not investigated in the presence and
absence ZnSe as spacer. Moreover, when the shape of nanocomposite materials are
changed alternately as spherical, cylindrical, oblate, and prolate forms, changes that
could be observed in optical properties like local field enhancement, absorption, and
extinction cross sections were not studied for gold coated CdSe core-shell nanocom-
posites (NCs) so far. Hence, this study is designed to bridge these gaps and attempted
to provide theoretical and numerical findings regarding plasmonic effects and effects

of size and shape on the optical properties of CdSe based core-shell NCs.



1.3 Objectives of the study

The general objective of this dissertation is to investigate the plasmonic effects and the
effects of size, shape, and host medium on the optical properties of core-shell NCs.

Explicitly, this study attempted to address the following specific objectives.
1. Investigate effects of core size on LFEF of CdSe@ Ag spherical core-shell NCs.
2. Study plasmonic effects on the LFEF of CdSe @ Ag spherical core-shell NCs.

3. Analyze the effect of inserting ZnSe as a spacer between CdSe core and Ag shell

on the LFEF of spherical core-shell NCs.

4. Determine effects of shape on the extinction cross sections of CdSe@ Au core-

shell NCs.

5. Investigate the effect of host medium on the optical properties of various shapes

of core-shell NCs.

6. Compare the optical properties of spherical, cylindrical, oblate, and prolate shape

CdSe@ Au core-shell NCs.

1.4 Dissertation outline

The next four chapters of this dissertation are organized as follows:

O Chapter 2: Describes the interaction of matter with electromagnetic fields and
the optical responses of the interaction. Moreover, it discusses the free elec-
tron model, the harmonic oscillator model, Mie theory of scattering, basics of
plasmonics, core-shell quantum dots, and Laplace’s equation in spherical and

ellipsoidal coordinates.

O Chapter 3: The basic theoretical models used in the study are presented in this

Chapter. These include the Drude-Lorentz model,core-shell models, and the



quasi-static approach. The Chapter also discusses the technical procedures em-
ployed and the software package used in plotting the numerical results of the

study.

Chapter 4: Discusses how the size of the core, the shell, and the spacer affect the
LFEF of CdSe-based core-shell nanoparticles. It also emphasizes the effect of
inserting a spacer (ZnSe) on the LFEF of CdSe @ZnSe @ Ag nanoparticles.

Chapter 5: Presents the effects of shapes on the optical properties of CdSe@ Au
nanocomposites. It describes that spherical, cylindrical, prolate, and oblate spheroids
all with the same inner and outer radii show different optical properties due to

their geometries.

Chapter 6: This chapter summarizes all the findings of the study and indicates

the proposed areas for additional future research work.



Chapter 2

Optical Properties of Nanostructures

2.1 Introduction

One of the most interesting and important features of nanoparticles is their optical
properties. Understanding the optical properties of materials is essential for design-
ing optoelectronic components and applying them to nanodevices. However, the im-
portance of explaining the optical properties of nanocomposites is given no emphasis
in the classical theory of bulk systems. Hence, considering the optical properties of
nanostructures as a separate theme is required. Moreover, the clear dependence of the
optical properties of a nanomaterial on its size [55, 56], shape [57, 58], internal struc-
ture, and external embedding environment [59] is opening up additional capabilities
for regulating materials for diverse practical applications. Due to these reasons, the
optical properties of nanoscale structures are currently drawing the research attentions

of many scholars.

The optical properties of nanomaterials are resulted when oscillating electromagnetic
(EM) field interacts with them. At the nanoscale range, the simplest examples that can
result from this type of interaction include the blue shift of absorption and the photo-
luminescence emission of semiconductor nanomaterials. The characteristics observed

due to this interaction strongly depends on the spatial and temporal condition of elec-
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tromagnetic field and polarizability of matter. Among the parameters that govern this
dependency are the frequency, direction of light propagation, and the induced polar-

ization of nanomaterials.

Optical properties of nanomaterials can solids provide tools for investigating bandgap
energy, level of impurity, lattice vibrations, excitons, and some magnetic properties.
Moreover, these properties are used to describe the nature, homogeneity, crystal struc-
ture, and composition of the materials and also let us know whether the materials are
metals, semiconductors, or insulators. Hence, to understand and explain the optical
properties of materials, studying their dielectric permittivity, local field enhancement,

absorption coefficients, and extinction cross sections is essential.

In order to understand the optical properties of materials more deeply, understand-
ing how light interacts with matter is very fundamental. Due to this, in the following
sections, we presented our review by starting from scattering theory of light followed
by the electrodynamic properties of materials with the help of Maxwell’s equations.
Responses of electrons to external forces or electromagnetic fields are also vital to
study the optical responses of materials. To address this, we discussed the Drude-
Sommerfeld model and the Lorentz harmonic oscillator for free and bound electrons.
Moreover, the effects of plasmons on the optical properties of metallic nanomaterials
and metal coated core-shell nanostructures are significant. As a result, we also ex-
tended our review to discuss some fundamental concepts about the basics of plasmon-
ics. Local field enhancement factor, absorption cross sections, and extinction prop-
erties that are used to explain the optical properties of materials are also included in
different sections of the current Chapter. Since the size, shape, surface characteristics,
and environments of nanomaterials also affect their optical characteristics, the electric
potential distributions in core-shell structures of spherical and spheroidal nanostruc-

tures have been reviewed using Laplace’s equation.
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2.2 Interaction of matter with electromagnetic field

The optical properties of materials are determined by how they interact with EM waves.
This interaction can occur in various ways such as absorption, scattering, transmission
and reflection.A variety of events that are not frequently referred to as scattering are
eventually the consequence of scattering. These include specular and diffused reflec-
tion, refraction at interfaces, and various diffraction phenomena. Our study focused on
the interaction of light with a homogeneous medium where the material heterogeneity
is much smaller than the wavelength of the incident field (Fig. 2.1). To study the op-

" Particle

N R

N
1

.

Incident light

R e

Homogeneous medium
Figure 2.1: Schematic diagram showing interaction of light with matter.

tical characteristics of materials, understanding the basic theory of light scattering is

crucial.

2.2.1 Basic theory of scattering and absorption of light

Electrons and protons are discrete electric charges that make up matter. When an
EM field illuminates a condensed material, electric charges in the material execute

an oscillatory motion. At the same time, these accelerating electric charges emit EM
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energy in all directions, a process called scattering (secondary radiation)[60]
Scattering = excitation + reradiation.

The scattering of electromagnetic fields by a given system is associated with its het-
erogeneity. Since every system, with the exception of a vacuum, is heterogeneous, all
mediums scatter light. Irrespective of the heterogeneity type of a system, the basics of

scattering are the same for every system.

Most of the light we see reaches our eyes in an indirect way. Looking at a cloud, or
the sky, we see scattered sunlight. Even a light does not reach our eyes directly from
the illuminating filament, it typically emits only the light that a ground glass bulb has
dispersed. A leaf on a tree appears green as it reradiates (scatters) the green light more
effectively than the red one. In addition to being scattered by the excited elementary
charges, there is also an absorption by which a portion of the incident electromagnetic
energy is changed into another form, such as thermal energy. The red light incident on
the leaf is absorbed; this means it is no longer possible to see red light because energy
has been transformed into another form. Due to scattering and absorption processes,
a beam of light travelling through the medium loses energy; i.e., a beam of light is

attenuated. This attenuation is referred to as extinction, and can be expressed as [61]

Extinction = scattering + absorption.

2.2.2 Electrodynamic properties of materials

The initial light-matter interaction, described by the frequency dependent permittivity
of materials, enters the model of electrodynamic scattering and produces distinctive
spectra that are explained by the statistics and individual properties of materials. The
physically appropriate parameters for describing the basics of the light-matter interac-
tion are the photon energy /i@ and the material’s frequency dependent electric permit-

tivity €(@) = el(a)) + isﬁ(a)). NNonetheless, when describing about the propagation
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of waves through a medium, the incident wavelength A and the complex index of re-

fraction of the medium 7 are required. These two can be related as [62]

i=n+ik=+Ve +ie" Maxwell’s relation
o0 2
—= T(n + ik) Dispersion relation
c

where n and k are the real and the imaginary parts of the index of refraction, respec-
tively. Similarly, ¢ and € denote the real and the imaginary components of the electric

permittivity, respectively, c is the speed of EM wave propagation.

In the presence of matter, electromagnetic field can be explained using Maxwell’s
equations with the source terms of charge and current densities. Since 1865 when
Maxwell published his famous set of equations, the results of electromagnetic research
has been formalized. It has been recognized that EM phenomena is originating from
a distribution of electric charge and current, and produces electromagnetic field. To
describe electromagnetic wave propagation through a material medium, the theoretical
foundations for the optical characteristics of materials are expressed using Maxwell’s

equations. In SI units, these equations are given by

V.-D=p, 2.1
V-B=0, 2.2)
VxE= -2 (2.3)
VxH:—JJr%—]t), (2.4)

where E, D, H, and B are electric field, electric displacement, magnetic field, and mag-

netic induction, respectively; p and J are charge and current densities respectively.
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The electric diaplacement D and magnetic field H can be defined by

D =¢E+P,
(2.5)
-2 _ M,
Ho

where P and M are polarization (electric dipole moment per unit volume) and magne-
tization (magnetic moment per unit volume), respectively; & is electric permittivity in
the vacuum, and U is magnetic permeability in the empty space. To make Maxwell’s
equation sufficient, they need to be supplemented by constitutive relations, given by

[60]

J=0E, (2.6)
B =uH, 2.7
P=¢xE, (2.8)

where o is the conductivity, i is the permeability, and y is the electric susceptibility.

2.2.3 Free-electron model

A straightforward method to the optical characteristics of conduction electrons in met-
als employs the Drude-Sommerfeld model. According to this approach, it is possible
to obtain the property of a metal particle initially by considering how external forces
affect a single free conduction electron. The macroscopic property can then be ob-
tained by multiplying the effect on a single conduction electron by the total number of
electrons. Assuming that all the electrons in the Drude-Sommerfeld model are acting

in phase, it can be said that there is the strongest coupling between them.

Only three years later, when J. J. Thomson discovered the electron, the model of free-
electron gas was first used by Drude to describe the optical properties, high electric
conductivity, and thermal conductivity of metals [63]. He assumed that the valence

electrons in the crystal are able to move freely in the crystal, and behave like the par-
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ticles of an ideal gas at the temperature T of the crystal [64]. Hence, the name "free
electron model" is used. The model assumes that all electron-electron and electron-ion

interactions are neglected.

In this model, a gas of free electrons with n carriers per unit volume, each having an
effective mass of m and charge e, is considered. The response of the carriers to spatially
steady driving electric field E = Ey exp(—iot) with amplitude Ey and frequency o is
described via the classical equation of motion as

J°r ar o

mw +my§ = —cEge , 2.9)

where r = roexp(—iot) is the displacement of a particle having the same direction
and frequency as that of the driving electric field, ¥ is damping constant related to the
dissipative mechanisms caused by the random interactions between impurities of any
kind and the electrons, phonons, and other imperfections of the crystal. Substituting

r =roexp(—iwr) in to Eqn. (2.9) and simplifying it gives

e/m
r= /—E (2.10)
o(w+iy)
From an oscillator’s response to a time-harmonic electric field, the optical constants
relevant to a group of such oscillators are easily deduced. For such an oscillator, the

induced dipole moment p is —er and the polarization is P = —ner. By using this

relation with Eqn. (2.10) we can write

_ (ne*/m)
P=— o @.11)

Comparing Eqn. (2.8) with Eqn. (2.11) gives

_ (ne*mey) @
x= o(w+iy)  olo+iy) = ADS; (2.12)

16



where the bulk plasma frequency is

7162

W, = ,
b me,
and yps represents electric susceptibility of Drude-Sommerfeld model. Further again,

from Eqgns. (2.5) and (2.8), we can find the relation

€ =1+ xps, (2.13)

Finally, for a metal with free electrons, its dielectric function can be found by substi-
tuting the last part of Eqn. (2.12) into Eqn. (2.13) as
602

e=1-—"L_ 2.14
0> +iyw’ (2.14)

where its real and imaginary components can respectively be given as

2 2
! a) " w
€ =1—-—"L_, € zi. (2.15)
0>+ y o(0?+7?)
This is the dielectric function of the Drude-Sommerfeld model for a free-electron

metal.

2.2.4 Harmonic oscillator model

The interaction of matter with electromagnetic fields is governed by the forces that the
incident fields exert on the electric charges within the matter. The electrons inside the
condensed matter can frequently be displaced by the incident electric field E at high
frequencies. However, the ions are generally too inert to be displaced by this field
with the same frequency. As a result, atoms in the condensed matter become electric
dipoles, each with a dipole moment p. The incoming light can also interact with ions
at low frequencies in the far infra-red (IR) radiation and create dipole moments by sep-

arating the positively and negatively charged ions in opposite directions.
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For a given sample material, the net polarization P is found by adding up each dipole
moment in the sample. The linear relationship between E and P can be shown by Eqn.

(2.8) describing the macroscopic electric susceptibility y of the material.

The linearity in Eqn. (2.8) shows that charges that are displaced from their equilibrium
position are retreated by restoring forces. As a result, a charge g; of mass m; executes
forced oscillations in a time-harmonic electric field E = Ey exp(—i®t). This is referred
to as the harmonic oscillator model. The linear restoring force in displacement follows

from a harmonic potential of
V(r) = 2:1m~a)2r- (2.16)
o ;07T .

For charge g; with displacement r;, this condition results in harmonic oscillation. Fol-
lowing the balance force, we obtain

d°r; ar;
Y mis +mY 4Dy =) gE(1) 2.17)
j J

The term containing Y in Eqn. (2.17) represents the perturbation due to interactions
with other charges and lattice defects. For a given electric field E = E( exp(—imt), a

time harmonic solution to Eqn. (2.17) is given by

j E
rj:& 0

——, (2.18)
mja)j—a) —l’}_/]'CO

where w; = /D;/mj is the resonance frequency, and Dj is the stiffness of the 7™ oscil-
lator. From each dipole moment p; = g;r;, the net polarization P in a given sample of

V can be given by
1 1
P= Y Nipi=3 LN g1y (2.19)
J J
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For all Nj and g; in Eqn. (2.19), the susceptibility y; can be given by

1 <N ¢ 1
Xj(w):‘—,z !

J

(2.20)

& m; (1)}-2—(1)2—1'%'(0,

where N;/V represents the total density of charges of g; with mass m; and eigenfre-
quency @j;. With regard to this, x in Eqn. (2.20) also holds true for ionic crystals, with
the corresponding ionic masses and charges. The linearity assumption of Eqn. (2.8)

leads to the summation of all contributions ); resulting in a total susceptibility x.

The polarization P shown in Eqn. (2.8) contributes to the electric field displacement

vector D as

D = g)Eo+P = g(1 + x)E,. (2.21)

This equation can also be used to define the complex dielectric function as £(®) as

g(w)=1+x=1+) @) =& (0)+ig (o) (2.22)
~ 0F — 0% —iyo ’
where )
N; q;
2 J 4j
W) = ——. 2.23
7 ij‘é'() ( )

The harmonic oscillator model in Eqn. (2.22) was formulated by H. A. Lorentz (1853-

1928) at about the start of the 20" century.

At low frequencies, i.e., as @ — 0, the real term of the dielectric function, € (0) yields

constant and is given by

2

w?=.
e1(0)=1+) 5. (2.24)

Y

Under the same condition, the imaginary term, & (0) vanishes. &;(0) denotes the static
electric permittivity of the material. The ratio ng / coj2 is constant and represents the
oscillator strength f; of the 7™ harmonic oscillator, so that ng in Eqn. (2.22) can be

replaced by ];a)jz
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2.2.5 Lorentz model for bound electrons

Regarding the optical properties of matter, Lorentz developed a conventional theory
that states that when a material is exposed to a force of EM fields, its electrons and

ions execute simple harmonic oscillations.

To understand this model, let’s imagine an atom whose electrons are connected to
the nucleus in a similar manner that a spring connects a small mass to a large mass.
Then, for a bound electron having charge —e and mass m, the equation of motion for a

displacement r = roexp(—i®t) is described by

92 0 .
ma—t; n mya—: thr = —eEge 1" (2.25)
where 7 is a damping factor and k is the spring constant. For an incident time-harmonic
optical electromagnetic field, E = Epexp(—i®t), the dipole moment between an elec-
tron of charge —e and its positive nucleus +e is given by

e’ /m

02 — 02+ iy

p = —er — — E’ (2.26)

where ®, = \/k/m is a resonant frequency. The polarization P due to n atoms or
electron-nucleus pairs per unit volume is

ne*/m
0 — 0 —iyo

P=np= E, (2.27)

To include the interband contribution to the polarization, Eqn. (2.5) can be extended

and the displacement vector D can be rewritten as

D=gE+Pip+P, (2.28)

where Pip = &) gE is polarization due to the interband contribution. Then, the dis-
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placement vector D can be written further as

D= 8()(1 + XiB + XDs)E, (229)

where )
@y
02 — 0? — iy

XIB =

Then, bound electrons’ contribution to the dielectric function can be given by

(1)2
gp=1+ P (2.30)
5 0 — 02 —iyo’ '
with real and imaginary terms of
2( 2 2 2
! (D a)( - (D " (0 (1)
EIB — 1+ ]7( ? ) 8]3 — [7,}/ (231)

(@2~ 0P+ P (02— 0?2+ Pa?

From Eqn. (2.29), the complex dielectric function including all properties of an optical

material near the visible spectrum can be written as [27]

e(@) = (1+ x13+ xps)- (2.32)

Substituting for yps from Eqn. (2.12), this is equivalent to

2 2
@p Op

g(w)=1 — .
(@) +w&—aﬂ—iya) 0% +iyo

(2.33)

Considering effective parameters @, and ¥, and by introducing €. as the contribution
of bound electron to the polarizability, the dielectric function of a metallic material is
>
e(0) =€ — —5—"—. (2.34)
W +iyw
The dielectric function which depends on the dimension of a material can be introduced
through the model of limiting the mean free path between collisions of conduction

electrons. When a nanoparticle gets smaller in size, its thickness finally falls below
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the bulk mean free path, and electron scattering from its surfaces has a less impact,
thereby broadening the peak of its plasmon resonance. If the change in the size of
the nanoparticle affects the size of the mean free path of electrons, a correction for

nanoshells is needed, and in this condition, ¥ is modified as [65]

Yr) =y +A-L, (2.35)
I”eﬁf

where Y is the damping parameter of the bulk matter, v is the velocity of an electron at
the Fermi level, A is the phenomenological parameter employed to match the calculated
damping parameter to its experimental value. For a core-shell spherical NCs of core-
radius ry and shell radius r;, . is the effective mean free path of collisions and can be

calculated from [66]

rep =5 [(r2 =) (A~ )]

W —

(2.36)

2.2.6 Mie theory

For materials of larger sizes, where the quasi-static approach is not justified due to
substantial phase-variations of the incident driving force field over the volume of the
material, a rigorous electrodynamic approximation will take effect. With this assump-
tion, Gustav Mie considered Maxwell’s equations and solved them by considering a
spherical particle interacting with an incident plane field [67]. Fundamentally, EM
fields are expanded according to their multipole contributions and the coefficients that
are used for expansions are calculated by using appropriate boundary conditions for
electromagnetic fields at the correct interface between the metallic nanoparticle and its

surrounding.

In Mie theory, the scattering and extinction cross sections of a spherical nanoparticle

are given by
7 o

A
Cext = 5 Y (2n-+ DRe(an +by), (2.37)

n=1
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A?E
Oscar = E 2(2”1 + I)Re(a,zl +b,21), (2.38)

n=1

with

(2.39)

_ m¥(x) %, (mx) — W (mx) ¥, (x)
mGn ()W, (mx) — W (mx) &, (x) *

where a, and b, are scattering coefficients, m is the ratio of the index of refraction of

by

(2.40)

the spherical metal to that of host material, x represents size parameter of the particle,
& and W show Riccati-Bessel functions and their respective primes (') denote the first
differentiation of Riccati-Bessel functions with respect to the argument, and and # is
index of summation of partial waves (n = 1 for dipole oscillation, n = 2 for quadrupole

oscillation, n = 3 for octupole, and so on).

2.3 Plasmonics

Plasmonics is the discipline that studies the light matter interactions at metal-dielectric
interfaces through surface EM excitations such as surface plasmon polaritons (SPPs)
and localized surface plasmons (LSPs). Since these excitations are well localized at the
interface, their effects result in a considerable EM field enhancement at the proximity
of the interface. SPPs and LSPs are excellent candidates to be integrated into devices
as they have interesting features that make faster and smaller than the current photonic
devices. Moreover, devices made by incorporating SPPs and LSPs are also faster than
their electronic counterparts of comparable in size. Thereby, they are able to fill the

gap in size that exist between microelectronic and photonic devices.
The field of study in plasmonics can generally be split into two categories: the prop-

agating and the localized plasmonic modes [68]. LSPs are observed when coherent

electrons are oscillating localized to the surface of nanomaterial whereas SPPs are de-
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tected at extended metal surfaces where coherent electrons are oscillating as longitu-
dinal waves [69]. The intentions of both theoretical and experimental investigations in
plasmonic research include the need for fundamental science reasons, thereby widen-
ing the scope of plasmonic applications, and the interest in developing engineered
devices that function on the basis of surface plasmons. [70, 71]. However, there is no
clear demarcation between these two intentions, and they even merge sometimes. Yet,
several uses of plasmons have also been suggested, and some of them have already
undergone experimental testing. Overall, the various investigations made so far have

predicted and realized new features of LSPs and SPPs.

2.3.1 Surface plasmons

Most likely, the studies that involved the bombardment of thin metal sheets by elec-
trons moving with very high speed are where the history of plasmon begins [72]. The
results, however, were not fully understood until Pines and Bohm [73, 74] realized
the collective excitations of longitudinal oscillations of electrons that might have been
caused by the long-range coulombic forces associated with electrons in the valence
band of thin metal sheets. As these excitations are similar to plasma oscillations of
electrons in gas discharges, in 1952, Pines coined the phrase "plasmon" to explain

them and stated that they possess an energy of 71@),.

Rufus Ritchie [75], in 1957, examined the effect of thin metal sheet boundaries and
presented a new collective excitations of energy /), / v/2. In experimental studies in-
volving electron energy loss, Powell and Swan [76] discovered similar excitations only
two years later. Then, Stern and Ferrell [77] ultimately explained the excitations as sur-

face plasmons.

Maxwell’s equations are used to describe how light propagates in a bulk plasma-like

k-r—or)

material. When a wave is in a plane form like el and is travelling through

an isotropic, non-magnetic medium whose permittivity varies with frequency &(®),
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Maxwell’s equation in a source free region (i.e., V- D = 0) gives

e(wk-E=0, (2.41)

whose two solutions are as follows:

e(w)=0 and (2.42)
k-E=0. (2.43)

The first solution belongs to longitudinal oscillation resulted from collective excitation
of conduction electrons. According to the explanation of Pines and Bohm, this corre-

sponds to the bulk plasmon.

Electric field

Metal sphere = =

N
A l

o

Electron cloud

Figure 2.2: Schematic diagram illustrating localized surface plasmon [69].

It is possible to describe a metallic nanoparticle as a nanoparticle with a lattice of ionic
cores through which conduction electrons are moving freely, whereas plasmons are
the collective oscillation of free electron density with respect to the immovable positive
ions in metals.when the field reverses its direction, the electrons align themselves in the
opposite direction (Fig. 2.2). This oscillation of electron cloud depends on the applied
electric field and the quantization of these oscillations is called plasmons. Hence, the

interaction of photons with metal nanostructures leads to the formation of plasmons.
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2.3.2 Localized surface plasmons

When the metal nanoparticle is illuminated with light, the force of the EM field causes
the conduction electrons to move towards the surface, creating an electric dipole. The
applied external electric field causes the free conduction electrons at the mettal surface
to oscillate collectively to produce surface plasmons (SPs). The dipole in turn induces
an electric field within the nanoparticle that opposes the external field of the light,
drives the electrons back to the equilibrium position, and acts as a restoring force. This
is analogous to a linear harmonic oscillator, where the restoring force is directly related
to the displacement measured from the equilibrium position. When the driving field
is removed after the electrons have been shifted from their equilibrium position, they
will oscillate at a specific frequency known as the resonant frequency. For SPs, this
is referred to as plasmonic frequency. The resulting phenomenon is known as surface
plasmon resonance (SPRs). In 1968, Otto [78] made the initial discovery of the SPR
phenomenon whereas, its commercial realization was carried out by Biacore of GE

Healthcare in 1990 [79].

When the frequency of the incident light coincides with the natural frequency of con-
duction electrons oscillating in opposition to the restoring force, the resonance state is
reached. If the collective electron oscillations of SPRs are confined to the nanopar-
ticle’s surface, the phenomenon is known as localized surface plasmon resonance
(LSPRs). The effects of LSPs have two major categories: the enhancement of elec-
trical field in the vicinity of the surface of the particle and the occurrence of maximum
absorption at the resonant frequency of plasmon. The size, shape, and refractive index
of the embedding medium have a significant impact on where the wavelength of LSPRs
is located. These characteristics enable precise control of the optical absorption of the
nanomaterial from the visible to near-IR regions. The resonance frequency for Au and
Ag nanoparticles lie in the range of visible EM spectrum. This results in the brilliant
colors that the particles display in reflected and transmitted light as a result resonantly

enhanced scattering and absorption conditions. This property has been used for several
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hundreds of years, for instance in the ornamental cups, as shown in figure 1.1.

It is also worth to note that there are many approaches to excite LSPs from plasmonic
materials. A light source that is incident on the nanomaterial can excite LSPs so that
the local EM field is enhanced [80]. Local oscillating sources, such as molecular elec-
tric dipoles and quadrupoles, could also induce LSPs in the vicinity of the plasmonic
nanomaterials. These sources could reradiate the local field in a direction that extends

several wavelengths into the far-field area.

2.3.3 Surface plasmon polaritons

Surface plasmon polariton is a propagating EM wave along a plane of metal-dielectric
interface. As it moves deeper from the surface into each medium, its amplitude decays
exponentially. The term "surface plasmon polariton" describes that the wave comprises
the motion of charges in the metal ("surface plasmon") and EM waves in the dielectric
material ("polariton") [81]. They are a kind of surface waves that propagate along the
interface in much similar manner that light can be directed by optical fibers. SPPs
travel over the interface until they lose all of their energy, either by metal absorption

or dispersion in other regions, such as free space. In lossy metals, too, the amplitude

Dielectric

NATRIAE

\r/ \.._/ \r/ Metal

Figure 2.3: Schematic of surface plasmon polariton at metal-dielectric interface [69].

of this wave exponentially decreases in the direction it propagates. For the first time,
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such propagating surface waves were explained by Zenneck in 1907 [82]. Because
of their strong field confinement and enhancement effects, SPPs have found a variety
of intriguing applications, such as in surface-enhanced spectroscopy, biosensing, and
nano-optics. Due to mismatches in the propagation wave vectors, an incident plane
wave in the dielectric cannot directly excite the SPP wave at a smooth metal-dielectric
interface. Rather, the SPP can be launched through several special excitation configu-

rations or coupling structures.

Using the Maxwell’s vector equations in combination with Eqn. (2.43), the dispersion

relation for a photon propagating in the medium becomes
I =¢e(w)— = &(w)k3, (2.44)

where ko is the free space wavevector. Here, it is crucial to comprehend the meaning
of the word "polariton". For the first time, the term was coined by Hopfield [83]. Po-
lariton is "a photon coupled to the internal degrees of freedom of the medium" [84].
Alternatively, polaritons can be stated as quasi-particles that result when EM fields in-
teract with fundamental excitations in the system. In this description, the fundamental
excitation represents the bulk plasmon, whereas the associated quasi-particle denotes
the bulk plasmon-polariton, which is just another name for a photon that is travelling
through a material. Hence, the two solutionsto Eqn. (2.41)are corelated to the bulk

plasmon and bulk plasmon-polariton.

The dispersion relation of propagating surface waves along the interface of unlike ma-
terials can most likely be solved through a classical approach by considering the lower
and upper half regions that are confined to appropriate boundary conditions [85]. The
layer system in figure 2.3 has metal and dielectric material interface, on which a p-
polarized wave propagates along the x direction. For this single interface between
these two media, let their frequency dependent permittivities be € and &, and perme-

abilities be y; and u,, respectively, for medium 1 (metal) and medium 2 (dielectric
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material). Then, in the i medium, the perpendicular component of the wavevector k.;,
can be given by [68]
ky = £/ n*ks — k2, (2.45)

1

where ko is a wavevector in the free space, k, is the wavevector within the plane, and
n; = /€ilt;. We then need the denominator of the reflection and transmission of Fresnel
coefficients to vanish for the single interface scenario, providing us with the dispersion

relations for the bound modes of the system as,

k k

==y, (2.46)
& &

2 W

—+-—=0, (2.47)
ko kg

for p- and s-polarized light, respectively.

Substituting Eqn. (2.45) into Eqns. (2.46) and (2.47), enables us to rewrite these

dispersion relations as,

k= kO\/rSlSz(glzliz —282.111)7 (2.48)
g8

k= 0\/#1#2(82141—81!&)_ (2.49)

ui -3
For non-magnetic (i; = Uy = 1) media, the dispersion relation for p-polarized (parallel

polarized) surface propagating waves is given by [68]

&1&
ky =koy/ . 2.50
X 0 £+ & ( )

As SPP moves along the metal-dielectric interface, it is attenuated. As a result of this

attenuation, their energy propagation length decreases and the performance of devices
that make use of these surface EM waves is degraded. Ohmic losses in the metal are
key mechanisms for the extinction of SPP as it moves along a plane of metal-dielectric

interface. The incorporation of thin metallic film into a multilayer composite enclosed
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with dielectric layers [86—89] is one of the strategies to increase the propagation dis-

tances of SPP.

2.4 Effective permittivity of composite materials

Shell nanostructures are frequently used for colloidal quantum dots (QDs) as they can
significantly improve their optical properties. They also improve stability with regard
to photodegradation and safeguard the fundamental optical qualities against alterations
in the immediate environment [90]. Therefore, modeling the dielectric function of a
composite system by using the strategy of Maxwell Garnett homogenization is pre-
ferred [91]. This strategy gives the correct effective dielectric function and polarizabil-

ity for the whole composite structure in the quasistatic regime.

2.4.1 Effective permittivity of spherical inclusions

Let us consider the mixture of dielectric material and host matrix where spherical in-
clusions of permittivity & are randomly positioned within the embedding medium of
permittivity &, as in figure 2.4. Let f represent the fraction of the total volume that the
inclusion phase occupies. Then, (1 —f) will be the fraction of the volume left unoccu-
pied. Each components of the material mixture have their own names: the inclusion
part is known as guest whereas the embedding host is referred to as host, or matrix,
and the mixing principle is known as the Maxwell Garnett formula [92].

Let the average field and the flux density be related by &, as
<D>=¢gp<E>. (2.51)
In terms of volume fractions, this can be further given by
<D >=feE;+ (1 —f)e.E,. (2.52)
<E>=fE;+ (1 -f)E,, (2.53)
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Figure 2.4: Schematics of inclusions of dielectric spheres in the dielectric host.

where E; and E, are the internal and external fields, respectively. Then the effective

permittivity can be given by

_ fEA+E(1—f)

eeﬁ_ fA+ (1 _f) ) (254)

where A = E; /E, (the ratio between the fields). Taking the field ratio A = 3¢, /(& +2¢,)

[93], one of the possible expression for the effective permittivity is

& —&

E.pr = €+ 3f€ 2.55
eﬁ e+ f681—|—28e—f(8l—86)’ ( )
called Maxwell Garnett mixing formula. Eqn. (2.55) can be rewritten as
Y /€ 1 . (2.56)
€ &i/€+2—fl&i/e.—1)

Two variables, the inclusion permittivity in relation to the environment &;/€, and the
fraction of volume of the inclusions f, can be used to calculate the effective permittivity
in relation to €. The limiting processes for the ceasing inclusion phase can be satisfied

by the strategy of homogenization as

f—0 = Eoff — € (2.57)
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and for the vanishing host medium
f—1 = Eoff — &i. (2.58)

From the relation A = E;/E,, we can write

_ 3g
B 8i+28e

i E.. (2.59)
In studying the optical properties of materials, we know that polarizability () is an
important concept. When an even electric field E, permeates a homogeneous region
of permittivity &, electric dipole source is formed. External electric field and polariz-
ability can be linearly related as

p=akE,, (2.60)

where p is electric dipole. Hence, the simplest way to gauge the reaction of an inclusion
to an electric field is to determine its polarizability. Within the inclusion, the dipole
moment depends on the volume, internal field, and the dielectric contrast between the

inclusion and the environment and can be given by [92]

pz/@—&mﬂﬁ (2.61)

where V denotes the volume of the sphere. Using Eqns. (2.59) to (2.61), we can write

the dipole moment as

3e, 3 &—&
E.V =4re ,
&+2¢, ¢ ed & +2¢, ¢

(2.62)

where a is the radius of the sphere. From Eqn. (2.62), the polarisability of a homo-
geneous sphere of permittivity & in a homogeneous environment of permittivity &, is
given by

3 & — &

o =4rne, a0 ——.
g +2e,

(2.63)
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2.4.2 Effective permittivity of a layered sphere

A spherical core-shell composite is a type of partially nonhomogeneous structure whose
exact polarizability can be calculated. Let us analyze a composite of core-shell system
comprising of a dielectric core of radius r; with dielectric permittivity € and a shell of
radius r, with thickness ¢ and dielectric permittivity €. Moreover, let us assume that
the core-shell composite system are randomly distributed in a solid dielectric of per-

mittivity &, as shown in figure 2.5. The optical characteristics of such composite core-
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Figure 2.5: Schematics of distribution of nanoshells in external host matrix.

shell structure can be explained by replacing the homogeneous spherical core-shell
particle equal outer radius (radius r, = r; +f) with dielectric material of permittivity

€7 expressed as [94]
(2e,+€)+2f(e1 — &)

ey (2.64)

where f = (r1/r2)? is the core volume fraction.

In electromagnetic literature, the polarizability for such type of sphere is given by [90]

(&2—¢€)(e1+28)+ fe1—&)Rer+ &)
(&2 +2¢.) (€. +2&) +2f (2 —€)(e1 — &)

o = 4713 (265)

It is worth to note that all values of the filling factor f between 0 and 1 can satisfy this

expression.
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2.5 Plasmonic materials

Plasmonic materials are nanomaterials that support surface plasmons [95, 96]. If we let
the dielectric permittivity of a metal nanoparticle be €y, then, in a specific wavelength
range, all metallic materials with a negative real part Re[€y] and a positive imaginary
part Im[gy] of the dielectric function could be regarded as plasmonic materials [97—
99]. Physically, the intrinsic absorption loss in light scattering processes decreases as

Im[ey] gets smaller [100].

If we consider a spherical metal nanoparticle embedded in a host matrix with elec-
tric permittivity €, then, under the quasistatic approximation, the electric field in the

interior and exterior regions of the nanoparticle can be given by [101-103]

3g,
En=——"F77"7E 2.66
in ey +2€, 0, ( )
3n(n-p)—p (1 3
Eout = Ep + —47T808d ; 5 (267)

with r representing the distance from the surface of the particle, n is the unit vector
along the point of interest, &j is the permittivity of the free space, and Ey is the ampli-

tude of the incoming field.

Within the nanoparticle, the field is uniform, which, for metal nanoparticles, is gener-
ally not the case. The quasistatic approximation is no longer applicable for nanoparti-
cles of larger sizes because the internal field distribution is inhomogeneous. In addition
to the incident field, Eqn. (2.67) also comprises the local field distribution at the prox-
imity of the surface of the nanoparticle. The distribution of this field leads to the local

field enhancement.

To find out the expressions for absorption, scattering, and extinction cross sections
in the quasistatic approximation, we investigate a nanoparticle exposed an oscillating

electromagnetic field E = Egexp(—i®t). The dipole moment induced by this oscillat-
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ing field can be expressed as p = €&, Ey, where the polarizability (complex) o of the

nanoparticle in the electrostatic theory is given by

Evm— &
a=4mr 24— 2.68
" &y +2¢, ( )
Hence, under the condition
|€y +2€4| = minimun, (2.69)

the polarizability, the internal, and the external fields of the nanoparticle exhibit res-
onance properties. When (€ + 2€;) approaches zero, the fields approach their maxi-
mum. This shows that Re[ey] is nearly equal to —2¢,; whereas the Im[¢g;] is approxi-
mated to zero. This shows that, only materials with positive and close to zero Im|g]
and moderate value of negative Re[&,] could support robust LSPRs. Hence, it follows
that from transition metals, elements such as gold, silver, and copper might satisfy

these strict requirements to support surface plasmon with minimal intrinsic losses.

Moreover, applying boundary conditions and using the Laplace’s equation (V2@ = 0),

electric potential distributions inside and outside the same material are given by [93]

o —3¢gy
N & +2¢,

in

Egrcos 0, (2.70)

v — &g 3 cos 0

Bou = —E g M _d
out 07O +£M—|-2£d 0r T

(2.71)

Here, &, indicates the summation of the incident field and the dipole positioned at
the nanparticle center, i.e., the dipole moment induced by the incident field within the
sphere is proportional to |Ey|. Therefore, enhanced polarization in & shows resonant
improvements in the dipolar and internal fields, resulting in the widespread application

of nanoparticles in optical equipment.

It is fascinating to notice from an optics perspective that improved polarization in &
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also has another effect on how light is scattered and absorbed by nanoparticles [60].
For a nanosphere of volume V, radius R, and dielectric function &, = € + i&; in the
quasi-static approach, the absorption and scattering cross sections are, respectively

given by [101]

Em — &4
Copo = kIm{ia) = 4knR3 Imd =2~ 2.72
abs m{ } T m{8M+28d} ( )
and
o it |a|2_87rk4R6 ev—es | 1287 RO ey —e4 | 273
A o T3 ley+2e| 3 Atley+2e|] ‘

where k = 27 /A is the wave number. Both Eqns. (2.72) and (2.73) demonstrate that
absorption and scattering cross sections show resonance behavior at Re[ey| = —2¢,.

From the theory of light scattering, the extinction cross section is given by

Cext - Cabs + Cscat- (2-74)

For nanoscale materials with size R satisfying the relation R < 0.06A, the scattering is
significantly small as compared to the absorption. Under this condition, the extinction
cross section can be written as

Coext &= abs- (275)

2.6 Local field enhancement

The local field, which Lorentz first described as the field at an atom, is currently be-
lieved to affect the particle property as a whole [27]. It is a field produced at an atomic
site by all other atoms acting on the reference atom [104]. Like clusters of pure metals,
nanoshells also exhibit local field enhancement effects [105]. The local field enhance-
ment that results from LSP excitations can be applied in a wide variety of applications,
including surface-enhanced Raman spectroscopy, surface-enhanced fluorescence, con-
focal microscopy, improving the performance of solar cells, and surface structuring

[101].
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The effect of local field enhancement strongly depends on the polarizability of the ex-
citing radiation [106]. Particularly, the extinction properties of noble metal materials
at the nanoscale level are dominated by strong surface plasmons. These resonances
result when electrons in the conduction band are excited coherently by incident elec-
tromagnetic field. One of the distinctive properties of metallic nanoscale materials is
their significant enhancement of local fields in close proximity to their surface. Under
the quasi-static approximation, let us examine a metallic sphere of small size exposed

to a plane wave of a monochromatic field
E = Ey exp{i(kz — 1)}, (2.76)

where E is the incoming EM field, E is amplitude of the incident field, z is the coor-
dinate along the axis of the sphere, and k is the wave vector.The total field outside the
spherical nanoparticle is the superposition of the incident field and the field scattered
by the particle. In the quasi-static domain, the latter field corresponds to the field due
to the dipole point. It is positioned at the center of the sphere and oscillates at the same
frequency as that of the incoming field. The oscillating dipole depends on the potential
®(r,0), distance r from the center, and polar angle 6 in relation to the direction of the
polarization of the incoming field. The amplitude of this dipole field can be derived

from these dependences [60].

— 0
3 &m SdE CcoS ’ 2.77)

d(r,0) =R
(r7 ) SM—l—ZSd 0 r2

where R, €y, and €&; are the same as defined for Eqn. (2.72). Differentiating with

respect to r and 6 yields the normal E, and tangential Eg9 components of the field as

&y — €, cos 6
3 d Eo

E,=2R
&y +2¢, r

(2.78)
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and
Ev— € sin 6

E
0 ey +2¢, 0 r?

(2.79)

Based on the field-enhanced, Eqns. (2.78) and (2.79) offer the foundation for the
application of metal nanoparticles. All surface-enhanced spectroscopies are driven by

the modulus square of the electric field. This value could be expressed as

2 5 (14 3cos? 0)
0 0 ’

&M — &
&y +2¢,

|E|* =R® (2.80)

and describes the field outside the sphere for » > R. Since it is subjected to the quasi-
static approximation, the field on the surface of nanoparticle (r = R) independent of the
size of nanoparticle. In contrast, Eqn. (2.80) shows that the field outside the nanoparti-
cle rapidly decreases as one moves away from the surface. As a result, the largest field

enhancements are obtained at or near the nanoparticle surface.

As described in Section 2.5, when the sum of the denominators (&, + 2€;) approaches
zero, the fields inside the nanoparticle and near its surfaces are greatly boosted. The
real component of the permittivity for several metals is negative in the visible spec-
trum, showing that the condition Re[gy| = —2¢; is satisfied for certain wavelengths.
At the resonance of this wavelength, the field amplitudes are significantly increased,
given that the imaginary component of the permittivity Im|€y/], is minimal.

From Eqn. (2.80), the local field enhancement factor, |F |2 can be defined as [101]

_|EP
|Eo|?

Em— &4
&y +2¢,

% RO(1+3cos? 0)

2
7 -

(2.81)

In this expression, ignoring the angular dependence is acceptable because the modulus
square of electric field gradually decreases as |E|? o< 1/7°. In this perspective, the local

field enhancement F, is given by [107]

Em— &4 R3

= —. 2.82
Em +28d r3 ( )
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2.7 Core-shell nanocomposites

There are several types of core-shell nanoparticles with many different uses. Their
classification is based on their properties and applications. Thus, carefully categoriz-
ing core-shell NCs as per these criteria and investigating their characteristics is not an
easy task. In this section, we tried reviewing core-shell nanoparticles according to their
material characteristics. In a broader perspective, it is obvious that organic or inorganic
material can be utilized to form the core or shell of a core-shell composite. According
to their material properties from which they are made of, core-shell nanoparticles can
be divided into four main classes: (i) inorganic-inorganic; (ii) inorganic-organic; (iii)

organic-inorganic; (iv) Organic-organic [108].

Inorganic-inorganic core-shell categories are extensively used to increase semiconduc-
tor efficiency, quantum dots, optoelectronics, information storage, optical bioimag-
ing, catalysis, etc. Additionally, among various types of inorganic-inorganic core-
shell nanomaterials, generally, cores and shells can be made from silica, metal oxide,
metal, or other inorganic materials. Some of the examples include CdSe-CdS, Au-

Si0,, CdSe-ZnS, CdTe-CdSe, CdSe-ZnSe-ZnS, and CdSe-Si0O,.

Inorganic-organic nanocomposites have a core comprised of metal, a metallic com-
pound, metal oxide, silica, and a polymer or other high density organic material as a
shell on top. Some examples of this type of core-shell NCs include Au-PSMA, Fe30;4-
PEG, Fe-PIB, SiO,-PS, where PSMA, PEG, PIB and PS denote polystyrene methacry-
late, polyethylene glycol, polyisobutylene, and polystyrene, respectively. Coating the
inorganic material with an organic layer has numerous advantages. One illustration
is that the improved oxidation stability of a metal core can prevent the oxidation of
surface atoms to metal oxide in a typical environment [109, 110]. Moreover, they can

also show improved biocompatibility for use in biological applications [111-114].
The other type of core-shell NCs is organic-inorganic type which are structurally just
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the reverse of inorganic-organic core-shell type explained above. These kinds of ma-
terials typically possess both the inorganic and organic features [115].

The inorganic material, particularly a metal oxide coating on an organic material, is
advantageous in a number of ways, including enhanced material strength [116], oxida-
tion resistance, thermal stability, colloidal stability [117], and other types of resistance
[118]. These particles can also increase the brittleness of inorganic particles and simul-
taneously exhibit polymeric features such as outstanding optical qualities, flexibility,
and toughness [119]. Because of their plentiful uses in numerous areas of material sci-
ence, such as paints, magnetic fluids, catalysis, microelectronics, and biotechnology,
this form of core-shell nanoparticles has recently been shown to be of significant study

interest [120].

The fourth category are organic-organic core-shell NCs. In this classification, the core
and shell materials comprise a polymer or another organic material. They are referred
to as "smart particles" and have a variety of uses in various disciplines, such as drug
delivery [121], biosensing [122], chemical separation [123], biomaterials [124, 125],
and catalysis [126]. The importance of coating one polymer with another improves
the physical behavior for instance, toughness of the material as a whole [127]. Few
examples of this kind of core-shell NCs are polyphenylene-PEO and PTBA-PS where,
PEO and PTBA are polyethylene oxide and poly-tert-butyl acrylate, respectively.

2.8 Quantum dots

A quantum dot consists of a semiconductor core which is necessary for the fundamen-
tal optical characteristics such as emission and absorption of light. The luminescence
of quantum dots is caused by the quantum confinement and defects in the crystalline
structure of quantum dots [128]. From this perspective, quantum dots can be tuned like

metal nanoparticles to absorb and/or scatter different colors (Fig. (2.6)).

Quantum confinement effect refers to electrons and holes being spatially restricted in
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Figure 2.6: Schematic of tuned QDs absorbing and scattering different colors.

a material whose dimensions fall within the range of or smaller than the exciton Bohr
radius of that material. The bulk exciton Bohr radius is the physical separation that
naturally exists in a crystal between the electron in the conduction band and the hole
it creates in the valence band. Under quantum confinement conditions, energy levels
may be treated as discrete and the band gap becomes size dependent, increasing as the

nanocrystal size decreases.

On the other hand, the defects on the surface of the nanocrystal can reduce lumines-
cence of the dots because atoms on the quantum dot surface have dangling bonds which
trap electrons after absorbing a quantum of energy. Relaxation of the electron-hole sys-
tem occurs in this case by nonradiative way and as a result the luminescence quantum
yield of quantum dots is significantly reduced. For these reasons it is crucial to manage
the quality of a quantum dot surface by overcoating it with the second semiconductor

layer or shell [129].

Depending on the the alignment of the edge of the conduction and valence bands, core-
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shell QDs are categorized into four major classes as follows: type I, inverse type I, type

I1, and inverse type II (Fig. 2.7). It can be observed as we move from type I to type
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Figure 2.7: Schematic representation of band alignment of various types of core-shell
QDs [130]

I1, the bandgap difference between core and shell reduces and the exited electrons are
spatially separated from each other. In type I core-shell QDs, the bandgap energy of
the core material is narrower than of the shell material. Since the conduction and va-
lence band boundaries of the core are situated within the energy gap of the shell, the

electrons and holes are constrained within the core region.

Moreover, the valence band of the core in type I is located at higher energy than that of
shell. This type of configuration of energy levels is important to restrict electrons and
holes within the core material. The purpose of coating with shell is to passivate the core
surface thereby improving its overall optical properties. Separating the more optically
active core surface from its surroundings is another function of the shell. Moreover,
the larger bandgap shell material improves the stability against photo bleaching of the

core of semiconductor material. However, when the shell layer becomes thicker, the
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material surface activity of the core surface decreases, thereby lowering the quantum

yield. When the thickness of the shell layer increases, a small red shift is observed in

the UV-vis absorption spectra [108].

As clearly explained (Table: 2.1), both hole and electron charges in inverse type I are

Table 2.1: Characteristics of various types of core-shell QDs [108,131,132].

Parameter  Type I Inverse Type I Type II Inverse Type I1

Bandgap The band gap of the The band gap of the  Valence band edge of  Conduction band edge
shell material is wider  core is greater than the ~ the core is within the  of the core is within
than the band gap of band gap of the shell.  band gap of the shell the band gap of the
the core material. The  The band gap of the or conduction band  shell or valence band
electrons and holes are  shell falls within band  edge of the shell is edge of the shell is
confined within the  gap of the core. within the band gap of ~ within the band gap of
core region. the core. the core.

Positions Excited electrons and  Excited electrons and  One carrier is mostly One of the excited

of excited holes are completely holes are partially or  confined to the core, electrons or holes are

electrons confined within the completely confined the other confined to  delocalized in the
and holes core region. in the shell depeding the shell, leading to  core-shell structure,
on the thickness of the  electrons and holes on  and the other one is
shell. different sides of the confined within the

heterojunction. core.

Limitations Increasing the shell Both the excited elec-  Prolonged photolumi- The excited electron
thickness reduces the trons and holes may nescence decay time or hole can be ab-
material surface activ-  leak to the surface. due to the lower over-  sorbed leading to re-
ity of the core sur- lap of the electron and  duced decay time, one
face leading to a de- hole wavefunctions. carrier is mostly con-
crease in a photolumi- fined to the core, the
nescence emission. other to the shell.

Examples CdSe/CdS, CdSe/ZnS, CdS/CdSe, ZnS/CdSe, ZnTe/ZnSe, InP/CdS, PbS/CdS
CdTe/CdS CdS/HgS PbSe/CdSe,

PbTe/CdTe

partially delocalized on the shell materials and emission wavelengths can be tuned by
altering the shell thickness. These kinds of materials have lower quantum yields and
higher resistance against photo bleaching. However, its quantum yield can be increased
by coating another larger bandgap semiconductor material. In type II QDs, either the
conduction or valence band of the core could be generally found within the bandgap
of the shell (Fig. 2.7). Because of this, one carrier is primarily contained in the core,
whereas the other is primarily contained in the shell. Hence, the electrons and holes
on the various sides of the heterojunction tend to be spatially separated by the energy
gradient present at the interfaces. (Table: 2.1) [133]. Due to this spatial separation

of the electrons and holes, this type of QD is anticipated to exhibit numerous novel

43



features, including longer exciton decay times than type I NCs. For instance, these
arrangements can provide access to wavelengths that a single material cannot other-
wise access. In addition, due to the separation of charges in the lowest excited states,

type Il nanomaterials are more suited for photovoltaic or photoconduction applications.

Since core-shell composites have a lower effective band gap than comparable pure core
and shell materials, the optical properties of such materials can easily be controlled by
varying the thickness of the shell. The efficiency of semiconductor nanomaterials can
be determined largely by two essential parameters, namely, the quantum yield and the
response time. For semiconductor materials, quantum yield can be defined as the ratio
of emitted to absorbed photons. The quantum yield is typically small for a single
semiconductor particle. However, the quantum yield rises when the specific material
is covered with a composite of higher band gap energy semiconducting material [50,

52, 134].

2.9 Importance of core-shell nanoparticles

Since core-shell nanoparticles have evolved at the interface between materials chem-
istry and numerous other fields, including electronics, biomedicine, pharmaceuticals,
optics, and catalysis, they are steadily gaining more and more attention. They are ex-
tremely useful materials with improved properties. Under some conditions, the qual-
ities resulting from the core or shell materials are found to be very unique. New and
desirable properties can be achieved by altering the constituent materials or the core
to shell ratio [47]. By coating the core with the shell material, the characteristics of
the core particles such as reactivity or thermal stability can be altered thereby improv-
ing the overall particle stability and dispersibility. Ultimately, the composite system
exhibits distinctive qualities resulting from the various materials used in combination.
This is particularly essential with regards to the inherent capacity to adjust the surface
functionalities andA3 satisfy the various application needs [135, 136]. The advantage

of coating on the core material include surface modification, the ability to improve
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functioning, stability, and dispersibility, controlled core release, decreased consump-

tion of precious resources, and more.

The study of many researchers demonstrate that core-shell composites can be utilized
in diverse applications [137] including biomedical [138—140], pharmaceutical, [136],
in catalysis [141], electronics [142, 143], photoluminescence enhancement [ 144, 145],
producing photonic crystals [146], etc. Specifically, in the biomedical industry, most
of these particles are utilized for bioimaging [147—150], controlled release of drugs
[151, 152], targeted drug delivery [150, 153], labelling of cells [154, 155], and tissue
engineering purposes [152, 156].

In addition to modifying material properties as desired, core-shell materials are also
essential from an economic perspectives. A precious material can be coated over a
cheaper one to use less of the expensive material than producing the same sized pure
material. Moreover, hollow particles can be produced by using core-shell composites

as a template after the core has been removed via calcination or dissolution.
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Chapter 3

Theoretical Models and Methods

This Chapter describes the basic theoretical models and methods used in this study.
Moreover, technical procedures employed and software resources used in plotting the

numerical results of the study are also presented.

3.1 Theoretical bases

After Maxwell’s unification of electricity and magnetism in 1864 and the discovery
of the electromagnetic nature of light, a possibility opened to connect between the
optical and dielectric properties of matter. This means that the effective optical prop-
erties of heterogeneous matter could be derived from polarisability considerations of
the inclusions in the mixture. For nanocomposites, Maxwell Garnett derived the fa-
mous relation between the effective dielectric constant of a medium where spherical
particles, having given optical properties, occupy randomly positioned a given volume
fraction in the host medium [91]. Since then, the analyses of the effective properties
of mixtures became more well-defined and exact by the early 20” century. In this dis-
sertation, since the materials of our study consist of nanocomposite systems, we have

used the Maxwell garnet formalism for effective permittivity and polarizability.

One of the ways to the optical properties of materials is to consider their dielectric func-

tions. The initial interaction of light with matter, expressed by the frequency dependent
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dielectric function of the particle material, enters the electrodynamic scattering model
and yields characteristic spectra that are determined by the material specific proper-
ties, the particle specific topological properties and statistics. The enormous practical
advantage of any electrodynamic scattering model is that it enables one to compute
numerically the optical response for arbitrary realistic particle materials. The Lorentz
model is a widely used model in solid state physics, and it predicts the frequency de-
pendence of the permittivity function. Another special case of the Lorentz model is the

Drude model, used to describe the optical properties of metals.

Paul Drude used Maxwell’s theory and Sommerfeld model [79] to explain the prop-
erties of electrons in metals [157] and the model has also been adapted for semicon-
ductors [158, 159]. Over the years, this fact has brought to think in terms of a model
in which the electrons are relatively free and can move under the influence of electric
fields. It is the simplest classical treatment of optical properties of metals and is based
on the kinetic theory of an electron gas in a solid. It is assumed that all the electrons
have the same average kinetic energy [160], and the model neglects electron-electron
interactions and interband (interzone) transitions. As a result, the dielectric behavior
of metals is specified by the collective excitation of the free electron charges under

influence of an external EM field.

Another model is the Drude-Lorentz model which takes into account the separated
interband, i.e., bound electron effects. It extends the range of the method validity by
inserting the separated interband expressions into the Drude model. In this model,
the bound electrons in a metal contribute to harmonic oscillators and the dielectric
function behavior. Due to this, for the mathematical and numerical analyses of metal
dielectric functions in our study, we have used Drude-Lorentz model, particularly that

is represented by Eqn. (2.34) in combination with Eqns. (2.35) and (2.36).
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3.2 Core-shell models

The core-shell type nanoparticles can be broadly defined as comprising a core (in-
ner material) and a shell (outer layer material). These can consist of a wide range of
different combinations in close interaction, including inorganic-inorganic, inorganic-
organic, organic-inorganic, and organic-organic materials. The choice of shell material
of the core-shell nanoparticle is generally strongly dependent on the end application
and use [108].

Different classes of core-shell nanoparticles are shown schematically in Figure (3.1).

q) mmm— . b)— c) p— | d) _

Figure 3.1: Schematics of different core-shell nanoparticles. (a) Spherical, (b) hexag-
onal, (c) multiple core, (d) cylindrical, (e) nanomatryushka or multilayered metallodi-
electric, (f) movable core in hollow shell, and (f) ellipsoidal core-shell nanoparticles.

Concentric spherical core-shell nanoparticles are the most common where a simple

spherical core particle is completely coated by a shell of a different material.

Different shaped core-shell nanoparticles have also given rise to immense research in-
terest because of their different novel properties. Different shaped core-shell nanopar-
ticles are generally formed when a core is nonspherical as shown in figure (3.1(b)).
Core-shell structures of multiple core type particles are formed when a single shell
material is coated onto many small core particles together as shown in figure (3.1(c)).

Concentric nanoshells of alternative coating of dielectric core and metal shell mate-
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rial onto each other (A-B-A type) are also one of the possible models, as shown in
figure (3.1(e)). Here, nanoscale dielectric spacer layers separate the concentric metal-
lic layers. These types of particles are also known as multilayered metallodielectric
nanostructures or nanomatryushka and are mainly important for their plasmonic prop-
erties [161-164]. In our study, we used the models presented in figure 3.1(a), (d),
(e), and (g), where in case (e), our schematic model consists of three layers of dif-
ferent materials. Specifically, we used the spherical core-shell models of CdSe@Ag
and CdSe@ZnSe@Ag to investigate the effects of size on the LFEF of core-shell
structure. To study how the optical properties of core-shell NCs are affected by the
shape of nanostructures, we have also studied spherical, cylindrical, prolate, and oblate

CdSe@ Au core-shell NCs.

3.3 Laplace’s equation in various coordinate systems

Changing the morphology of NCs resulted in changing the symmetry order, which
has a dramatic effect on the distribution of the polarization charges over the surface
area of the nanostructures [131, 165, 166]. Many-fold symmetry nanoparticles exhibit
most interesting selective optical features in the visible and near infrared ranges. Their
morphologies exhibit different polarization factors along each symmetry axis. The

solution to such problems can be found using Laplace’s equation.

3.3.1 Laplace’s equation in spherical coordinates

Laplace’s equation is one of the most significant equations in a wide variety of fields
including thermodynamics and electrodynamics. It can be used to solve problems in
various coordinate systems such as rectangular, cylindrical, spherical, and polar forms.
To find the expressions for electric potentials in different regions of spherical core-
shell nanocomposites, let us start by considering a source free medium, where Laplace
equation is given by

VZip = 0. (3.1)
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Writing this for spherical coordinate system (r, 0, @), the Laplace’s equation becomes

2 2
1d 1 d (Smeacp) 1 0°P —0 (3.2)

(P

rarz(r >+r2sin9<99 a0 +rzsin2 6 d¢?
The, by applying the Legendre equation and Legendre polynomials with all the as-
sociated assumptions and conditions, the general solution of Eqn. (3.2) is given by
[93]

oo

®(r,0) =Y (A +Bir """ P(cos 0), (3.3)
=0

where the coefficients A; and B; can be determined by the boundary conditions.

Let the external field E = Egexp(—iwt) is incident on a multilayer core-shell NCs of

spherical symmetry, as shown in Fig. 3.2. From the boundary condition at infinity,
b =—-Ejz=—-Eprcos6.

The unknown amplitudes A and B fields in each region can be determined by using

v

Figure 3.2: Multilayer spherical core-shell

boundary conditions. If the potential in the k™ region with dielectric permittivity & is
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@y, then from the continuity of tangential electric fields

0D dPyy

26 26

atr = rpyq.- (3.4)

Similarly, from normal component of the electric field displacement, the boundary
condition satisfies

8(15k 8€Dk+1

&—=— = &1 T

P atr = rigqq- 3.5

From N boundaries, there are 2N equations to find the unknowns. Outside the most
outer shell (in the embedding host), only the dipole field amplitude is unknown. The
constant field component is the known incident field. As an example, let us apply this
formula for N = 1 (homogeneous sphere) and N = 2 (core and single shell) cases and

find the expression for electric potential distribution, &; in each region.

For the homogeneous sphere (N = 1)

38h
P =—E 0 3.6
1 o£1+2£hrcos : (3.6)
and
€& r%
&, = —Eygrcos 0+ E (814——28};) 2 cos 0. 3.7

For spherical core and single shell (N = 2)

b — 9¢¢,
! (81 +282)(82—|—28h) +2f(81 —82)(82 —Sh)

Eyrcos 6, (3.8)

3¢5 [(81 +282) —|-2(81 — 82) (r—rl)’j}
(e1+2&) (&2 +26,) +2f (1 — &) (&2 — &)

P, = —F) rcos 6, 3.9

and

B B 3
[(&1 +2&) (&2 — &) + f(&1 — &) (&3 +28)] % cos 6. (3.10)

&, — —F, 0 +E
A 07 cos o0+ 0(81+282)(82+28h)+2f(81_82)(82_8h) r
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where f = (r{/r)°.

3.3.2 Laplace’s equation in ellipsoidal coordinates

In uniform external electric field, problems related to ellipsoids can be solved by re-
lating the ellipsoidal coordinates with Cartesian system. Let us consider core-shell
ellipsoid of N layers all with different dielectric permittivites, and the whole NCs em-

bedded in a host medium of permittivity &, as shown in Fig. 3.3.

1.?

€p

Figure 3.3: Multilayer ellipsoidal core-shell

The incident field is directed along the z-axis of the ellipsoid. To solve for internal
fields in the multilayers of ellipsoidal core-shell NCs by Laplace’s equation, the bound-
aries between the layers have to be constant-coordinate surfaces in the ellipsoidal co-

ordinate system (confocal), so that we can use separation of variables. The equation
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that relates these coordinates can be given by

x2 y2 Z2

¢+ﬁ+w+ﬁ+@+ﬁz

1 (a>b>c). (3.11)
This equation has three different real roots &, 17, and { which lie in the ranges of
E>—c* —*>n>-b, 0> >-d. (3.12)

These three roots are the ellipsoidal coordinates of the point x, y, and z. The coordinate
& is the root that lies in the range & > —c? shows that c is the smallest of the ellipsoid
axes a, b, and c. The surfaces of constant &, 17, and { are respectively ellipsoids and

hyperboloids of one and two sheets, all confocal with the ellipsoid

2 2 2
Xty om
One surface of each of the three families passes through each point in space, and the
three surfaces are orthogonal. The confocality requirement of the multilayer ellipsoid
means that the semiaxes a;, b;, and c; of each of the N ellipsoidal boundaries have to

satisfy the following:

az—azzb%—bgch—cz (3.14)

for all pairs i, j. Using the one to one correspondence relation between (x,y,z) and the

three roots (&,7n, ), we can find

2_ @)@ +n) @+
(b —a@)(c?—a?)
b +&)(b*+n)(b°
2= Lf)_(bz)tcz)_(bz; ) (3.15)

2 o) E+n)(+E)
(@~ ) ~)

The surfaces & = constant are confocal ellipsoids, and the particular ellipsoid & = 0

coincides with the boundary of the particle (Fig. 3.4(a)). The surfaces 11 = constant are
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hyperboloids of one sheet (Fig. 3.4(b)) and the surfaces { = constant are hyperboloids
of two sheets (Fig. 3.4(c)) (adopted from [167]).

Figure 3.4: Conics. (a) An ellipsoid, (b) a hyperboloid of one sheet, and (c) a hyper-
boloid of two sheets, reproduced from [158].

In ellipsoidal coordinate, the potential of uniform incident field of amplitude Eq di-

rected along z- axis (c -axis of the layered ellipsoid) is

2+&E)(c2+n)(2+¢
<150:—Eoz:—E0\/( (az)—(cz)(bz)—(cz) ). (3.16)

To obtain the expression for the potential in the presence of the ellipsoid, separate the

incident potential from the total potential P as
D =PyF(&). (3.17)

In this function, the dependence of potentials on 1) and { are the same as in @,. This
helps to satisfy the boundary condition at & = 0 for arbitrary 11 and {. Hence, F(§)
is the only dependent on &, and can be approached from Laplace’s equation. In ellip-

soidal coordinates, Laplace’s equation is given by [60]

(=01 @) 5z (1058 ) +@-Orm 3 (rm G ) +E-mr@ 3 (1057 ) =0
(3.18)
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Substituting Eqn. (3.17) in to Laplace’s equation, we can write for F(&) as [168]

d*F dF d

E+Eglog [Re (& +cz)} =0. (3.19)

The Laplace equation with this kind of separable potential has two solutions. One

solution of this equation is F' = constant, and the other is

I
F(é)—/é ETARG) (3.20)
where
R(s) = \/ (s+ @) (s+b*)(s +2). (3.21)

At sufficiently large distances from the particle (€ > a?), the perturbing potential is
negligible and hence, & ~ 2. Due to confocality, the parameters a, b and, ¢ can be
a;, b;, and ¢; of the ellipsoidal surfaces. Solving for F(&) and substituting in to Eqn.

(3.17) gives the general solution of potential in the homogeneous region as

D [ ds
d=¢)|C—— P —— 3.22
|5 i) .

with

Ri(s) = /(s + @) (s +B])(s + ), (3.23)

where ap, by, and c; are the semiaxes of the whole scatterer ellipsoid, the coefficients

C and D are to be determined from the boundary conditions.

Applying the boundary conditions, the tangential electric field comes from the deriva-
tive of the potential with respect to the coordinates 1) and §. Hence, the potential and

the factor
D [= ds

- — ————, have to be continuous.
2J)e (s+ c%)Rl (s)

The normal displacement field has also to be continuous across a boundary. The normal
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component of the displacement D is

1 0P
D=—-€—— 3.24
n he 9E (3.24)
where h¢ is the metric coefficient of the ellipsoidal coordinate system
V(E-n)(E-9
hg = (3.25)
¢ 2R1(S)

Considering the potential in Eqn. (3.22), the equation of continuity applies to the

following quantity [169]

gVl s dmal) o

where the term /& + c% comes from the z- dependent potential, ®y. Now, differenti-

ating it indicates that the expression

D D [= ds
e|C+ - = —1 (3.27)
{ Ri(&)  2Je (s+cDRi(s)
1s continuous across a boundary.
We can generalize this to the potential in the k™ region as
Dk e ds :|
Dy = —Eoz |Cr— — ——, 3.28
| e Y e o

where Cj denotes the constant field amplitude, or the propagating wave, D;, stands for
the dipole term. The term & and &, | are permittivities of ellipsoid with semiaxes
axs1, bri1, and ¢ 1 , where the coordinate & has the value & 1. Using the boundary

condition, we have

D Diy [*
k ds ketl / ds (3.29)
& (

Ck—_/ — 555 = Gkl — TN T
2 Jee, (s+ARi(s) 2 s+ Ry (s)
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and

D D [= ds D D [~ ds
8k[ck+ k k-1 }

_ Tk~ = C _ Tkl Z 2
Ri(&v1) 2 /g, (s+c%)R1(S)} 8k+]{ ST RE) 2 §k+1(g8376)c%)R1(5)

Since ay, by, and c; are bases of the coordinate system, the value of £ at the boundary

of the ellipsoid is zero (i.e., & = 0). Therefore, at the lower limit ; we can write

* ds /°° ds 2 )
/ S S— -V, 33D
OFADREW D ) for o) N

where Lgl) is the depolarization factor z—axis. Generally, the depolarization factors

along all the three axes of the ellipsoid in the /" region are given by

L(i) . a;bic; ds
‘X - 2 7
2 Jo (s+ai)Ri(s)
(i) a;bici ds
Ly = , 3.32
" T2 Jo s1pDRs) (3-32)
L(l') B abic; [ ds
z > .
2 Jo (s+c)Ri(s)
where
Ly+Ly+L;=1. (3.33)
For the sphere (a = b = ¢), from the symmetry, we can write
1
Ly=L,=L,= 3 (3.34)
For a cylinder with its axis in the x—direction (a — o), we have
1
L,=0, Ly=L,= 3 (3.35)
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3.4 Quasi-static approximation

If the size "a" of a given particle is much smaller than the wavelength, A, of the incident
driving field, the variation of the phase of this field across the particle is negligible, so
an incident plane wave can be approximated by a constant field. This is known as the
quasi-static approximation, because it allows retardation effects to be ignored. Under
this approximation, Maxwell’s equations can then be solved in terms of an electric
potential, @, where E = —V®. For a driving field applied in the z-direction, the applied
potential is @ = —Ez, or, in polar coordinates, @ = —FE r cos 0. Potentials inside and
outside of the metal particle can be written in terms of Legendre polynomials P(6) as
[170]
D, (r,0) = iAl rlPl(cos 0), forr<a
I=1

and

Dy(r,0) = —E rcos 0+ ZBZ r~ U Py(cos ), forr > a,
I=1

where a is the radius of the particle.

Applying the boundary conditions that the potential and the normal component of D

are continuous at » = a, we get

[=0: A():B():O,

I=1: A= o g g = fu)p s
Ein +2€0ut Ein +2€0ut
—&out [+1 B
[>1 oo, A=
g, 1 = a1

In these expressions, &, is the dielectric function of the metal particle and g, is the
dielectric function of the surrounding medium. For a spherical nanoparticle of radius a
placed in the external embedding medium, &;, represents the dielectric function of the

sphere, while &, 1s the permittivity of the host medium.

There is no constant (/ = 0) term, as such a term would represent a net charge on the
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particle. For [ = 1, there is a response at any frequency, provided there is a driving
field to excite the particle. However, when Re|g;, + 2€,,;] = 0, A; and B; take on large
values. In the absence of damping (i.e., for Im|g;,| = Iml€,,;] = 0), the coefficients be-
come singular, indicating that a mode exists that is excited for arbitrarily small driving
fields. For [ > 1, the response is independent of E, indicating that higher order modes

cannot be excited by a constant field. The metal nanoparticle thus acts like a dipole.

Under the quasi-static approach, we calculated LFEF, absorption and extinction cross-
sections in spherical, cylindrical and ellipsoidal core-shell NCs. By using the optical
constants of the materials used in the study, the graphs that show the optical properties
are plotted using the statistical software package called Mathematica. Finally, all the

results are discussed and conclusions are drawn for each of the findings.
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Chapter 4

Size Dependent Local Field
Enhancement Factor of CdSe Based

Core-Shell Spherical Nanoparticles

4.1 Introduction

Recent studies show that core-shell nanocomposites have attracted increasing research
interest due to their outstanding properties such as versatility, tunability, and stability
[171, 172]. A core-shell nanocomposite consists an inner core and outer shell(s) that
is composed of different materials. The combination of different material properties in
a single core-shell system leads to several novel properties for potential applications
in various fields such as electronics, optics, biomedicine, environmental science, ma-
terials, energy, magnetism, and catalysis [173, 174]. Moreover, the properties of these
core-shell materials can be easily tuned by varying the size, shape, morphology as well
as the type of the core, shell, and embeding medium [175-177].

Among the widely studied core-shell nanocomposites is the CdSe-based quantum dots
(QDs). In particular, the emission intensity of CdSe QDs can be increased several times
when it is capped with a ZnS shell to form a CdSe-ZnS core-shell structure [178]. In

addition, CdSe nanocrystals are considered as the most promising emitting materials
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in the visible spectral region because their emission color can dramatically be adjusted
from blue to red. Wide band gap semiconductors such as ZnS, CdS, and ZnSe can be
used as the shell material [179] to cap a CdSe core. But, among these semiconductors,
ZnSe over coated CdSe nanoparticles have shown advantages that not only the bandgap
of ZnSe (2.72 €V) is larger than that of CdSe (1.76 eV), but also it has shown low tox-
icity as compared to CdS and ZnS [180]. Moreover, its lattice parameter and binding
energy are 5.67 A? and 20 meV respectively, while the band gap alignment is of type I,
where both electrons and holes are confined in the CdSe core [181-183]. The lattice
parameter mismatch of ZnSe relative to the CdSe core (6.3%) is significantly smaller
when compared with the most commonly used ZnS shell (10.6%) material [ 184, 185].
All these material parameters make ZnSe an excellent shell material to cap a CdSe core

in a core-shell nanocomposite.

In support of this, experimental studies show that when CdSe is covered with ZnSe,
the optical properties of the combination is enhanced [186]. It was also reported that
CdSe@ZnSe core-shell quantum dot are novel materials incorporating CdSe core in a
ZnSe shell [53]. For instance, the photoluminescence intensity of a CdSe @ZnSe core-
shell nanocomposites can be significantly enhanced by coating (capping) the CdSe
core with a few layers of ZnSe shell [187]. But, to the best of our knowledge, few
or no theoretical and numerical studies were carried out to support those many ex-
perimental works. Moreover, as the heterostructures formed with metal and semicon-
ductor composite nanostructures provide another efficient opportunity for tuning the
unique optical properties of nanoparticles [188], the plasmonic effects are also found
to be interesting. For CdSe based core-shell nanocomposites, the effect of the sizes
of the core, the shell (metal), and the spacer (semiconductor) on the local field en-
hancement factor (LFEF) were not further studied yet. Hence, this study focuses on
the theoretical and numerical investigations of the size dependent LFEF of CdSe@Ag
and CdSe@ZnSe@ Ag core-shell spherical nanoparticle embedded in the host matrix,
S10;.
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4.2 Theoretical models and calculations

4.2.1 Core and single shell spherical nanoparticles

When the size of a particle is much smaller than the wavelength of the incident elec-
tromagnetic radiation [189], the electric field may be considered to be spatially uni-
form over the whole range of the particle [190]. Consequently, the particle may be
represented by an oscillating dipole and this is known as the quasi-static approxima-
tion [60, 191]. This approximation is important for a qualitative understanding of the
interaction of light with nanoparticles as it considerably simplifies the mathematical
analysis.

In this paper, we considered a model of spherical core @shell nanoparticle in the quasi-
static limit. In this approach, the electrostatic solution can easily be calculated by
solving the Laplace’s equation. In our model, we separately considered CdSe@Ag
and CdSe@ZnSe@Ag both embedded in a dielectric material. As shown in Fig. 4.1,
the radius of the core is r; and its dielectric permittivity is €. The shell is character-
ized by the radius r, and dielectric permittivity & (where r; < rp). The embedding
material (SiO;) has an electric permittivity €;. The expressions needed to calculate the
electric potential in the system under the quasi-static approach is given by [192, 193].
According to Eqns. (3.8), (3.9), and (3.10), the electric potential in the dielectric core,

the shell, and the surrounding medium can be written as

@ (r,0) =—E,Ajrcos 0, (r<rp), 4.1)
B
Dy (r,0) = —E, (Azr— —2) cos 0, (r1<r<m), (4.2)
T
B3
P3(r,0) = —E, (r—?> cos 0, (r>n), (4.3)

where @;(r,0),P,(r,0), and P3(r, 0) are the electric potentials in the dielectric core,
metallic shell, and embedding medium, respectively. Ej is the incident electric field
(chosen along z-axis), r and @ are the spherical coordinates of the observation point.

The unknown coefficients A, A>, B>, and B3 are to be calculated from the continuity
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conditions of the potential and the displacement vector at the interfaces of the dielectric
core/metal and metal/embedding medium.
The local electric field E; induced in the dielectric core of the nanocomposite is related

to the incident electric field, Ey, by the following equation [194]:

E| = A, Ey.

Figure 4.1: Schematics of core and single shell spherical nanoparticle embedded in
host matrix.

In this equation (E; = A Ey), the coefficient A| can be shown to be given by

_ 08683 _
PA

Ay F, 4.4)

where Q = n?/(n— 1) and p =1 — (r1/r2)? is the volume fraction of the metal coated
particle. Also, n represents the dimension of the problem, which for a spherical nanoin-

clusion is 3. In Eqn. (4.4), A is given by
A= €3 +qe, +€ &3, (4.5)

where



In this study, we used silver metal as a shell material. From the Drude-Lorentz model,
the electric permittivity of a metal from Eqn. (2.34) is given by
2
w,

e —— P 46
f2=¢ o(w+iy) (4.6)

where € is the phenomenological parameter that represents the contribution of bound
electrons to polarizability, @, is the bulk electron plasma frequency, and ¥ is a param-
eter associated with damping in the bulk material. Clearly, Eqn. (4.6) has real and

imaginary parts which can be rewritten as

! "
& =& +i&, “4.7)
where
/ [oR . oy
=t 7 2=l
- +Y 0+ Y

Now, substituting eqns. (4.5) and (4.7) into Eqn. (4.4), we find that F' becomes a
complex function. Rather, it would be convenient to deal with the real quantity |F|?,

which is called the enhancement factor. It can be presented as [? ]:

/2 112
& +¢€
2 ( /2 //2 / 2 + 22 //2 ! 2)- (4.8)
4p° \ (& —&* +q&, +€1€3)> +&%(q+2¢))

Alternatively, an equivalent expression to Eqn. (4.8) can be obtained from the relation

E = —V® using Eqn. (3.8) for E| and then taking the square of the ratio of E| to Ej.

4.2.2 Triple layer spherical nanoparticles

Here, let’s first consider a concentric n-layer nanocomposite that consists of multiple
nanoscale layers of controllable thickness. The electrostatic potential for each of the
regions (layers) satisfy the Laplace’s equation which is given by V2®; = 0, where &;
is the electric potential associated with the electric field induced inside and outside the

nanocomposite, i is the region where electric potential is to be determined. Let, the
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dielectric function of the i region can be represented by &;.
The potential distribution in the different regions of the n-layered nanocomposite is
obtained by solving the Laplace’s equation. Accordingly, the potential &; in each

region is given by [195]:
B;
D;(r,0) = (Air—i— —2) cos 0, 4.9)
r

where A; and B; are the coefficients correspond to the electric monopole and dipole
terms, respectively. These coefficients, A; and B; are to be determined by employing
the appropriate boundary conditions for the continuities of the tangential and normal
components of the electric field and the displacement vector, respectively [196]. In
our case, the spherical coordinates (r,0) are used, where r is the radial distance and
0 is the polar angle, while the direction of the applied field Ey is chosen along the
z-axis. Then, the electric field E; in the i region for the concentric spherical n-layered
nanocomposite is obtained using the equation ﬁ,- = —V&;(r,0), where &;(r,0) is

given by Eqn. (4.9) [197]. Hence, the field takes the following form:
E. = Ai(—cos 02, + sin8g) + Bir—(2cos 02, + sin 0ép), (4.10)

where i = 1,2, ..., n with n being the number of layers and é, and ég are the unit vectors
in the r and 0 directions, respectively.

Next, we consider a triple layered (n = 3) core-shell nanostructure in which region one
with i = 1 is a semiconductor core (CdSe) of dielectric function €, while the outer
region is the embedding medium (SiO;) with real dielectric constant &, = &;. The
dielectric functions of the spacer (ZnSe) and the metallic shell (Ag) are & and &3,
respectively. Similarly, the radii of the dielectric core, the spacer, and the metallic
shell are denoted by ry, 2, and r3, respectively.

For triple layered nanocomposite, there are four regions [198]. Thus, by extending

Eqgn. (4.10) to spherical nanocomposite, the expressions for the electric fields in each
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region are as follows:

Ei =A|(—cos0é,+sinBéy) —I—Blr_S(ZCos 0é,+sin6éy), 4.11)
— n . A 3 n . N
Er» =Aj(—cos0é,+sinBég) + Byr °(2cos 0é,+sinBéy), (4.12)
— n . N _3 ~ . N
E3 =A3(—cos0é,+sin0éy) + B3r ~(2cos0é,+sin6éy), (4.13)
a =A4(—cos0é,+sinbBég) + Byr 3 (2cos0é,+sinBéy), 4.14)

where A4 = —Ey and Ay, Aj, A3, By, B3 and B4 are unknowns to be determined by
imposing the appropriate boundary conditions. In particular, the coefficient By = 0,
since the magnitude of the electric field in the dielectric core is constant.

To investigate the LFEF inside the concentric sphere, it is suffice to determine the
electric field induced inside the dielectric core. This means that (since By = 0), we
only need to determine the coefficient A; found in Eqn. (4.11). Hence, employing the
relevant boundary conditions at the interfaces, this coefficient can be shown to have

the following form
27 & €384

A== Ey=F 4.15
1 2 f2M 0 9 ( )
where
M = yi1&3% +y265+3,
1) 3
f2: 11— (_) 3
r3
yi = fi(€1 — &) +3&s,
3 €1 2€&4
=l ——1)3| =+— ¢ E—8&)(&4—€
2 (fz ){(2+3)2+f1(1 2) (& — &)
3
+82(f1(81 — 82) — &4 — 582),
y3 = &&4(3e1 +2f1(&2—¢1)),
where

()
1= ")
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Substituting Eqn. (4.15) into Eqn. (4.11), the magnitude of induced field inside the

' N
e/

Figure 4.2: Triple layer spherical nanostructure embedded in host matrix.

Si0,

dielectric core is found to be

- 27 &3
2 HM

E\=E Eo. (4.16)

The coefficient of Ey in Eqn. (4.15) is the local field enhancement factor (F). That is,

E _ 27 e €&3€4

F=—= 4.17
E,~ 2 AM (4.17)
and the modulus square of the LFEF becomes:
27 EE3E,
FI>=|= 4.18
= |5 @18)

The optical properties of metals can be described by the Drude-Sommerfeld model of
the frequency-dependent dielectric function, €(®) [199]. In our case (i.e., Eqn. (4.18)),
&3 represents the dielectric permittivty of the silver metal and can be written as (Eqn.
(2.34))
)
83=€w—m. (4.19)
For silver, @, = 1.37 x 101°Hz,£.,=9.01¢V,and ® = 27/ A is the angular frequency

of applied electromagnetic field, c is the speed of electromagnetic wave [200] and y
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is a parameter associated with damping [201]. If the mean free path of electron in

the nanostructre depends on size of the nanocomposites, then its damping parameter

differs from its bulk counterpart, and hence, y in Eqn. (4.19) can be by given Eqn.
(2.35) as

y=1p+AL,

Teff

(4.20)

where ) is the damping constant of the bulk material (for Ag: 1 = 3.23 x 103 Hz),
vr is the velocity of an electron at the Fermi surface (vp = 1.4 X 106 m /s for silver), A
is an empirical parameter, usually set to be unity, r.z is the effective mean free path of

electrons and is calculated using Eqn. (2.36) as:

1 I
reg = 5[(rs=r2) (5 = )] (421)

4.3 Results and discussions

4.3.1 Core and single shell nanoparticles

In this section, we investigated the local field enhancement factor for the core and
single shell CdSe@Ag nanoparticles. Figures 4.3 and 4.4 depict the graphs of the
enhancement factor for different core, shell, and nanoparticle (NP) sizes as a function
of wavelength plotted using Eqn. (4.8).

From figure 4.3(a), it is observed that as the size (r1) of the core (CdSe) of the nanocom-
posite is reduced from 10 nm to 2 nm for a fixed radius (r, = 20 nm) of the silver
(Ag) metal, the peaks of the resonances are increased by 18.2 folds (increased from
about 1,743 at 452 nm to 31,760 at 478 nm) at the interface between CdSe@Ag.
This is observed when the core radius is relatively the smallest (2 nm) and the metal
shell thickness is the largest (18 nm), where 18 nm is the difference of the two radii
(20 nm — 2 nm = 18 nm). From this, one can see that when the core radius decreases
and the shell thickness increases simultaneously at constant shell radius (20 nm), the
local field is enhanced and the surface plasmon peaks shift to the higher energy. This

result agrees with other research findings that when the core size is made smaller, the
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Figure 4.3: LFEF of CdSe@Ag: (a) when the size of the NP is fixed at 20 nm as the
size of the core decreases and (b) when the size of the core is fixed at 10 nm as the
shell thickness increases.

resonance peaks are enhanced [202, 203]. This may be explained with the fact that as
the shell thickness increases, the hybridization between the two plasmon frequencies
of the inner and outer surfaces decrease, leading to the blue shift.

Moreover, the metal content of the particle increases with decrease in the core radius
so that there are more electrons to participate in the oscillation. As a result, the cou-
pling of localized surface plasmon resonance becomes stronger and leads to local field
enhancement. Our findings are in good agreement with the previous findings [204—
206]. For the same core-shell nanoparticle parameters, the field enhancement factor

has increased by about 6.3 times (nearly increased from 8,558 at 579 nm to 53,960 at
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514 nm ) at the interface between the shell (Ag) and the host matrix (SiO;). From fig-
ure 4.3(a), it is observed that the resonance peaks shift towards the longer wavelength
(red shift) of the visible region of electromagnetic spectrum at the inner interface of
CdSe@Ag, and towards the shorter wavelength at its outer interface. Taking the ratio
of the magnitudes of the resonance peaks of the outer interface to the inner interface
of CdSe@Ag, the local electric field is enhanced by about 1.7 factor (from 53,960 to
31,760). Moreover, the result also reveal that the local field enhancement factor of the
CdSe@Ag has been increased with the decrease in the core size.

Furthermore, figure 4.3(b) shows that keeping the core size constant (r; = 10 nm) and
increasing the NP size from 20 nm to 24 nm enhanced the LFEF from about 8,434
to 12,270. This enhancement is accompanied with a blue shift of the enhancement
peaks from 579 nm to 555 nm in the outer interface of silver (Ag@SiO,). Note that
comparison of figures 4.3(a) and 4.3(b) shows that the LFEF is higher when the size
of the core is reduced than when the thickness of the shell is increased. This might
indicate that the quantum confinement is more significant than the plasmonic effect for
the local field enhancement.

However, when both the core and the shell radii increase simultaneously (r; = 5 nm
to 9 nm and r, = 12 nm to 16 nm), the resonance peaks are significantly lowered from
about 12,270 at 555 nm to 6,550 at about 603 nm at the interface of Ag@SiO, (Fig.
4.4(a)). Also, when the sizes of both the core and the shell changes simultaneously
by equal amounts (i.e., Ar = 4 nm), the amplitudes of the resonance peaks are reduced

from 3,316 at 460 nm to about 918 at 446 nm at the interface of CdSe@Ag region.

For the nanoparticle considered under this section, the simultaneous increase in the
radii of the core and the shell could not help to increase the local enhancement factor
for the core-shell nanoparticle. This can be attributed to the fact that, when the shell
size increases, charge separation distance also increases, leading to the decrease in the
electric field inside the nanoparticle. In the other case, when the radius of the core is
increased from 3 nm to 7 nm, while reducing the size of the shell from 17 nm to 13 nm,

the local field enhancement factor is reduced from 42,660 to 7,237 (Fig. 4.4(b)).
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Figure 4.4: LFEF of CdSe@ Ag Nanoparticle: (a) when core and the NP sizes are both
increasing and (b) when core size is increasing and the shell thickness is decreasing.

Whether the shell size is constant or decreased, increasing the core size led to lower
field enhancement factor for the material under the study. Hence, it is observed that
the core size of the nanoparticle is a crucial parameter to increase or decrease the field
enhancement factor for the core and single shell CdSe @ Ag spherical nanoparticle. All
these results show that the local field enhancement factor of CdSe@ Ag nanoparticle

becomes controllable by carefully altering the size of the core radius.

71



4.3.2 Triple layered core @shell nanoparticles

In the second part of this study, ZnSe was placed as a spacer between the CdSe core
and Ag shell and the local electric field enhancement was analyzed using Eqn. (4.18).
The size of ZnSe (r, = 10 nm) is fixed and the sizes of the core (r;) and the NP (r3)
were varied (Fig. 4.5(a)). As the core and the NP sizes increase (r; = 5 nm to 9 nm;
r3 = 12 nm to 16 nm), two sets of resonance peaks were observed. The two resonances
are associated with the inner and outer interfaces of silver shell, respectively.

In the absence of the ZnSe spacer, the intensities of the local field enhancements de-
crease with increase in the core and the NP sizes (i.e., Fig. 4.4(a)). However, when the
spacer was placed in between CdSe and Ag, the magnitudes of the resonance peaks
showed increasing effect for the same increase in the core size and for the same size of
the whole NP (Fig. 4.5(a)). This result reveals that the spacer has an increasing effect
on the LFEF of core-shell nanoparticle even when the core size is increasing. Previ-
ous researches show that the thickness of the dielectric spacer controls the plasmonic
response of the three layered nanoparticles [41, 207]. Thus, one of the reasons for the
increase in the local field enhancement in this study might be due to the decrease in
the thickness of the spacer layer (ZnSe). As illustrated in figure 4.5(a), when the core
radius and the shell thickness are increasing, the spacer layer is decreasing from 5 nm
to 1 nm. That is, the decrease in the thickness of the spacer layer provides a platform
for strong plasmonic coupling between the core and the outer metal shell nanomaterial
leading to the enhancement of the local field. For all the dimensions indicated in figure
4.5(a), the second set of the resonance peaks show a blue shift within the visible range

of electromagnetic spectrum.

In figure 4.5(b), the core and the NP sizes were fixed and the size of ZnSe was varied
from r, = 10 nm to 10.8 nm. In this process, still two peaks were observed but the res-
onance peaks were found to decrease with an increase in the size of the spacer. Among
all the size combinations, comparatively the largest peak is obtained when the spacer

size is the thinnest. Previous experimental studies show that when thin layer of ZnSe is
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Figure 4.5: LFEF of CdSe@ZnSe@Ag: (a) when core and the shell sizes are increas-
ing and spacer thickness is decreasing and (b) when spacer size is increasing at fixed
core and shell sizes.

deposited on CdSe, its emission efficiency increases [181]. When it becomes thicker,
the defects on the ZnSe surface may induce the nonradiative transitions, thereby de-
creasing the emission intensity [187]. Our theoretical and numerical analysis also show
similar results that when relatively the thinnest ZnSe is used as spacer on the CdSe
core, the LFEF increases. However, when the spacer thickness increases, the peaks of
the resonances decreases and are red shifted (Fig. 4.5(b)). Comparison of Figs. 4.5(a)
and 4.5(b) shows that the core and the spacer sizes have different effects on the field

enhancement factor of core @shell spherical NPs. In figure 4.6(a), the radii of the core
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Figure 4.6: LFEF of CdSe@ZnSe@Ag: (a) when shell size is increasing at fixed sizes
of the core and spacer and (b) when core size is increasing and spacer thickness is
decreasing at fixed NP size.

(r1 = 10 nm) and the spacer (r, = 14 nm) are fixed and the shell size was increased
from r3 = 20 nm to 24 nm. The result shows that the field enhancement factor in-
creases with an increase in the metallic shell size which might be related to the surface
plasmon resonance [197, 199]. This is similar to Fig. 4.3(b) in all aspects except the
presence of the spacer (ZnSe). For the two layer NP (Fig. 4.3(b)), the resonance peaks
are higher and are achieved at shorter wavelengths whereas in the triple layer case (Fig.
4.6(a)), the peaks are lower and are located at relatively longer wavelengths. When the

core size increases and the spacer thickness decreases with constant NP (core + shell)
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size (rp = 20 nm), the field enhancement factor decreases (Fig. 4.6(b)). In this process,
the resonance peaks in the outer interface of the metal shell were red shifted. Although
the amplitudes were not the same, the peak positions of results in figure 4.6(a) were
nearly reversed in figure 4.6(b).

In figure 4.7(a), the core and the spacer sizes are constant and the metal shell size is

increasing. This results in increased field enhancement factor.

250} ]
— CdSel0@ZnSel8@Ag20
200l @ — CdSeBeZnSel7@Ag20 ||
CdSe6@ZnSel6@Ag20
1500 CdSe4@ZnSel5@Ag20 |]
T — CdSe2@ZnSel4@Ag20
100}
50+
400 600 800 1000 1200
Wavelength (nm)
800¢ — CdSe9eZnSel0eAgl6
b) — CdSe9eZnSelleAgls
600L CdSe9eZnSel2@Ag20
CdSedeZnSel3@Ag22
N — CdSe9eznSeldeAg24
L 400 )
200} ]
o ]

450 500 550 600 650
Wavelength (nm)

Figure 4.7: LFEF of CdSe@ZnSe@Ag: (a) when core size is decreasing and spacer
thickness is increasing at fixed size of NP and (b) when spacer and shell thicknesses
are increasing at fixed core size.

In the two layer NP, a blue shifted and significantly enhanced local field can be ob-

tained in the visible range of the spectrum by decreasing the core size (Fig. 4.3(a)).
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However, in the presence of spacer between the core and the metal shell of the same NP
size, relatively smaller field enhancement is observed with significant blue shift from
infra-red (IR) to the visible spectral region (Fig. 4.7(a)). Keeping the core size fixed
and simultaneously increasing the spacer and the metal shell thicknesses also show
enhancement of the LFEF with the blue shift of the resonance peaks (Fig. 4.7(b)).
Nevertheless, the magnitudes of the peaks were more pronounced in the latter case.

Comparing the results of double and triple layered nanoparticles explored in this study,
LFEF was enhanced with increasing the core size in the presence of spacer (ZnSe). But
this was not observed in the core and single shell nanostructure. Increasing the metallic
shell radius (keeping others constant) shows increased LFEF both in the double (Fig.
4.3(b)) and the triple (Fig. 4.6(a)) layered nanostructures except that the increment was
larger for two layered NP than the triple layered NP by the factor of about 15.3 (i.e.,
12,270 to 800). When the core and the NP sizes increase simultaneously for double
layered NP (Fig. 4.4(a)), the LFEF decreases accompanied with red shift while the
LFEF increases and are blue shifted for the triple layered one (Fig. 4.5(a)). This indi-
cates that in triple layered core-shell spherical nanoaprticle, enhancement of the local

field can be achieved at higher energy.

In addition to the effects of core, spacer, and shell sizes on the LFEF of CdSe@Ag
spherical nanoparticles, we have also investigated how the LFEF is affected by the

type of embedding medium (Fig. (4.8)). The result shows that when the magnitude

Table 4.1: Effects of host medium and shell thickness on the LFEF of spherical
nanoshell.

permittivity of host medium \ Metal shell thickness
&, A (nm) Peak2 |  Ar(nm) A (nm) Peak 2
2.5 579 8,433 10 579 8,379
3.5 614 10,970 11 571 8,797
4.5 649 12,400 12 565 10,260
55 682 13,110 13 560 11,230
6.5 715 13,380 14 555 12,230
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of the dielectric function of the host medium increases, the intensity of the LFEF also

increases, and red shifts. Comparing the result of figure 4.3(b) with that of figure 4.8
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Figure 4.8: LFEF of CdSe@Ag in a varying host dielectric function.

as shown in Table 4.1, increasing the dielectric function of the embedding medium
by a magnitude of 1 greatly enhances the LFEF of CdSe @ Ag nanopartcles, than does
increasing the metallic shell thickness by 1 nm.

Hence, it could be said that host matrix comparatively with larger magnitude of di-
electric permittivity results in larger intensity in LFEF of dielectric core-metallic shell
spherical nanoparticles. From this analysis, it might be worthy to mention that while
designing spherical dielectric core-metallic shell nanoparticles for different purposes
that require larger field enhancement, using dielectric medium of larger electric per-

mittivity can save the consumption of large amounts of noble metals like Ag.

4.4 Conclusions

In this study, the local field enhancement factor of CdSe@Ag and CdSe@ZnSe@Ag
core-shell nanoparticles were studied theoretically and numerically by changing the

sizes of each components. For a fixed size of the NP, the local field enhancement fac-
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tor of CdSe@Ag was increased with the decrease in the size of the core. Moreover,
the resonance peaks were red shifted and blue shifted, respectively, in the inner and
outer interfaces. By increasing the size of metallic shell while keeping the core size
constant, similar patterns of resonance peaks were obtained except that the degree of
enhancements were larger in the former case. Increasing the core size produces lower
field enhancement factor whether the shell thickness is constant or decreased in size.
This may indicate that the core size is a crucial parameter to change the field enhance-
ment factor of the dielectric core and metallic shell nanoparticle. Alternatively, it is
also possible to largely enhance the local field of nanoshells by keeping the core and
shell sizes constant and increasing the dielectric function of the host matrix in which
the nanoshell is embedded. While designing spherical nanoshells for various purposes
that require larger local field enhancement, it seems advisable to use host matrix of

larger electric permittivity than larger metallic shell thickness.

For triple layered spherical core-shell nanopartile, setting the ZnSe radius constant,
the resonance peak increases with an increase in the size of the core which was not
observed in the case of two layered core-shell nanocomposites having the same core
and NP sizes. In triple layered core-shell spherical nanoparticle, an increase in the size
of the spacer led to a decrease in the field enhancement factor of the nanocomposite.
For fixed sizes of the core and the NP, the lower the size of the spacer produces the
higher the field enhancement factor. On the other hand, increasing the thickness of the
shell size increases the magnitude of the resonance peaks. Similarly, increasing the
thicknesses of both the spacer and the shell sizes also increased the field enhancement
factor. In conclusion, the sizes of the core, the spacer, and the shell have vigorous ef-
fects on the local field enhancement factor of core-shell nanoparticles. The possibility
of obtaining size dependent LFEF by adjusting the sizes of nanoparticles make these

nanocomposites attractive for applications in optoelectronics and nonlinear optics.
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Chapter 5

Effects of Shape on the Optical
Properties of CdSe-Au Core-Shell

Nanocomposites

5.1 Introduction

Nowadays, the optical properties of nanoparticles are central to many applications in
the areas of light-emitting diodes, photocatalysis, biochemical sensing, solar energy
conversions, bio-sensors, degradation of harmful chemicals, and medical diagnos-
tics [208-211]. In studying these nanoparticle structures, metallo-dielectric core-shell
nanoparticles, composed of a dielectric core and a metal shell, have attracted a great
amount of interest in plasmonics due to the wide tunability of the plasmon resonances
[212]. As the plasmon resonances of core-shell nanoparticles are sensitive to their ge-
ometry [213], the optical properties of such nanocomposites (NCs) can be controlled
and modified as desired [214]. As a result of this, core-shell NCs with different shapes
are currently one of the leading active research fields [215]. Several researches have
been conducted experimentally, computationally, and theoretically regarding the effect
of shape on the optical properties of core-shell NCs such as SiO, @Au [216], S1@Si10,
[217], Ag@Si0O; [218], FeoO3@Si0; [219], Au-Ag@TiO; [220], CdSe@Al,O3@Ag
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[221], CdSe@Ag [222], ZnO@ Au [223], and so on.

Among many core-shell nanoparticles, the CdSe quantum dot have been studied inten-
sively owing to the size-dependent photoemission [224]. It was reported that higher
emission efficiency and desired emission wavelength can be obtained from CdSe based
quantum dots [225, 226]. When noble metals such as silver and gold are used as a shell
and coated over CdSe core, it was indicated that CdSe based core-shell nanoparticle
showed high electromagnetic field enhancement [227].

However, many of these studies were investigated by varying the sizes of the quantum
dot and not the shapes. Even where shapes were considered, many of the systems stud-
ied so far have been either spherical or cylindrical or spheroidal or at most two of the
shapes at a time. To the best of our knowledge, the optical properties of CdSe@ Au
core-shell NCs has not been studied by changing their shapes alternately as spherical,
cylindrical, oblate, and prolate spheroids. Thus, in the present study, we theoretically
and numerically investigated the local field enhancement factor, absorption, and ex-
tinction cross-sections of spherical, cylindrical, oblate, and prolate shaped core-shell
NCs each consisting cadmium selenide (CdSe) as a dielectric core and gold (Au) as a

metallic shell with the whole system embedded in SiO; host medium.

5.2 Theoretical models and calculations

5.2.1 Spherical core@shell nanocomposites

Changing the shapes of core-shell NCs can help to control their optical properties that
determines the effectiveness of the nanostructure. In this section, we considered a
spherical core-shell nanocomposite shown in figure 5.1. The dielectric core (CdSe)
has a radius r; with dielectric function &;. The metallic shell (Au) has a radius r, and
frequency dependent dielectric function & with the whole nanocomposite embedded
in a dielectric host matrix (Si0O,) of dielectric function &3.

When an electromagnetic wave with electric field intensity Ey is incident on this core-

shell nanoparticle along z—axis, the local electric field in the dielectric core under the
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Figure 5.1: Schematic of spherical core-shell nanocomposite embedded in host matrix.

quasi-static approximation can be given using using Eqn. (3.8) as

98283
E = Eo, 5.1
' (a1 +280) (a2 +285) +2f (81 — &) (82— &3) G-D

where f = (r1/r2)>. For the sake of simplicity, let’s represent the denominator in Eqn.

(1) by:

2pA, (5.2)
where
5 3 3
A=&+qger+68&, g=(——1|g+(-—-1)&, p=1-f. (5.3)
2p p
Hence, Eqn. (5.1) can be written as:
96,8
E| = Ey. 54
1= F0 (5.4)

The coefficient of Eq in Eqn. (5.4) is called local field enhancement factor (LFEF), A

and can be given by:
By 9¢,85 -
Ey  2pA

(5.5

In Eqn. (5.5), & is a complex frequency dependent electric permittivity of the metal
shell and it can be written as:

& = e; + ie;', (5.6)
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where sé and eg are the real and imaginary parts, respectively. Now, substituting Eqns.
(5.3) and (5.6) in to Eqn. (5.5) and taking its modulus square, the LFEF in the dielectric

core, as shown in Eqn. (4.8) is given by

2 2"
|I;‘|2 - 8183 ( /2 l12 /82 +€2 //2 ! >- (5.7)
(& — &% +q&, +€16)% + &% (q+2¢,)?

When electromagnetic radiation interacts with matter (in our case, spherical core-shell
nanocomposite), the scattering and absorption phenomenon arises, which are in turn
determined by electrostatic polarizability, o¢. For the core-shell nanosphere geometry,

the polarizability is given by Eqn. (2.65) as

(&2—&)(e1+28)+ f(e1—&)(e3+28)
(&2 +2¢&3)(e1 +28)+2f(e1—&)(e2—¢&3) |

o =4mry (5.8)

From this, the absorption and scattering cross-sections can be given by Eqns. (2.72)
and (2.73) as
S
Cabs = kIm [OC] 5 Cscat - —_ ‘(X’

on o (5.9)

where k = 27”, /€3 1s the wavevector in the medium.

5.2.2 Cylindrical core @shell nanocomposites

Recently, investigating the optical properties of coated NCs associated with their shapes
has been given significant attention [228]. Based upon this ample interest, let us con-
sider coated cylindrical core-shell nanoparticle embedded in host medium as shown in
figure 5.2. In this scheme, we assumed the cylinder is infinitely extended along the
Z—axis.

Based on the quasistatic approximation and by solving the Laplace’s equation, the
electric field in the core, the shell, and the host medium can be obtained as follows

[229]:
A
E| = (1 - —1>ES, (5.10)
Ey
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Figure 5.2: Schematic of cylindrical core-shell nanocomposite embedded in host ma-
trix.

A B
E;: 1—_2>E(>)—|——22(cos(pér—|—sin(pé(p), (5.11)
Ey r
— — 33 n . n
3 =FEy+ r_z(COS Pé,+sin Qé,), (5.12)

where r denotes the position vector of the observation point, ¢ is the included angle
incident field makes with the position vector r. é, and €, are unit vectors in the r and
¢ directions, respectively.

The coefficients Ay, A2, B>, and B3z can be given by [230]:

&(&—38g)t+ea(a+&)+fle—&)(&e—=8)
(81 + 82)(82 + 83) +f(81 — 82)(82 — 83)

Al = E07 (513)

p=_BBE-a)f-(@te)] oo (5.14)

(81 + 82)(82 + 83) +f(81 — 82)(82 — 83)

2e3(e) — &2)13
By, = E 5.15
2= e @te) + e —a)Gm—e) 61

(81 - 82)(82 + 83)1’% + (81 +€2)(82 - 83)1’%
(&1 +&)(&+8)+fler—&)(e—&)

By = E, (5.16)
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where f = (r;/r;)?. By substituting these coefficients A, As, By, and B3 in to Eqns.
(5.10) to (5.12), electric field in the core, the shell, and the surrounding medium can
be calculated. If we insert the expression of A1 in to Eqn. (5.10) and simplify it, local

field enhancement in the dielectric core of the composite becomes:

48283

Fr= (&1 —&)(e2— &)+ fla + &) (e + &)

Ey. (5.17)

If we let the denominator of Eqn. (5.17) by pA, wherep=1—f, A= 822 +qg& +
€163,
qg=(2/p—1)&+(2/p—1)es3, we can represent the local field of the dielectric core of

the inclusion in a simple expression as follows:

dey€
E = 2€3
PA

Ep. (5.18)

From this, the enhancement factor (F') in the dielectric core can be obtained as

E, 4&&
F==""= . 5.19
By~ pA (5.19)
Considering the modulus squared of the enhancement factor, we get:
FP— E|* 1663} (5.20)
C|Eo|  pPAT '

In Eqn. (5.20), & (of gold) is a complex function with real ({:‘é) and imaginary (eg )
parts, as given by Eqn. (5.6). Using the Drude-Lorentz model, this dielectric function

can be given by Eqn. (2.15) as:

2 2
, W . @2y
P P
& =Ec— —5, & =——, 5.21
2 w2 + 72 T 02+ 62D

where €., ®, @, and Y are the contribution of bound electrons to polarizabiliy, fre-
quency of incident electromagnetic wave, the bulk plasma frequency of the silver

metal, and the collision frequency of free electrons, respectively.
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Decreasing the size of the nanoparticle will eventually cause the thickness to become
less than the bulk mean free path, and electron scattering from the surfaces of the par-

ticle will have the effect of decreasing and broadening its plasmon resonance peak(s).

In Chapter 5 of this study, we used vy = 1.4 x 10° m/s, % = 4.6 X 103 Hz, W, =
1.37 x 10'° Hz, and €., = 9.84 for gold metal [231] into Egns. (2.35) (2.36). By
substituting the complex dielectric function of the gold metal & with its real (e‘é) and
imaginary (sg ) parts in to Eqn. (5.20), the enhancement factor of the local field for

coated cylindrical nanocomposite in the dielectric core can be given by:

2 2"
|I;‘|2 = 1683 ( /2 l12 /82 +€2 //2 ! )- (5-22)
(& — &% +q&, +€16)% + &% (q+2¢,)?

In investigating the optical resonances of nanoshells, it is important to consider its
polarizability. Thus, the polarizability of cylindrical concentric nanoshells is defined

as follows [232].

(&1 —&)(&2+&)f + (&1 + &)+ (& — &)

o=4n (e1—&)(e—&)f+(e1+&)(ete)

(5.23)

From the optical absorption and scattering theories, the absorption and scattering cross

sections for a single shell nanoparticle [197] can be written as in Eqn. (5.9).

5.2.3 Ellipsoidal core @shell nanocomposites

Let’s consider a core-shell ellipsoid shown in figure 5.3 with principal semiaxes ay,
b1, and c; for the core surface and a», b>, and ¢, for the outer shell surface. Using
the ellipsoidal coordinates (§,7, ) and using the Eqn. (3.11), the confocal ellipsoidal

surfaces can be expressed by

x2 y2 ZZ

+ + =
ai’+&  b24+E c?2+&

1, —c} <& <o, (5.24)
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X2 y2 Z2

+ + =
ai’+n b’ +n ca’+n

x2 y2 Z2

+ + =1,
a’+¢§  bi’+¢ a?+¢

1, —bi<n<—c, (5.25)

—at < & < —b3. (5.26)

The coordinate & is normal to the surface. The variables 1 and { are the parameters of
confocal hyperboloids and as such serve to measure the position on any ellipsoid § =

constant. In other words, each ellipsoidal surface is defined by a constant . Therefore,

b) z

a;

Figure 5.3: Schematic representation of: a) oblate and b) prolate spheroidal core-shell
NCs.

& = 0 is the equation of the surface of inner ellipsoid and & = ¢ is that of the surface of

the outer ellipsoid, where a2 +t=a3, b3+t=5b3, cI+t=c3.

For a given (x,y,z), if we assume x > 0,y > 0,z > 0, there is a one to one correspon-
dence between (x,y,z) and the three largest roots (§,7,&) . Solving for x, y, and z as

in Eqn. (3.15), we obtain the following expressions:

o @@ +m@+0)
(b1 —at)(ci—aj)

2 (B +E)(BT+n)(b1+0)
(ai =b)(ci—b7)
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2 _ (@8 +n)(d+§)
(a1 = )(b] =)

The potential due to the applied field, which we take to be parallel to the z axis, is

0o = —Eoz = —EoF1(§)G(n,¢)

where 12
(cT+n)(ci+)

(at =) (b1 = cf)

F(&)=(i+8)"? G6n.{)=

That is, as given by Eqn. (3.16),

2 2 2 1/2
e s

(@ =) =)

Under the quasi-static approximation, the distribution of electric potentials in the di-
electric core, in the metal shell, and in the embedding dielectric matrix can be given

by [233]:

@1 =DiFi(§)G(n.¢), —*<E&<O, (5.27)
¢, = [D2F1(8) +D3F>(8)]G(n,€), 0<¢E<t, (5.28)
03 = [—EoF1(8) +DsF(€)IG(n, L), <& <o, (5.29)

where

_ T dq
RO=RO [ arine

fi(g) = [(at +q)(bT + ) (cT +q)]/2.
The coefficients Dy, D, D3, and D4 are unknown constants to be determined using the

following boundary conditions. For electric potentials, the boundary conditions can be

found from continuity conditions as:

or=¢ at &=0,
(5.30)

=03 a &=t
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and the normal components of the electric displacement vector can be found as:

a(pl = 3(P2 at £=0

35 35 (5.31)
8(p2 83a(p3 at &=t.

29 el

where €1, &, and, &3 are the electric permittivities of the dielectric core, metallic shell,
and the host medium, respectively. By substituting Eqns. (5.27)-(5.29) in to Eqgns.
(5.30) and (5.31) and solving simultaneously, the unknown coefficients Dy, D;, D3,

and D, can be obtained and are given by:

Dl == —jE(), (532)
_ (1)
Q
- a|b1c1£3(£1 —82)
Ds; = 20 Ey, (5.34)
_ @b (2) (1)
Dy=— 20 {f(el — &)L (&—8&)—&]—(&—&)L: (&1 —&)+ 82]}E0a
(5.35)
where Q = pA, and
L(2) _L(l)
A= {1 + %} —q& + €1 &3. (5.36)
In this expression,
g=[1-L" fpler+{[L —1)/p+ 1}

and

pP= ngz) [ng) —1] —Lgl)[léz) —1], f=aibici/azbscs.

The variables Lgl) and ng) are the geometrical factors for the inner and outer confocal
ellipsoids, respectively.

Spheroids are a special class of ellipsoids, which have two axes of equal length. Hence,
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only one of the geometrical factors is independent [60, 234]. The oblate spheroids are
generated by rotating an ellipse about its minor axis, whereas the prolate spheroids are
generated by rotating an ellipse about its major axis.

For oblate spheroid (a; = b; > ¢;),

2
Lgl) — g(ez) [E — tan 1g(€i)] 8 (261)’
2¢; 1 (5.37)
=1y = 3 (1 —Lgl)> ,
where
1—e? ’ c?
gle) = L er=1-—-L.
g T
i = 1,2 where 1 is for the inner spheroid and 2 for the outer spheroid.
For prolate spheroid (a; = b; < ¢;),
y  1—é? 1. 1+e
L= —% (—1+—21n +e’),
2¢; 2¢; l-ei (5.38)

where

Assuming that a uniform parallel electric field Ey is directed along the z-axis, the local
field in the dielectric core of the nanocomposite can be obtained with the help of E; =

—V ;. Using this relation, the local field in the dielectric core can be given by:

Ey =—-V¢ =K Ep, (5.39)

where K is the factor that relates the local field in the dielectric core with the external
incident electric field. Comparing Eqn. (5.32) with Eqn. (5.39), the coefficient of E,

which is denoted by K is called the enhancement factor (F), is given by:

F=—. (5.40)



In this expression, &; is the dielectric permittivity of the silver metal. From the Drude-
Sommerfled model [235], this dielectric permittivity is complex and are given by Eqn.
(5.21). By employing the correction of the bulk damping rate of the nanoparticle for-
mula, the size dependent damping parameter y for the nanospheroid can also be given

by Eqn. (2.35), where its effective radius, r.4 is written by [236, 237]:

rofr = [(a2 — ay) (ba — by ) (c2 — ¢1)]'/3. (5.41)

Substituting Eqn. (5.21) into Eqn. (5.40) and considering the real quantity, the local

field enhancement factor is given by:

2 PG
]F|2—8—3 & +&
PP n L0 , 2 o L@ 2
(& =& )(1+=—=)—g5+eg | +6°(26(1+==)—¢q

(5.42)
In our analysis the nanostructure size is much smaller than the wavelength of the in-
cident field. So the spheroidal nanocomposite is subjected to an almost uniform field.
The particle then oscillates like a simple dipole with polarization proportional to the
incident field. Therefore, the quasi-static approximation can be employed in the calcu-
lation. In this dipole approximation, the polarizabilities along the principal axes of the

spheroids are given by [238]:

{(&2—&3) [82 + (&1 — 82)(L§1) —fLﬁz))] + fex(e1 — &)}

{[ea+ (&1 — &) (L") = FL)][e5 + (&2 — e3) L] + FLP ea(e1 — e(zs%)

o=0=V

{(&2— &) ez—i-(el—sz)(Lgl)—ngz)) +fe(e—&)}

{le2+ (&1 — &)L — 157 ][es + (&2 — )LV 4 FL D a1 - 82)%57 44)

o=V

where V = 4maybyc, /3 is the total nanocomposite particle volume.

From polarizability, the scattering and absorption cross sections of a coated nanoellip-
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soid under quasi-static approximation can be expressed as [239]:

4

k k
Cscat - E 2 |051|2 + ‘(X3‘2 5 Cabs = glm [2(051) + (063)] . (545)

where k is the wavenumber in the medium which strongly depends on the shape of the

nanostructure, is given by [237]:

277,'(6121?262) 1/3

k= 1

and A is the walelength of the incident light.

5.3 Results and discussions

In this study, all the four core-shell NCs (spherical, cylindrical, oblate, and prolate
spheroids) consist of the same core (CdSe) and the same shell (Au) materials. On
top of this, all of them were placed in the same host medium (SiO;) with dielectric
constant, €3 = 2.5. Moreover, their corresponding radii are set to the same values (for
sphere, cylinder, and oblate spheroid: r| =a; =b; =4 nm and r, = a, = by = 12 nm;
for prolate spheroid: ¢; =4 nm and ¢, = 12 nm). Then, their optical properties were

investigated according to their shapes and the results were discussed as follows.

5.3.1 Local field enhancement factor of core-shell nanocomposites

With the uniform shell thickness of 8 nm, the local field enhancements of spherical and
cylindrical core-shell NCs have two peaks while those of the oblate and the prolate
spheroids show three peaks, all in the visible range of spectrum (Figs. 5.4(a) and
5.4(b)). From the same figure, it could be observed that all the enhancement peaks
have different intensities and wavelengths. Comparing the first (counting from the
short to the long wavelength) peaks of electric field enhancements of four of them
(Fig. 5.4), that of the cylindrical core-shell relatively occurs at the shortest wavelength

(A = 467 nm) while that of the sphere is achieved at the longest wavelength (A =
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483 nm).

When the highest intense resonance of electric field enhancement is required, spherical
core-shell nanocomposite is preferred to cylindrical and spheroidal core-shells of the
same size and compositions. For the considered sizes and parameters, even the smallest
value (2775) of LFEF of the spherical core-shell is 11.42 and 10.09 times larger than
the biggest values of oblate (243) and prolate (275) core-shells, respectively (Table
5.1).

Table 5.1: LFEF of spherical, cylindrical, oblate, and prolate core-shell NCs.

Peak 1 Peak 2 Peak 3
Shape Shell thickness (nm) (nm) Peak (nm) Peak (nm) Peak
Spherical 8 482 2775 552 7878 _
Cylindrical 8 467 397 600 2445 _
Oblate 8 481 34 547 227 579 243
Prolate 8 480 42 548 137 606 275

It can also be seen that the last two peaks of the field enhancements are more closer
to each other for oblate spheroid (AA = 32 nm) than its corresponding prolate shape
(AA = 58 nm), showing that prolate core-shell spheroid can be tuned over wider range
of the spectrum (Fig. 5.4(b)). Thus, core-shell prolate spheroid nanocomposite shows
greater structural tunability and larger intensity of local field enhancements than its
corresponding oblate nanocomposite. This finding agrees with the previously reported
study that emphasized the tunability of dielectric core-metallic shell prolate spheroid
than any dielectric-metal nanostructures [240]. When peaks of the LFEF of the two
forms of the spheroids are compared (Fig. 5.4(b)), nearly at A = 547 nm, the intensity
is larger for oblate spheroid (/ 227) than that of the prolate shape (= 137). This result
agrees with previous study that showed bigger magnitude of field enhancement factor
for oblate than the prolate form [241]. Moreover, another similarity is also observed
with the former study that for both the oblate and prolate forms, larger values of field
enhancements were achieved near the wavelength of 600 nm. In the present study,

larger field enhancement values were observed at A ~ 579 nm and A ~ 606 nm for

92



8000 [ T T T ]
a)

6000+ R
— spherical:r, =4nm; r,=12nm

— cylindrical:r;=4nm; r,=12nm

T 4000¢ .
2000~ b
07\ Il Il Il 1
450 500 550 600
Wavelength (nm)
350 w \ \ ‘
b) — oblate:a =b; =4nm; ¢, =3nm; a,=b,=12nm; c,=8nm
300 — prolate: a =b, =3nm; ¢, =4nm; a,=b,=8nm; c,=12nm b
250 1
200 1
frs

150 1

100 1

50 1

500 550 600 650
Wavelength (nm)

Figure 5.4: LFEF of: a) spherical and cylinderical and b) oblate and prolate core-shell
NCs.

oblate and prolate forms, respectively (Table 5.1). From all these findings, it can be
said that shape of NCs affects properties such as peak intensity, resonance wavelength,
and number of peaks of nanostructures, which were also indicated in previous studies

[242].

5.3.2 Absorption cross-sections of core-shell nanocomposites

For the same composition and the same material parameters, all the three absorption

peaks of prolate spheroid are lower than that of its corresponding oblate form. Out of
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these peaks, the first and the third (counting from the short to the long wavelength)
peaks of the prolate are relatively red shifted as compared to the oblate one (Fig.

5.5(c)). Even when peaks of all the absorption cross-sections of the four different
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Figure 5.5: Absorption cross-sections of: a) spherical, b) cylindrical, and c¢) oblate and
prolate core-shell NCs.

shapes of the NCs are compared (Fig. 5.5), that of the prolate spheroid is the lowest
while that of the cylindrical shape is the highest. Especially, the first peak of the cylin-

drical shape is relatively achieved at the shortest wavelength (A ~ 467 nm), whereas
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that of the corresponding wavelengths of the spherical, the oblate and the prolate core-
shell nanoparticles are about 482 nm, 484 nm, and 485 nm, respectively.

The study also show that the number of peaks of absorption cross-sections also vary
with the shapes of the NCs. That is, spherical and cylindrical shapes have two peaks
while there are three peaks in oblate and prolate spheroidal NCs. Regarding the num-
ber of peaks and patterns of absorption cross-sections, this result is in agreement with
previous findings [243]. Where the peaks are the same in number in different shape
nanostructures, they are different in magnitudes, showing that the shape of core-shell
NCs affects the number and the magnitudes of peaks of the absorption cross-sections.
Out of three observable peaks in the absorption spectrum of spheroidal NCs (Fig.
5.5(c)), the first peaks are attributed to the transverse resonance from the outer gold
metal surface while the last two peaks are attributed to the longitudinal resonance from
the inner and the outer surfaces of the same metallic shell, respectively. Similar results
were also shown in previous research findings too [244]. Such gold coated three local-
ized surface plasmon resonance peaks which are intense and are clearly separate, have

good potential application in multi-channel sensing.

5.3.3 Extinction cross-sections of core-shell nanocomposites

In this study, we have also investigated the extinction cross-sections of the same NCs
(Fig. 5.6 (a-c)). For the same composition, core radii, shell thickness, and embedding
medium, the extinction spectra shows different number of peaks, peak values and po-
sitions for spherical, cylindrical, oblate and prolate core-shell nanoparticles. The peak
values and the wavelengths at which those peaks achieved were shown in Table 5.2 for
all the considered core-shell NCs.

It seems interesting to note that, for spherical and cylindrical NCs, peaks 1 and 2 of
LFEF are achieved at the same frequencies with the corresponding peaks of extinction
cross-sections (Tables 5.1 and 5.2). While investigating the extinction spectra, we have
also seen the scattering cross-sections for those NCs. However, the peak values are so

small as compared to the absorption peak values and has no significant changes on

95



the extinction peak magnitudes. This in turn indicates that smaller nanoparticles are
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Figure 5.6: Extinction cross-sections of: a) spherical, b) cylindrical, and c¢) oblate and
prolate core-shell NCs.

mainly absorptive than scatterers. Among all the different nanostructures presented,
the cylindrical core-shell nanocomposite shows the largest extinction peak values in
the visible range of electromagnetic spectrum, whereas the smallest peak value is ob-
served for the prolate spheroid. Moreover, peaks 2 and 3 of the prolate shape show the

same values which were not observed in the rest three shapes. Whatever the number
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Table 5.2: Extinction cross-sections of spherical, cylindrical, oblate, and prolate core-
shell NCs.

Peak 1 Peak 2 Peak 3
Shape Shell thickness(nm) (nm) Peak (nm) Peak (nm) Peak
Spherical 8 482 0.00015 552 0.0006  _ _
Cylindrical 8 467  1.02 600 19 _ _
Oblate 8 484  598x107% 548 16.3x107% 546  13.3x1078
Prolate 8 485 4.51x107% 546  8.77x107% 582  8.77x1078

and the values of the extinction spectra, all of them lie in the visible range of electro-
magnetic spectrum for the different shapes indicated in figure 5.6.

The result also reveals that the resonance position of peak 1 is slightly red shifted as
the shape of core-shell nanoparticles changes from cylindrical to spherical, oblate and
prolate, respectively, while blue shift is observed as the shapes change in the reverse
order. These shifts cause peaks 1 and 2 to come close to each other in prolate spheroid
than any other shapes investigated in this study. Previous investigations also support
our study that there are two extinction peaks of dielectric core-metallic shell spherical
nanoparticles [245].

Here, it is interesting to note that the extinction cross-sections behave differently for
different shapes of core-shell NCs. Hence, it can be said that the shape of a core-shell
nanoparticles controls the resonance frequencies of its plasmon modes and hence its
optical properties.

Another investigation that we made is how the extinction property of core-shell nanocom-
posites are affected by the dielectric function of the host medium. When the dielectric
function of the host medium increases, the extinction peak of spherical nanoshell at
the outer interface of the metal increases and red shifted. However, the peaks at the
inner interface of the silver metal decreases. When we keep on increasing the dielec-
tric function of the embedding medium, the intensity of the extinction cross section
of the spherical nanoshell starts declining (Fig. 5.7 (a)). On the other hand, when

we change the shape of the nanoshell from spherical to cylindrical, the peaks of the
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Figure 5.7: Effects of host medium on the extinction cross-sections of: a) spherical
and b) cylindrical core-shell NCs.

extinction cross section continuously increase at the inner and outer interfaces of the
metal, with an increase in the permittivity of the host matrix (Fig. 5.7 (b)). Hence, the
absorption and scattering cross sections of the cylindrical nanoshell can be increased
and decreased by increasing and decreasing the dielectric medium of the host matrix,

respectively.

When the dielectric function of the host matrix increases, all the three peaks of ex-

tinction cross section of spheroidal core-shell NCs show red shift (Fig. 5.8 (a) and
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Figure 5.8: Effects of host medium on the extinction cross-sections of: a) prolate and
b) oblate core-shell NCs.

(b)). Out of the three observable peaks, the first and third peaks (counted from left to
right) show a decreasing tendency, while the second peaks are increasing, especially
more clearly in the oblate form (Fig. 5.8 (b)). Overall, in different types of core-shell
NCs, the change in the dielectric function of the embedding medium produces extinc-
tion spectra of different properties. Hence, the type of host matrix affects the optical

properties of nanoshell structures.
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5.4 Conclusions

We studied core- shell (CdSe@ Au) spherical, cylindrical, oblate, and prolate NCs, em-
bedded in a host medium (SiO;). Then, we investigated their LFEF and optical cross-
sections theoretically and numerically using quasistatic approximation. The results
show that additional peaks are observed in LFEF, absorption, and extinction cross-
sections in oblate and prolate core-shell spheroids as compared to spherical and cylin-
drical core-shell nanoparticles. Where the number of peaks are the same for different
shapes, the values (intensities) are found to be different. From the three peaks of LFEF
of the spheroids, the last two of them are more closer to each other for oblate spheroid
than its corresponding prolate shape, indicating that the prolate core-shell spheroid can
show greater structural tunability. Moreover, two out of the three peaks of LFEF of the
prolate spheroid shows larger intensity than its corresponding oblate nanocomposite
in electromagnetic spectrum. We also found that spherical core-shell nanocomposite
is characterized by the highest LFEF than cylindrical and spheroidal core-shell NCs
of the same size and compositions. Under this considerations, even the smallest value
of LFEF of the spherical core-shell is 11.42 and 10.09 times larger than the biggest
values of oblate and prolate core-shells, respectively. Another finding of our study
shows, for spherical and cylindrical NCs, the first two peaks of LFEF and extinction
cross-sections are achieved at the same corresponding frequencies.

The study further indicated that for the same compositions and the same material pa-
rameters, the absorption peaks of prolate spheroid are lower than and relatively red
shifted as compared to its corresponding oblate form. Among all the different nanos-
tructures presented, the cylindrical core-shell shows the largest extinction peak values
in the visible range of electromagnetic spectrum, whereas the smallest peak value is
observed for the prolate spheroid. In the present study, we showed the possibility of
controlling the optical properties of core-shell nanoparticles by altering their shapes
without changing their sizes and compositions. Moreover, the change in the dielec-
tric function of the embedding medium also affects the extinction spectra of core-shell

NCs. The same change in the pemittivity of the host medium shows different effects
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in different shapes of core-shell NCs. As the intensities and positions of plasmonic
resonance peaks of core-shell NCs can be tuned by altering their shapes, they are
appropriate alternatives for various applications in many optical devices. Especially,
gold coated surface plasmon resonance peaks observed in the core-shell spheroids have

good potential application in multi-channel sensing.
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Chapter 6

Summary of Major Findings and

Future Work

6.1 Summary of the Work and Major Findings

The main objective of this dissertation is theoretical and numerical investigations of
the plasmonic effects and the effects of size, shape, and type of host matrix on the
optical properties of core-shell NCs. In the first part of our work, we studied spherical
core-shell NCs of CdSe@Ag and CdSe@ZnSe@ Ag by using SiO; as an embedding
medium for each of them. Then, we analyzed the effects of the sizes (thicknesses)
of the core, the spacer, and the metallic shell on the LFEF of the core-shell NCs. In
the second part of this work, we investigated CdSe @ Au core-shell NCs in spherical,
cylindrical, prolate, and oblate shapes, all with the same inner and outer radii, and sim-
ilarly by placing each of them in an external host matrix of SiO;. In both parts of our
work, we have sequentially increased the permittivity of the host medium from 2.5 to
6.5 and investigated how the LFEF and the optical cross sections of spherical, cylin-
drical, and spheroidal core-shell NCs change. To achieve these objectives, we used the
Drude-Lorentz model and Laplace’s equation under quasi-static approximation, and

the major findings of the study are summarized as follows:
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For CdSe@Ag core-shell NCs in SiO; host matrix:

when the core radius decreases and the shell thickness increases simultaneously
at constant shell radius, the local field is enhanced and the surface plasmon peaks

shift to the higher energy.

when the NP size increases by keeping its core size constant, the LFEF at the

interface of Ag-SiO» is enhanced and is accompanied by a blue shift.

the LFEF is higher when the size of the core is reduced than when the thickness

of the shell is increased.

when both the core and the shell radii increase simultaneously, the resonance

peaks of LFEF are significantly lowered at the interface of Ag@SiO,.

whether the shell size is constant or decreased, increasing the core size led to
lower LFEF, showing that the core size of the NP is a crucial parameter to in-

crease or decrease the LFEF of CdSe@ Ag spherical core-shell NPs.

increasing the dielectric function of the embedding medium greatly enhances the

LFEF of nanoshell particles, than does increasing the metallic shell thickness.
For CdSe@ZnSe@Ag core-shell NCs in SiO, host matrix:

the magnitudes of the resonance peaks of LFEF rise while the radius of ZnSe is

fixed and that of the core and shell increases.

by increasing the spacer size at constant core and NP radii, the resonance peaks

of LFEF decrease.

by increasing the shell size and maintaining the radii of the core and the spacer

constant, the field enhancement factor increases.

among all the size combinations of the core, the spacer, and the shell, compara-

tively, the largest peak of LFEF is obtained when the spacer size is the thinnest.
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For CdSe@ Au core-shell NCs of various geometries in SiO, host matrix:

the local field enhancements of spherical and cylindrical core-shell NCs have

two peaks, while those of the oblate and the prolate spheroids show three peaks.

in comparison to cylindrical and spheroidal core-shells of the same size and

composition, spherical core-shell NCs exhibit the highest field enhancement.

prolate spheroid core-shell nanocomposite shows greater structural tunability

and a larger LFEF than its corresponding oblate nanocomposite.

among the four different shapes investigated, the peaks of all the extinction
cross-sections of the prolate are the lowest, while those of the cylindrical shape

are the highest.

the shape of a core-shell nanoparticles controls the resonance frequencies of its

plasmon modes and hence its optical properties.

the same change in the pemittivity of the host medium produces different optical

effects in different shapes of core-shell NCs.

6.2 Future Work

To use nanoparticles in several areas of applications, investigating their various prop-

erties and understanding their characteristics is one of the hot areas of research. Theo-

retical and numerical studies of the optical properties of core-shell NCs are not enough

to address the vast areas of nanoparticles. In addition to the effects of plasmons, sizes,

and shapes of core-shell NCs, how the number of layers influences their optical prop-

erties is also an essential parameter to be considered. Their electronic and magnetic

properties which can also be studied through computational and experimental methods

are too important. All these indicate that there are several research agendas to be in-

vestigated. From these perspectives, some of the general directions for our future work

are as follows:
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Theoretical study of the effects of the number of layers and interfacials on the

optical properties of multi-layered core-shell NCs.
Effects of shape on the optical bistabitlity of metallo-dielectric core-shell NCs.

Effects of Ag doping on the electronic and optical properties of CdSe@ZnSe

core-shell quantum dots.

Magnetic and electronic properties of zinc-chalcogenide materials using first-

principles calculations.
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