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1. Introduction

Everyone is familiar with a sunset which is the daily disappearance of the

Sun below the horizon caused by Earth’s rotation. The beautiful colors of a

sunset are created by a phenomenon called Rayleigh scattering. Sunlight

is scattered as it enters Earth’s atmosphere and strikes atmospheric

particles. When the sky is clear, various types of atmospheric particles

are responsible for the scattering [1, 2]. The intensity of the scattered

light is inversely proportional to the fourth power of the wavelength of the

radiation [3]. Among the colors of sunlight, blue is most strongly scattered

by the molecules of air [4]. A blue sky is a manifestation of Rayleigh

scattering. In the absence of scattering, the sky would appear black [5].

During a sunset, the Sun is closer to the horizon and the path length of

the light is increased. This allows the scattering from the reds and yellows

to be observed.

Another familiar example is stained glass. A stained glass is colored

by adding metallic salts during its manufacture. Stained glasses were

historically used in windows of churches, temples and other religious

buildings and can still be admired in some of the oldest churches in Europe.

It is most often used for windows, because the beauty of the glass is best

seen when light passes through it. Since ancient times, glasses containing

metal nanoparticles have been generally used to make beautiful objects

such as the Roman Lycurgus cup and stained glass [6, 7]. What makes

stained glass windows so beautiful? Why does a mirror reflect light?

To answer all these questions requires a fundamental understanding

of electrons, atoms, the electromagnetic radiation, and the principles

of interaction between light and matter in general. Metals are unique

materials because they contain a large density of conduction electrons [8].

Noble metals such as gold, silver, and copper and their nanoparticles

attract a lot of attention due to their outstanding optical properties which
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Introduction

arise from their ability to resonate with light [9, 10, 11].

Plasmons are coherent oscillations of conduction electrons in metals (and

other free-electron materials) in response to incoming light [12]. Bulk

metals are candidates for plasmonic applications because of their high

conductivity [13]. Plasmonics is a branch of optics that is growing fast.

Plasmonics appears at the junction of nanotechnology, quantum mechanics,

sub-wavelength optics, and solid state physics [14, 15]. Applications of

modern plasmonic are relevant in many fields such as optical devices [16],

biomedicine [17, 18], biotechnology [19], biosensing [20], solar energy

technology [21, 22], and nanocatalysis [23], among others. Photovoltaics

have major impacts in the fields of energy and the environment [24].

Photovoltaics involves the conversion of sunlight into electricity in

thin layers of material, an emerging technology for the future energy

production [25]. Plasmonic nanoparticles have attracted research

attention due to their potential applications for increasing the efficiency of

photovoltaic devices [26].

A new field of research combines modern plasmonics with quantum optics

and is emerging as quantum plasmonics [27]. In quantum plasmonics, the

laws of quantum theory are used to describe light-matter interactions at

the nanoscale. Quantum plasmonics has a wealth of potential applications

in sensing [28], lasing [29], and quantum computing [30].

The electrons on a metal interface can perform coherent oscillations

which are called localized surface plasmon resonances (LSPRs). These

oscillations can be confined to a metal-dielectric interface [31]. This

confinement generates intense local electromagnetic fields and greatly

amplifies the weak signal typical of scattering. Plasmonic nanostructures

can be prepared with tunable properties such as shape and size to tailor

their LSPRs [32]. For example, it has been found that the number, location,

and intensity of surface plasmon bands of a gold or silver nanoparticle are

strongly related to both the shape and size of the particle.

Nanotechnology is another important field in healthcare and medicinal

applications [33]. Researchers are presently working on nanocapsules that

can administer doses of medicine to precise target organs to destroy a

cancerous tumor without affecting the healthy cells [34, 35]. Plasmonic

nanobubbles with standard anti-cancer drugs increase the therapeutic

efficacy as a proof of principle for a novel nano-therapeutic mechanism [36].
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Introduction

1.1 Electromagnetic Response of Different Materials

It has become customary to describe the response of a material to an

electromagnetic field by means of a complex dielectric function. The

real and imaginary parts of the dielectric function, which describe

the polarization and the energy dissipation of matter, respectively, are

dependent on each other [37]. A material can be classified as either

an insulator, semiconductor or conductor which have markedly different

between their optical and electronic properties.

Insulators are a class of materials which provide electrical insulation

due to their low or negligible current under an applied electromagnetic

field [38]. In an insulator the valence (occupied) band and conduction

(unoccupied) band have a large energy difference or bandgap. Due to this

large energy difference, electrons have difficulty moving into the conduction

band. Insulators tend to be transparent and weakly reflecting for photons

with energies less than the bandgap, whereas conductors (metals) tend to

be highly absorbing and reflecting at visible and infrared wavelengths [39].

Semiconductor materials have been studied due to their applications

in technology such as electronic components in capacitors [40], LCD

liquid-crystal displays [41], microwave devices [42] and many others.

Semiconductors nanostructures and high-refractive-index dielectric

materials can exhibit properties similar to those of metallic nanostructures

without optical losses [43]. Semiconductors, such as silicon (Si) and

germanium (Ge), are high-index dielectrics in the visible region, while

above-bandgap absorption provides a significant damping. Semiconductors

are the foundation of modern electronic and optoelectronic devices,

including field-effect transistors, solar cells, light-emitting diodes,

photodetectors, and digital and analog integrated circuits.

Plasmons do not usually exist in pure semiconductors under

thermodynamic equilibrium but there are, nevertheless, two cases under

which plasmons can be observed, and these are either in highly doped

semiconductors or highly excited ones [44]. Doping refers to the addition of

impurities to the semiconductor. Heavily-doped semiconductors represent

a promising alternative to metals, because their plasma frequencies can

be controlled by doping. Therefore, doped semiconductors represent

a class of tunable, high-quality materials for plasmonics [45]. Doped

conventional semiconductors such as Si and Ge have been explored as

potential candidates for plasmonics and nanophotonic applications in the
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near infrared (NIR) [43, 46]. Dopants change the electronic structure and

influence the free charge carrier concentration by creating energy levels in

the bandgap [47]. Conventional semiconductors such as Si and Ge have

been shown to exhibit metallic optical properties only in the mid-infrared

spectrum. This is because the highest carrier concentration that was

achieved so far in these semiconductors is around 1019 cm´3 [48]. The

minimum carrier concentration to obtain metal-like optical properties in

the NIR for semiconductors, such as Si, is about 1021 cm´3 [49].

In conductors, the valence and conduction bands overlap, so there is no

bandgap. The dielectric function of a conductor can be decomposed into a

free-electron term and an interband contribution. The onset of interband

absorption is associated with transitions from the Fermi surface to the

next higher empty band. Interband absorption can be identified with the

structure in the real and imaginary parts of the dielectric constant [50].

Electrons in metals at the top of the energy distribution (near the Fermi

level) can be excited into other energy and momentum states by photons

with very small energies; thus, they are essentially "free" electrons.

In recent years, plasmonic elements have emerged as a powerful means

of controlling and confining light at the nanoscale [51]. Typical plasmonic

components such as silver and gold nanostructures exhibit excessive losses

in the visible and NIR regions that restrict the application of devices in this

frequency range [52]. In addition, silver and gold have other disadvantages

such as difficulty in fabricating nanostructures [53], incompatibility with

well-established processes [54]. Hence, the development of new materials

is required for finding better alternatives to gold and silver [55].

1.2 Nanoparticles

A nanoparticle is an object with dimensions between 1 to 100 nanometers

that due to its size may differ from the bulk material. A variety of

applications can be made possible by nanoparticles, ranging from medical

treatments to a wide range of materials that are used on a daily basis, such

as cosmetics and clothing. Nanoparticles of noble metals display many

interesting optical properties that do not exist in the bulk. Noble metals in

bulk exhibit large optical nonlinearities, but suffer from large losses which

have prevented any practical use as optical media. In contrast to the bulk,

nanoparticles displaying plasmonic resonances are good candidates for the

development of a new generation of nonlinear devices. In the past few
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years, there has been much progress in the development of nanoparticles,

which have a lot of interesting properties and have been the subject of

many advances in this field.

Nanoparticles of noble metal embedded in a dielectric matrix exhibit

extraordinary optical resonances. They exhibit LSPRs in the presence of

electromagnetic radiation due to their collective oscillations of conduction

electrons. A result of the resonant excitation of LSPR leads to selective

photon absorption and enhancement of local electromagnetic fields close

to the nanoparticles [56]. Among metals, silver and gold are the two

most often used for plasmonic applications due to their relatively low

losses in the visible and NIR regimes [13]. The wavelength of the

LSPR depends on the material, size, and shape of the nanoparticles

and the medium where they are embedded. For example, the LSPR

properties of silver nanoparticles are exploited in applications such as

surface enhanced Raman scattering [57], optical fiber biosensors [58], and

sensing platforms [59]. However, metals suffer losses in the visible and

NIR regimes [13].

1.3 Structure of the Thesis

This thesis examines in detail the electromagnetic response of

spherical and spheroidal metal, dielectric, and semiconducting nano and

microparticles for realizing highly reflective, plasmonically enhanced

coatings in the visible and infrared regime using computational methods.

In this thesis, to study the electromagnetic response of particles, we use

quasistatic approximation, Lorenz–Mie theory, and the surface integral

equation (SIE) method. To study the electromagnetic response of a layer,

we use a Monte Carlo (MC) method.

One of the aims of this thesis is to systematically study the tunability

of the SPR peak position in core@shell configurations. The term

core@shell is defined as a sphere having a core of matter that is

surrounded by a concentric shell of a different matter. The core@shell

structure significantly alters the absorption and scattering properties

of the particle even for a thin coating. A qualitative description of the

dipolar resonances of core@shell nanoparticles can be obtained using the

quasistatic approximation. The electromagnetic interaction between a

single spherical particle and light can be described by Mie theory, which is

a rigorous solution to the classical Maxwell equations. The SIE method is
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an approach that can be used for the electromagnetic analysis of arbitrary

shapes such as spheroids. We apply the MC method to investigate the

optical behavior of particles in a composite layer which were obtained from

the Lorenz–Mie or SIE calculation.

This thesis is ordered to introduce and provide sufficient background

for the attached publications. The methods that are applied to predict

the optical properties of the materials are presented in Chapter 2. In the

next chapter core@shell composites consisting of a plasmonic core coated

with a semiconductor shell are analyzed in Section 3.1. Next, we consider

semiconductors as the core material coating them with oxide dielectrics

in Section 3.2. After that, we consider the case of a semiconducting core

and a metallic shell on the LSPRs of nanoparticles for various materials in

the visible and NIR regimes in Section 3.3. In this section, the plasmon

hybridization model is also briefly introduced to qualitatively explain

the hybridized modes. The optical properties of spherical and spheroidal

CuSbS2 nanoparticles as a unconventional semiconductor are discussed in

Section 3.4. The spheroids are oriented in different directions with respect

to the propagation direction and polarization of the incoming wave. We

study the presence of Fano and plasmonic peaks in the efficiency spectrum

of the CuSbS2 nanoparticles. Finally, we go beyond the optical properties

of individual particles to predict the optical properties of collections of

particles in layered composites (Section 3.5). The MC simulation method

provides an efficient method of determining the optical properties of thin

layers containing particles at low volume fractions.
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2. Theory and Numerical Methods

2.1 Maxwell’s Equations in Matter

In 1865, James Clerk Maxwell discovered that an electromagnetic

disturbance travels in free space with the velocity of light [60]. He noted

that as the disturbance travels through matter, the oscillating electric and

magnetic fields interact with the dipole moments in atoms or molecules.

The interaction is classically described by a set of four equations known

as Maxwell’s equations [61]. The equations unified previously separate

theories of magnetism and electricity [62, 63, 64].

Maxwell’s equations link the electric field strengths of a propagating

electromagnetic wave ~E, the magnetic flux density ~B, the total charge

density ρ, the total current density ~J , the permittivity ε0, and the

permeability µ0 of free space such that

∇ ¨ ~E “
1

ε0
ρ; (2.1)

∇ ¨ ~B “ 0; (2.2)

∇ˆ ~E “ ´
B ~B

Bt
; (2.3)

∇ˆ ~B “ µ0 ~J ` ε0µ0
B ~E

Bt
. (2.4)

Equations (2.1) and (2.2) are fundamental laws of nature and are known

as Gauss’s laws for electric field and magnetic induction, respectively.

ε0 and µ0 are the permittivity and permeability of free space and ε0 »

8.854ˆ 10´12 s4A2 kg´1m´3 and µ0 “ 4π ˆ 10´7 kgm s´2A´2 [61].

The propagation of electric and magnetic fields through a medium may

induce a current density and electric and magnetic dipole moments. This

causes the electric and magnetic fields to vary within the medium. The

total charge density can be split into a “bound” charge density ρb and a
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“free” charge density ρf . The relation between the bound charge density

and the macroscopic polarisation ~P is given by ρb “ ´∇ ¨ ~P [63]. Combing

the general expression of the bound charge density with Eq. (2.1) gives the

electric displacement ~D as

~D “ ε0 ~E ` ~P . (2.5)

Similarly, current density is split up as ~J “ ~Jf ` ~Jb ` ~Jp. In general the

bound current density and magnetization are related by ~Jb “ ∇ˆ ~M . The

magnetic flux density ~B can be expressed in terms of the magnetic field
~H and the magnetization by combining the bound current density, the

polarization current density, ~Jp “
B ~P

Bt
, and inserting them in Eq. (2.4)

gives
~B “ µ0 ~H ` µ0 ~M. (2.6)

We thus obtain Maxwell’s equations in matter which are given by

∇ ¨ ~D “ ρf , (2.7)

∇ ¨ ~B “ 0, (2.8)

∇ˆ ~E “ ´
B ~B

Bt
, (2.9)

∇ˆ ~H “ ~Jf `
B ~D

Bt
. (2.10)

To solve these equations, we must specify the free charge density ρf and

the free current density ~Jf along with boundary conditions on the fields.

Equations (2.7) ´ (2.10) can be applied to arbitrary materials. These are

valid within and outside large amounts of matter enough for the spatial

averages underlying ~D and ~H to be defined and are sometimes called

the “macroscopic” Maxwell equations. Equations (2.1) ´ (2.4) are called

the “microscopic” Maxwell equations and are sometimes referred to as

Maxwell’s equations in vacuum.

2.1.1 Reflection and Transmission of Electromagnetic Waves at
Normal Interface

If a wave passes from one transparent medium into another, there is a

reflected wave and a transmitted wave (Fig. 2.1). Consider a plane wave

propagating in a nonabsorbing medium with refractive index N2 “ n2,

which is incident on a medium with complex refractive index N1 “ n1` iκ1.

It is assumed that the two media have different electric permittivities

but the same magnetic permeabilities µ1 “ µ2. By considering a plane
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electromagnetic wave, ~E0 exp pi~k ¨ ~x´ iωtq, and the relationship obtained

from Maxwell equations for a plane wave, ~k2 “ ω2εµ, where N “ c
?
εµ,

thus we can write

Figure 2.1. Reflection and transmission of normally incident light. Image adapted from
Bohren and Huffman [39].

~Et exp

„

iω

ˆN1z

c
´ t

˙

, pz ą 0q; (2.11)

~Ei exp

„

iω

ˆN2z

c
´ t

˙

` ~Er exp

„

´iω

ˆN2z

c
` t

˙

, pz ă 0q. (2.12)

At the interface, z “ 0, the combined fields on the left, ~Ei ` ~Er

must join the fields on the right, ~Et, in accordance with the boundary

conditions and continuity of the magnetic field yields the condition

~Ei ` ~Er “ ~Et; ~Ei ´ ~Er “
N1

N2

~Et. (2.13)

The two equations in (2.13) are readily solved for the amplitudes ~Er and
~Et:

~Er “ r̃ ~Ei; ~Et “ t̃ ~Ei, (2.14)

where the reflection and transmission coefficients of a normal incidence of

the plane wave are

r̃ “
1´m

1`m
; t̃ “

2

1`m
, (2.15)

and m “ N1{N2 is the refractive index of medium 1 relative to medium

2. The reflectance R for normally incident light is defined as the ratio of

reflected to incident irradiance [39],

R “ |r̃|2 “

ˇ

ˇ

ˇ

ˇ

1´m

1`m

ˇ

ˇ

ˇ

ˇ

2

“
pn´ 1q2 ` κ2

pn` 1q2 ` κ2
. (2.16)
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2.1.2 Absorption of Electromagnetic Radiation

Suppose that a beam of light with some initial intensity I0 runs into a slab

of thickness T . The beam is attenuated as it passes through the medium.

I is the intensity that the beam attenuates, then the variation of intensity

throughout the medium can be described by [39]

I “ I0e´βT , (2.17)

in which β is a constant for the medium called the absorption coefficient

given by

β “
4πκ

λ
, (2.18)

where κ is the extinction coefficient (or attenuation index) and λ is the

wavelength.

2.1.3 Optical Constants

The complex refractive index, N pωq, and complex dielectric function (or

relative permittivity), εpωq, are two sets of quantities that are often used to

describe the optical properties of a material. The complex refractive index

is defined as N pωq “
a

εpωq [65, 39]. Therefore the complex refractive

index and permittivity are related by,

εpωq “ ε1pωq ` iε2pωq “ pnpωq ` iκpωqq2; (2.19)

ε1pωq “ n2 ´ κ2; ε2pωq “ 2nκ; (2.20)

n2 “
ε1

2
`

1

2

a

ε12 ` ε22; κ “
ε2

2n
, (2.21)

where n is the real refractive index and κ is called the extinction coefficient

(or attenuation index), and it has been assumed that the material is

nonmagnetic (µ “ µ0). The real part of the refractive index is responsible

for the dispersion in the medium and the imaginary part determines the

absorption.

The optical constants n and κ are not directly measurable but must be

obtained from measurable quantities such as reflection and transmission

coefficients, reflectance and transmittance, and angles of refraction.

Typically, reflection and transmission by slabs and interfaces are described

with n and κ, and the absorption and scattering by particles small

compared to the wavelength are written using ε1 and ε2 [39].
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2.1.4 Experimental and Theoretical Determination of Optical
Constants

Measurement of optical constants is an important tool to understand

the material behavior. Optical constants can provide the electrical or

magnetic characteristics of the materials. The optical constants obtained

from experiments can be compared with calculated optical constants. For

example, there is good agreement between experimental and calculated

dielectric functions for simple crystals such Si [66]. The optical constant

can be measured at a given wavelength by direct methods or inferred

from photometric [67] or polarimetric measurements [68]. Studies have

shown that the optical constants can be calculated with good accuracy

from transmission data for a limited wavelength region. Transmission

measurements are often accurate, easy to obtain, and not as sensitive to

the surface properties as reflection measurements [69]. For wavelengths

less than 200 nm, polarimetric methods are rarely useful, consequently,

reflectance methods are almost exclusively used for obtaining the optical

constants.

The optical constants for the noble metals such as copper, silver, and gold

were determined by Johnson and Christy [52] at room temperature in the

spectral range 0.5´ 6.5 eV from reflection and transmission measurements

on vacuum evaporated thin films. The optical constants for evaporated

thin films of the fluorides such as MgF2 and AlF3 have been determined

using a two-media reflectance method at normal incidence that provides a

graphical determination of (n, κ) index values [70].

The dielectric function of a large range of crystals can be calculated by

using time-dependent quantum-mechanical density-functional theory. This

method uses a lattice-periodic effective scalar potential (microscopic) in

combination with a uniform electric field (macroscopic) that is consistent

with the experiments [71].

2.1.5 Electromagnetic Response of Individual Particles

In the preceding sections we considered the properties of light travelling

through matter and at interfaces. In this subsection, the methodology to

determine the electromagnetic field anywhere inside or outside a particle

illuminated by an arbitrarily polarized wave will be discussed.

The field inside the particle is denoted by ( ~E1, ~H1). The field in the

medium surrounding the particle ( ~E2, ~H2) is the superposition of the
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incident field ( ~Ei, ~Hi) and the scattered field ( ~Es, ~Hs) (see Fig. 2.2), such

that
~E2 “ ~Ei ` ~Es; ~H2 “ ~Hi ` ~Hs, (2.22)

where

~Ei “ ~E0 exp pi~k ¨ ~x´ iωtq; ~Hi “ ~H0 exppi~k ¨ ~x´ iωtq, (2.23)

where ~k is the wave vector. The fields must satisfy Maxwell’s equations.

With these definitions we can rewrite Maxwell’s equations given in

Eqs. (2.1)´ (2.4) as

∇ ¨ ~E “ 0; (2.24)

∇ ¨ ~H “ 0; (2.25)

∇ˆ ~E “ iωµ ~H; (2.26)

∇ˆ ~H “ ´iωε ~E. (2.27)

If we take the curl of Eqs. (2.26) and (2.27), after some algebraic

manipulation we obtain

∇2 ~E ` ~k2 ~E “ 0; ∇2 ~H ` ~k2 ~H “ 0, (2.28)

where ~k2 “ ω2εµ. Thus, ~E and ~H satisfy the vector wave equation. The

two equations in (2.28) are also known as the vector Helmholtz equations.

Figure 2.2. The incident field ( ~Ei, ~Hi) gives rise to a field ( ~E1, ~H1) inside the particle
and a scattered field ( ~Es, ~Hs) in the medium surrounding the particle. Image
adapted from Bohren and Huffman [39].

The Helmholtz equation describes the propagation of scalar waves in a

medium. The corresponding boundary conditions now read:

r ~E2p~xq ´ ~E1p~xqs ˆ ~̂n “ 0; r ~H2p~xq ´ ~H1p~xqs ˆ ~̂n “ 0, (2.29)
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where the subscripts 1 and 2 correspond to the exterior and interior sides

of the boundary of the particle, respectively, and ~̂n refers to the outward-

pointing normal vector to the surface of the particle.

2.1.6 Scattering Regimes

At its most basic, the interaction of light with matter involves either

absorption or scattering of light by an atom. Absorption may occur when

the energy of light matches the energy difference between two states in an

allowed transition. Scattering can either be elastic or inelastic. Inelastic

scattering involves exchange of internal energy of the medium with light,

but there is no energy exchange in the elastic scattering. Both inelastic

scattering and absorption remove intensity from a beam of light traveling

the medium and weaken the beam. This attenuation is called extinction,

therefore, we have [72]

Extinction “ scattering ` absorption.

The efficiency of scattering or absorption by a particle is obtained by

normalizing the cross sectional (σsca,abs) per unit surface area of the particle.

The scattering and absorption efficiencies are dimensionless constants

given by,

Qsca “
σsca
G

, Qabs “
σabs
G

, (2.30)

where G is the particle cross-sectional area projected onto a plane

perpendicular to the incident beam. For example, a sphere of radius

r has G “ πr2.

Mie theory is an analytical solution to Maxwell’s equations and a

complete approach to describe the scattering and absorption of light by

spherical particles. Within Mie theory, Rayleigh scattering and optical

scattering are special cases according to the particle’s size parameter [73,

74]. The size parameter is a dimensionless value expressed relative to the

incident wavelength given by

xs “
2πNmr

λ
, (2.31)

where Nm is the refractive index of medium. A schematic of the

classification of the scattering regimes for particles is shown in Fig. 2.3.

Rayleigh scattering is a solution to the scattering of light by particles

that are smaller than the radiation’s wavelength, xs ă 0.2. For example in

the visible region (between λ “ 400 and 700 nm), Rayleigh scattering covers

particles less than 50 nm in radius such as molecules and nanoparticles.
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Figure 2.3. A schematic of the light scattering regimes for a given wavelength and particle
size. Image adapted from Boucher [75]

The blueness of the sky is caused by the Rayleigh scattering of sunlight by

the atmosphere.

Mie scattering is most predominant when the particle size is comparable

to the size of the radiation wavelength. This scattering is described by

Lorenz–Mie theory which will be discussed in detail in Subsection 2.2.1.

For example, Mie theory is valid for large particles such as aerosols or

cloud drops [76], large proteins [77], and colloidal particles [78].

For xs ą 2000 the particles are large relative to the radiation wavelength.

Scattering in this region is described by geometrical optics [79]. In this

region the scattered light is most intense towards the direction of the

incident light. The geometrical optics approximation should be valid for

size parameters larger than approximately 2000 [80]. For example, the

laws of geometrical optics are suitable for the scattering of light by an ice

crystal if its size is much larger than the incident wavelength [81, 82].

In this thesis, the optical properties for particles of radii from 5 nm to

5 µm and wavelengths from 0.1 to 5 µm are analyzed. Figure 2.3 shows

that the size parameter of these particles are located in the Mie scattering

regime.
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2.2 Solutions to Light-Matter Interaction

In classical electrodynamics, the response of a material to an

electromagnetic field is described by Maxwell’s equations as discussed in

the preceding sections. Shortly after Maxwell’s formulation and separation

of variables, analytical and numerical solutions were applied to particles

having spherical or non-spherical shapes. In the 1960s, many numerical

methods were developed to solve Maxwell’s equations. These methods can

be classified into two categories: integral equation (IE) and differential

equation (DE) methods [83]. IE methods include Method of Moments

(MoM) [84], Partial Element Equivalent Circuit (PEEC) method [85],

Discrete Dipole Approximation [86], and Fast Multipole Method (FMM) [87,

88]. DE methods include Finite Difference Time Domain (FDTD)

method [89], Finite Element Method (FEM) [90], Finite Integration

Technique (FIT) [91], Pseudospectral Time Domain (PSTD) method [92],

Pseudospectral Spatial Domain (PSSD) method [93], and Transmission

Line Matrix (TLM) method [94]. The most commonly used methods for

solving Maxwell’s equations within the classical electrodynamics are the

finite-difference time-domain (FDTD) approaches [95, 96].

In this section, the formulation of the Lorenz–Mie theory and the surface

integral equation (SIE) will be discussed in detail. Both of these methods

are used extensively in this thesis. The Lorenz–Mie theory is the most

important analytical solution of scattering which was obtained for small

homogeneous isotropic spheres [97]. Extensions of the Lorenz–Mie theory

cover coated spheres and multilayered spheres [98, 99]. Electromagnetic

scattering by particles of complex non-spherical shapes can only be

solved by numerical techniques. The SIE method can be applied for

the electromagnetic analysis of arbitrary shapes. SIE is a numerical

method and allows accurate calculations of the scattering and absorption

efficiencies of particles with different morphologies. This technique is

developed to analyze the scattering properties of arbitrarily-shaped lossy

dielectric objects. The SIE technique uses two coupled vector integral

equations formulated via Maxwell’s equations, Green’s theorem, and the

relevant boundary conditions [100]. In this thesis, the optical response of

spheroidal nanoparticles are calculated using the SIE method.
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2.2.1 Spherical Particles: Lorenz–Mie Theory

The problem of electromagnetic scattering by three-dimensional dielectric

objects has been developed in various methods. For larger particles, where

the quasi-static approximation is not justified, a precise electrodynamic

approach is required [65]. In 1908 Mie [101] developed a complete theory

of the scattering and absorption of electromagnetic radiation by a sphere.

In 1890, Ludvig Lorenz published the same calculation on the scattering

of electromagnetic radiation by a sphere [102]. This paper was not much

noticed at the time because it was written in Danish. Apparently, one of

the first derivation of the Lorenz–Mie theory for a scattering sphere is

presented by Mundy et al. [103]. Lorenz–Mie theory is an exact solution

for homogeneous spheres and was later extended to multilayered spheres

by Aden and Kerker in 1951 [98].

Lorenz–Mie (or simply Mie) theory is restricted to centrosymmetric

spheres and axiosymmetric cylinders in a non-absorbing medium. In

general, the scattered field is a superposition of the normal modes, each

weighted by complex coefficients al and bl, which are the electric and

magnetic Mie coefficients and l is the mode order.

If the permeability of the particle and the surrounding medium are

assumed to be equal, then al and bl are given by [39]

al “
mψlpmxsqψ

1
lpxsq ´ ψlpxsqψ

1
lpmxsq

mψlpmxsqξ
1
lpxsq ´ ξlpxsqψ

1
lpmxsq

; (2.32)

bl “
ψlpmxsqψ

1
lpxsq ´mψlpxsqψ

1
lpmxsq

ψlpmxsqξ
1
lpxsq ´mξlpxsqψ

1
lpmxsq

, (2.33)

where the prime indicates differentiation with respect to the argument

of the corresponding function. The radial functions ψlpxsq “ xsjlpxsq and

ξlpxsq “ ψlpxsq`iχlpxsq are Riccati-Bessel and Hankel functions, where jl, yl
are the spherical Bessel functions [39]. m and xs are the refractive index of

the bare sphere relative to the surrounding medium and the size parameter,

respectively. The order of the dielectric resonance is represented by l, where

the dipole is l “ 1, the quadrupole is l “ 2, the octupole l “ 3, and so on.

The total scattering, absorption and extinction efficiencies are given by

Qsca “
2

x2s

N
ÿ

l“1

p2l ` 1qp|al|
2 ` |bl|

2q; (2.34)

Qabs “
2

x2s

N
ÿ

l“1

p2l ` 1qrRepal ` blq ´ p|al|2`|bl|2qs, (2.35)
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and

Qext “
2

x2s

N
ÿ

n“l

p2l ` 1qRetal ` blu. (2.36)

The series converge after N ą xs ` 4x
1{3
s ` 2 terms [39].

Mie theory consists of an infinite series of spherical multipole partial

waves which can constructively or destructively interfere with another.

This can enhance or suppress directional scattering. The backward (Qb)

and forward (Qf ) scattering efficiencies can be expressed by

Qb “
1

x2s
|
N
ÿ

l“1

p2l ` 1qp´1qlpal ´ blq|2; (2.37)

and

Qf “
1

x2s
|
N
ÿ

l“1

p2l ` 1qpal ` blq|2. (2.38)

The scattering asymmetry parameter is defined by the integral over the

cosine weighted phase function in all directions. This type of asymmetry

was pointed out by van de Hulst (1981) [39, 104] and is given by

g “

ř

l“1
lpl`2q
l`1 Retala

˚
l`1 ` blb

˚
l`1u `

ř

l“1
2l`1
lpl`1qRetalb

˚
l u

1
2

ř

l“1p2l ` 1qp|al|2 ` |bl|2q
, (2.39)

where the asterisk ˚ denotes the complex conjugate. If the particle scatters

more light forward, the asymmetry parameter is positive, and if the

scattering is directed more in the backward direction, it is negative.

2.2.2 Extension of Lorenz–Mie Theory

The problem of a sphere covered with a concentric spherical shell

of a different material has received much attention due to its

potential applications. For example, semiconductor@metal core@shell

has promising applications in many electronic devices including

sensors [105], for contacting wires used for electronic and optical [106] and

metals@semiconductor core@shell nanoparticles as an information storage

element and as an electronic circuit component [107]. The solution for

scattering from a homogeneous sphere with a concentric spherical shell

was first obtained by Aden and Kerker [98]. Figure 2.4 shows a schematic

of an electromagnetic wave that is incident on a coated sphere with inner

radius r and outer radius R.

This solution yields the dielectric response of a spherical core@shell

particle in an external electromagnetic field. The core and shell are an

inner sphere and a concentric outer layer, respectively. The dielectric
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Figure 2.4. Coated sphere. The inner and outer radii of the spherical shell are r and R,
respectively. Image is reproduced from Publication III.

response is defined in terms of its characteristic electric and magnetic Mie

coefficients al and bl, respectively [98], as

al “
ψlpysq rψ

1
lpm2ysq ´Alχ

1
lpm2ysqs ´m2ψ

1
lpysq rψlpm2ysq ´Alχlpm2ysqs

ξlpysq
“

ψ1lpm2ysq ´Alχ
1
lpm2ysq

‰

´m2ξ1lpysq rψlpm2ysq ´Alχlpm2ysqs
;

(2.40)

bl “
m2ψlpysq rψ

1
lpm2ysq ´Blχ

1
lpm2ysqs ´ ψ

1
lpysq rψlpm2ysq ´Blχlpm2ysqs

m2ξlpysq
“

ψ1lpm2ysq ´Blχ
1
lpm2ysq

‰

´ ξ1lpysq rψlpm2ysq ´Blχlpm2ysqs
,

(2.41)

where

Al “
m2ψlpm2xsqψ

1
lpm1xsq ´m1ψ

1
lpm2xsqψlpm1xsq

m2χlpm2xsqψ1lpm1xsq ´m1χ1lpm2xsqψlpm1xsq
, (2.42)

and

Bl “
m2ψlpm1xsqψ

1
lpm2xsq ´m1ψlpm2xsqψ

1
lpm1xsq

m2χ1lpm2xsqψlpm1xsq ´m1ψ1lpm1xsqχlpm2xsq
. (2.43)

xs and ys are the size parameter of a sphere and a coated sphere,

respectively. The radial functions χlpysq are Riccati-Bessel and Hankel

functions [39]. The relative refractive indices m1 and m2 are the

refractive indices of the core and shell relative to the surrounding medium,

respectively.

If m1 “ m2 the usual Lorenz–Mie coefficients are recovered and the

coefficients in Eqs. (2.42) and (2.43) reduce to those for a homogeneous

sphere (Al “ Bl “ 0). The same result holds either in the limit of zero core

radius, limrÑ0Al “ limrÑ0Bl “ 0, (r Ñ 0, homogeneous sphere of radius R)

or zero shell thickness, limrÑRAl “ limrÑRBl “ 0 (r Ñ R, homogeneous

sphere of radius r “ R). When m2 “ 1, the coefficients reduce to those of a

sphere of radius r and relative refractive index m1.
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2.2.3 Non-Spherical Particles: Surface Integral Equation

Non-spherical or spatially anisotropic particles are of particular interest

because particles in nature often have non-spherical shapes. The scattering

properties of non-spherical particles differ considerably from spherical

ones [108].

The SIE method has been developed for the electromagnetic analysis

of homogeneous non-spherical particles such as spheroids, ellipsoids and

finite cylinders. For a given incident field, ~Einc, ~Hinc, the method finds

equivalent electric and magnetic surface current densities on the surface

of the particle. The field scattered by the particle, ~Esca, ~Hsca, can then be

computed using these currents. Once the scattered field is available, we

may compute the scattering and absorption cross sections, given by

σssca “
Psca

Sinc
, (2.44)

and

σsabs “
Pabs

Sinc
, (2.45)

where Psca and Pabs are the scattering and absorption powers, respectively,

and Sinc is the power density of incident wave. The scattering (Psca) and

extinction (Pext) powers [109, 39] can be computed from

Psca “
1

2
Re

ż

A
p ~Esca ˆ ~H˚

scaq ¨ ~̂n dA; (2.46)

Pext “ ´
1

2
Re

ˆ
ż

A
pEsca ˆH˚

incq ¨ ~̂n dA`

ż

A
p ~Einc ˆ ~H˚

scaq ¨ ~̂n dA

˙

, (2.47)

where A is a spherical surface in the far field, ~H˚ denotes the complex

conjugate of ~H, and ~̂n is the exterior unit normal vector of A. The absorbed

power is then obtained as

Pabs “ Pext ´ Psca. (2.48)

For a plane wave, ~Eincp~rq “ ~E0 exppik ~̂k ¨ ~rq, with E-field polarization ~E0,

propagation direction ~̂k (|~̂k| “ 1: |~̂k| is a unit vector) and wave number

k “ ω
?
εµ, the power density Sinc is given by

Sinc “
| ~E0|

2

2η
, (2.49)

where η “
a

µ{ε is the wave impedance of the background medium. One

important aspect of the SIE method is that it is used for a wide range of

dielectric parameters and covers most materials. It has been used in the

analysis of radar scattering patterns and the near and interior fields of

arbitrarily shaped lossy dielectric bodies [100].
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2.2.4 Multipole Expansion Coefficients for Spheroids

We have shown in Subsection 2.2.1 that scattering by a sphere can be

easily solved by Lorenz–Mie theory where the incident, scattered, and

transmitted fields are expanded with vector spherical harmonic functions,

known also as multipole expansion. The coefficients of the expansions are

determined by enforcing the electromagnetic interface conditions on the

surface of the sphere. Next we show how this expansion can be utilized in

the scattering analysis of non-spherical particles.

Let us expand the incident electric field using the following truncated

multipole expansion

~Einc
N “

N
ÿ

n“1

n
ÿ

m“´n

´

ain
nm

~M in
nm ` bin

nm
~N in
nm

¯

, (2.50)

where ~M in
nm and ~N in

nm are the incoming vector spherical harmonic functions.

Similarly, the scattered electric has the following expansion

~Esca
N “

N
ÿ

n“1

n
ÿ

m“´n

˜

ãsca
nma

in
nm

looomooon

asca
nm

~Mout
nm ` b̃sca

nmb
in
nm

loomoon

bsca
nm

~Nout
nm

¸

, (2.51)

with the outgoing vector spherical harmonic functions ~M sca
nm and ~N sca

nm. In

the case of a sphere, ãsca
nm and b̃sca

nm are the usual "Mie coefficients" [39].

Then let ~Esca denote the field scattered by a non-spherical particle

computed with the SIE method. Our aim is to expand this scattered

field using the multipole expansion. By requiring that ~Esca “ ~Esca
N on

the surface of a sphere far enough from the particle, and by utilizing

the orthogonality properties of the vector spherical harmonics [39], the

multiple coefficients of the scattered field can be found as

asca
mn “

ż

A
p ~Mout

mnq
˚ ¨ ~Esca dA

ż

A
p ~Mout

mnq
˚ ¨ ~Mout

mn dA

and bsca
mn “

ż

A
p ~Nout

mnq
˚ ¨ ~Esca dA

ż

A
p ~Nout

mnq
˚ ¨ ~Nout

mn dA

, (2.52)

for all n “ 1, . . . , N and m “ ´n, . . . , n, where n “ 1, 2, 3, . . . correspond to

the dipole, quadrupole, octupole, etc. terms. With these coefficients we

may investigate how each multipole term contributes to the scattered field.

2.2.5 Quasi-Static Approximation for Spherical Particles

The quasi-static approximation applies when the size of the scatterer is

significantly smaller than the wavelength,

xs ! 1, and | m | xs ! 1, (2.53)
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where xs and m are the size parameter and the relative refractive index.

The Laplace equation for the scalar electric potential,

∇2Φ “ 0; ~E “ ´∇Φ, (2.54)

is applied to a homogeneous sphere of radius R located at the origin in a

uniform and static electric field along z direction, ~E “ ~E0~̂z (Fig. 2.5).

The electric fields inside and outside the sphere, ~E1 and ~E2, respectively,

derive from scalar potentials Φ1pr, θq and Φ2pr, θq

~E1 “ ´∇Φ1; ~E2 “ ´∇Φ2, (2.55)

where

∇2Φ1 “ 0, pr ă Rq; ∇2Φ2 “ 0; pr ą Rq. (2.56)

The continuous boundary conditions,

Φ1|r“R “ Φ2|r“R and ε

ˇ

ˇ

ˇ

ˇ

BΦ1

Br

ˇ

ˇ

ˇ

ˇ

r“R

“ εm

ˇ

ˇ

ˇ

ˇ

BΦ2

Br

ˇ

ˇ

ˇ

ˇ

r“R

(2.57)

are applied where ε and εm are the dielectric function of the particle and

that of the medium, respectively. By comparing the scattering potential

from the Laplace equation with that of a dipole, the effective dipole moment

can be expressed as

~p “ 4πεmR
3 ε´ εm
ε` 2εm

~E0. (2.58)

The applied field thus induces a dipole moment inside the sphere of

magnitude proportional to the field, ~E0.

Figure 2.5. Sketch of a homogeneous sphere placed into an electrostatic field. Image
adapted from Bohren and Huffman [39].

If the nanoparticle is assumed to be very small as compared to the

wavelength, xs ! 1. In this case, the Riccati-Bessel functions can be

approximated by power series. By expanding the Mie coefficients al and bl
as a power series and retaining only the first few terms we have [39],

a1 “ ´
i2x3s
3

ε´ εm
ε` 2εm

´
i2x5s
5

pε´ 2εmqpε´ εmq

pε` 2εmq2
`Opx6s q; (2.59)
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b1 “ ´
ix5s
45

pε´ εmq `Opx7s q; (2.60)

a2 “ ´
ix5s
15

ε´ εm
2ε` 3εm

`Opx7s q; (2.61)

b2 “ Opx7s q, (2.62)

where we consider the permeability of the sphere to be equal to that of the

surrounding medium.

Therefore, in the quasi-statics approximation the scattering and

absorption efficiencies of a small sphere are derived from expanding the

Mie coefficients al and bl and given by [39]

Qstatic
sca “

8

3
x4s |

ε1 ´ εm
ε1 ` 2εm

|2; (2.63)

Qstatic
abs “ 4xs Im|

ε1 ´ εm
ε1 ` 2εm

|2. (2.64)

Qstatic
sca and Qstatic

abs are obtained from the scattering field radiated by this

dipole, which is induced by the incident plane wave (i.e., the dipole moment

~p).
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2.3 Plasmons

Localized surface plasmon resonances (LSPRs) in metal nanoparticles have

been studied scientifically for more than 150 years, following the pioneering

work by Michael Faraday in 1857 [110]. LSPRs are due to coherent

surface oscillation of the conduction electrons in a metal nanoparticle

in an external electric field. The long-range interaction of the conduction

electrons in metals can be treated by introducing collective modes of motion

known as plasma oscillations [111, 112, 113]. These electron interactions

are typically described using a free-electron approximation [114]. The free-

electron model is sufficient for the behavior of a metal in which only the

conduction electron transitions within a given band are considered [112].

2.3.1 Optical Properties of Bulk Matter

The propagation of light through a bulk can be described by Maxwell’s

equations. A plane wave of the form exppi~k ¨ ~x´ iωtq propagating in a non-

magnetic isotropic medium with permittivity εpωq and Maxwell equation

∇ ¨ ~D “ 0 gives

εpωq~k ¨ ~E “ 0, (2.65)

which has two solutions:

εpωq “ 0, (2.66)

and
~k ¨ ~E “ 0. (2.67)

Equation (2.66) corresponds to a purely longitudinal mode and is a

collective excitation of the valence electrons. This is the bulk plasmon

as described by Pines and Bohm [115].

A full understanding of light scattering and absorption by particles

requires understanding optical properties of bulk matter, in which we need

to know how bulk matter responds to oscillatory electromagnetic fields.

Bulk plasmon is a longitudinal wave, basically oscillation of free electrons

along the bulk of a metal. Because bulk plasmons are longitudinal waves,

they do not couple to transverse electromagnetic waves. However, external

electrons can couple to the longitudinal electric field associated with the

plasma oscillations [116]. When the photon energy is greater than the

bulk plasmon energy ~ω these longitudinal fields will be propagating

bulk plasmons, while below ~ω these fields will be limited to the surface

region [117].
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The Lorentz Model

The optical response of a collection of free electrons can be obtained from

the Lorentz harmonic oscillator model. In this approach, a electron-

spring system can be treated as simple harmonic. Therefore, the dielectric

function for the system of simple harmonic oscillators is

εpωq “ 1`
ω2
p

ω2
0 ´ ω2 ´ iωγ

. (2.68)

The real and imaginary parts are given by

ε1pωq “ 1`
ω2
ppω

2
0 ´ ω2q

pω2
0 ´ ω2q2 ` ω2γ2

; ε2pωq “
ω2
pγω

pω2
0 ´ ω2q2 ` ω2γ2

. (2.69)

where ωp and γ are the plasma frequency and damping factor,

respectively [39].

In metals, in the limit of long wavelengths, the energy of a bulk plasmon

which was first obtained by Kohn [118] is given by

ωp “

d

Ne2

Meε0
, (2.70)

where N is the number density of free electrons (1/m3), e is the electron

charge, ε0 is the permittivity of vacuum and Me is the effective mass

of an electron. The quantum of elementary excitation for the collective

oscillations of the valence electrons is the plasmon. The valence electron

density in solids ranges from approximately 1022 to 1024 [112]. According

to Eq. (2.70) plasmon energies range from about 5 to 30 eV for electron

systems of metallic densities [119]. A low-momentum plasmon has an

energy ~ωp. The optical properties of a gas of charged particles represent

electromagnetic waves of frequency ω ă ωp are totally reflected by such a

system while they are transmitted if ω ą ωp [120].

The Drude Model

The Drude free-electron model gives a simple description of plasma

oscillations. The dielectric function of an ideal bulk metal at low energy

can be phenomenologically expressed by the Drude model. In 1900, Drude

applied the Boltzmann kinetic theory of gases to a metal considering it to

be a gas of electrons. This model does not include any quantum effects and

it ignores long-range interactions between electrons and ions, and yet it

provides good qualitative information [121]. The Drude model is a special

case of the Lorentz model with ω0 “ 0. Therefore, it follows from Eq. (2.68)

that the dielectric function for free electrons given by

εpωq “ ε1pωq ` iε2pωq “ 1´
ω2
p

ω2 ` iωγ
, (2.71)
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with the real (ε1) and imaginary (ε2) parts [39, 122]

ε1pωq “ 1´
ω2

p

ω2 ` γ2
; ε2pωq “

ω2
pγ

ωpω2 ` γ2q
, (2.72)

where ωp and γ are plasma frequency and damping factors,

respectively [39].

The classical Drude free electron model was developed to explain the

optical properties of materials and the dielectric properties of solid

materials. Gold and silver that are noble metals are widely used as

materials for LSPR applications in the visible and near-IR regions. Most

other metals have significantly higher bulk plasma frequencies than silver

and gold and are thus not useful in such applications [123]. In plasmonic

optics, metals are incorporated into nanostructures for the emerging

characteristics of the surface plasmon polaritons and other light–matter

interactions.

The dielectric function of silver and gold can be well described by the

Drude model because of low interband absorption. As an example, the

real and the imaginary parts of the dielectric function for silver according

to Johnson and Christy [52] and Drude model fits to the data are shown

in Fig. 2.6. This model is not adequate for describing either the real and

imaginary parts of εpωq at high frequencies [52]. However, it provides a

qualitative statement for understanding the plasmonic behavior of the

metals.

Figure 2.6. a) The real and b) imaginary parts of εpωq for silver determined by Johnson
and Christy [52] (dots) and calculations based on the Drude model fit to the
data (solid black lines).

As a point in the discussion of Fig. 2.6, the resonance condition, (will

be derived later in Section 2.4) will be met when ε1pωq “ ´2εm. This

explains the dependence of the LSPR peak on the surrounding dielectric

environment. The resonance condition mode for silver spheres in air

(εm « 1.0) is at about 360 nm and shifts to about 410 nm in a medium such

as glass (εm « 1.5).
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The electric properties of noble metals (Ag and Au) and their

corresponding bulk plasma frequencies and damping constants are listed

in Table 2.1.

Metal Plasma Frequency (eV) Damping Constant (1015s´1)

Ag 9.2 0.032

Au 9.1 0.011

Table 2.1. Plasmonic properties of Ag and Au and their bulk plasma frequencies.

2.3.2 Localized Surface Plasmons on Metal Nanoparticles

When a small spherical metallic nanoparticle is irradiated by light, the

oscillating electric field can cause the conduction electrons to oscillate

coherently [124]. A metal sphere under an electric field is illustrated in

Fig. 2.7 where the sphere is small as compared to the wavelength of the

light. Localized surface plasmons (LSPs) are charged density oscillations

and non-propagating plasmon excitations on metallic nanostructures.

Figure 2.7. Schematic for plasmon oscillation for a sphere showing the displacement of
the conduction electron charge cloud relative to the nuclei. Image adapted
from [124].

For small isolated metal particles with sizes in the range of the

penetration depth of an electromagnetic field (e.g. «20 nm for Ag in the

optical range), a clear distinction between surface and bulk plasmons

vanishes. An external field can penetrate into the volume and shift the

conduction electrons with respect to the ion lattice. Spectrally the LSPRs

of metallic systems are in the visible to NIR spectral regime. If excited at

resonance, the amplitude of the induced electromagnetic field can exceed
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the exciting fields by a factor on the order of 10.

We can find the functional form of the LSPR peak frequency dependence

on the plasma frequency of the bulk metal by using the Drude model of

the electronic structure of metals [125]. For visible and NIR frequencies,

ωp " γ, so Eq. (2.72) can be simplified to,

ε1pωq “ 1´
ω2
p

ω2
. (2.73)

Using the resonance condition (ε1pωq “ ´2εm), one obtains the following,

ωmax “
ωp

?
2εm ` 1

, (2.74)

where ωmax is the LSPR peak frequency.

2.3.3 Fano Resonance

In 1961, a new type of resonance was discovered by Ugo Fano in a

quantum mechanical study of the autoionizing states of atoms [126]. The

Fano resonance shows a distinctly asymmetric shape with the following

functional form:

I9
pFγ ` ω ´ ω0q

2

pω ´ ω0q
2 ` γ2

, (2.75)

where I is the intensity of the resonance. ω0 and γ indicate the position

and width of the resonance, respectively; F is the Fano parameter [127].

Fano resonances arise from the constructive and destructive interaction

of narrow discrete resonances with broad spectral lines. A Fano resonance

can appear in Mie theory for light scattering from a single spherical

plasmonic particle. For dielectric optical materials with ε ą 1, Fano

resonances occur when there is spectral overlap between broad and narrow

scattering resonances and are well characterized in metallic particles. The

multimodal scattering produces a sharp asymmetric peak. It is found that

the line shape of a Fano resonance in spheroidal particles depends on the

polarization of incident light.

2.4 Surface Modes in Small Spheres

The simplification introduced by the small size is that the particle may

be considered to be placed in a homogeneous electric field ~E0, which we

may call the “applied” field. The particle’s own field, caused by the electric

polarization of the particle, modifies this field both inside and near the

particle. As ~p is the induced dipole moment, and the electrostatic formula,

~p “ α~E0, (2.76)
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applies [104]. By introducing the polarizability α, the polarizability of a

small sphere of sub-wavelength diameter in the electrostatic approximation

is given by [39]

α “ 3εmV
pε´ εmq

pε` 2εmq
, (2.77)

where V is the volume of the sphere. The term pε ´ εmq{pε ` 2εmq also

appears in Eqs. (2.63), (2.64), and (2.77) illustrating a connection between

electrostatics and scattering by particles small compared to the wavelength.

By minimizing the denominator of Eq. (2.77), the following condition is

satisfied, which for the case of small Imrεs around the resonance simplifies

to

Rerεpωqs “ ´2εm. (2.78)

This relationship is called the Fröhlich condition and the associated mode

the dipole surface plasmon of the metal nanoparticle. At εpωq “ ´2εm

the polarizability will become very large, which is known as the surface

plasmon resonance. The relation further also explains the sensitivity

of the plasmon resonance to the surrounding index of refraction. The

polarizability describes the characteristic resonances of a particle and the

strength of its scattering efficiency.

2.4.1 Fröhlich Mode of Voids and Polarizability of Core@Shell
Shapes

The polarizability of a nanovoid can be obtained by the substitutions εÑ εm

and εm Ñ ε in Eq. (2.77),

α “ 3εV
pεm ´ εq

pεm ` 2εq
. (2.79)

The Fröhlich condition now takes the form [65],

Rerεpωqs “ ´
1

2
εm. (2.80)

A spherical inclusion of dielectric constant εm in a homogeneous medium

described by the dielectric function εpωq is illustrated in Fig. 2.8. The

emergence of LSPRs in metallic nanoparticles can be well approximated

by the static polarizability of such objects in an external electric field.

It is noteworthy that a hollow metallic nanoshell is a good example to

demonstrate the Fröhlich condition. By considering a core@shell of hollow

vacuum@silver we can find the Fröhlich condition. The absolute value of

the polarizability as a function of permittivity for two spheres having a

core radius of either r “ 9 or r “ 12 nm and a total radius of 15 nm are
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Figure 2.8. Spherical void with radius R and permittivity εm “ ε0 in a homogeneous
medium of permittivity εpωq.

presented in Fig. 2.9. A minimum at ε “ ´1{2 is known as the Fröhlich

mode and is indicated by a dashed line in Fig. 2.9. This mode can be

obtained from the polarizability of the nanovoid and is independent of the

core size.

Figure 2.9. The absolute value of the polarizability for a R “ 15 nm sphere with core
radius r “ 12 nm (black line) and r “ 9 nm (red line) of hollow vacuum@silver.
The y axis is in logarithmic scale and the refractive index of the surrounding
medium is 1. The Ag shells are shown in gray. Image is reproduced from
Publications II and III.

Using a similar analysis, the polarizability of a sphere coated with a

concentric layer of a different material can be derived. The quasistatic

polarizability of a homogeneous sphere (ε1) coated with a shell (ε2) in a

dielectric medium (εm) is given by [39]

α “ V
pε2 ´ εmqpε1 ` 2ε2q ` fpε1 ´ ε2qpεm ` 2ε2q

pε2 ` 2εmqpε1 ` 2ε2q ` fp2ε2 ´ 2εmqpε1 ´ ε2q
, (2.81)
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where f is the fraction of the total particle volume occupied by the core.

The resonance condition for a hollow sphere in vacuum (ε “ εm “ 1) can be

obtained by minimizing the denominator of Eq. (2.81). Then there are two

roots to Eq. (2.81) given by

pε2 ` 2εmqpε1 ` 2ε2q ` fp2ε2 ´ 2εmqpε1 ´ ε2q “ 0. (2.82)

By considering a hollow sphere in air (εm “ 1) we can find the resonance

condition as

pε` 2qp1` 2εq ` fp2ε´ 2qp1´ εq “ 0, (2.83)

where ε is the dielectric function of the shell. The roots of Eq. (2.83) are

given by

ε2˘ “
´p5` 4fq ˘ 3

?
1` 8f

4´ 4f
. (2.84)

These roots are known as the symmetric (ε2´) and antisymmetric (ε2`)

modes [39]. If f is small the symmetric and the antisymmetric resonances

are approximately at ε2´ “ ´2 and ε2` “ ´1{2, respectively. As a result,

the resonance condition is strongly sensitive to the core and shell material,

the core and shell diameter shape, and the aspect ratio.

In an illuminating analysis, Prodan and co-workers [128] demonstrated

that the two dipolar modes of a spherical core@shell nanoparticle

containing a dielectric core and a metallic shell can be explained by

the hybridization of the dipolar modes. For a metallic shell, the cavity

plasmon frequency and the surface plasmon hybridize to form symmetric

and antisymmetric plasmons with significantly different frequencies. In

Fig. 2.10, the two distinct nanoshell resonances are due to symmetric

and antisymmetric combinations of the sphere and void modes. A

semiconductor core in a metallic shell shows a cavity plasmon frequency

(ωc) and a metallic shell in a semiconductor core shows surface plasmon

frequency (ωs). The hybridization model explains the polarizability of a

dielectric void and a thin metallic shell which defines two dipolar modes of

this system. In other words, two hybridized plasmon modes are the result

of the interaction between the cavity and sphere plasmons frequency.

The frequencies of these modes are given by

ω2
l,˘ “

ω2
p

2

«

1˘
1

2l ` 1

c

1` 4lpl ` 1q
´ r

R

¯2l`1
ff

, (2.85)

where r and R are the inner and outer radii of the shell, respectively. The

ω` and ω´ modes correspond to the antisymmetric and symmetric modes,

respectively. ωp is the surface plasmon energy, for l “ 1, 2, 3... [128].
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Figure 2.10. Schematic of plasmon hybridization in metallic nanoshells. Image adapted
from Prodan et al. 2003 [128]

2.4.2 Effective Permittivity of a Core@Shell Particle

The core@shell particles with a total radius R and the shell permittivity ε2,

and core radius r with permittivity ε1 as shown schematically in Fig. 2.11

(a).

Figure 2.11. a) Schematic of a spherical core@shell particle with total radius R and core
radius r. The core, which has permittivity ε1, is coated with a homogeneous
layer of uniform thickness R ´ r and permittivity ε2. b) Schematic of an
internally homogenized sphere with radius R and effective permittivity εeff .
All the panels are reproduced from Publication I.

It is useful to consider the optical response in the quasistatic limit,

where the particles become polarized in an external static field. Under the

electrostatic approximation a sphere in an electrostatic field is equivalent

to an ideal dipole.
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When utilizing the quasistatic approximation, the core@shell particles

will be “internally homogenized” into a homogeneous spherical particle

with effective permittivity, εeff , and total radius, R, as shown schematically

in Fig. 2.11 (b). The quasistatic polarizability of a core@shell particle is

given by [39]

α1 “ 4πεm
R3pε2 ´ εmqpε1 ` 2ε2q ` r3pε1 ´ ε2qpεm ` 2ε2q

R3pε2 ` 2εmqpε1 ` 2ε2q ` 2r3pε2 ´ εmqpε1 ´ ε2q
R3, (2.86)

while for a homogeneous sphere of permittivity εeff it simplifies to

α2 “ 4πεm
εeff ´ εm
εeff ` 2εm

R3. (2.87)

The effective permittivity of the internally homogenized core@shell particle

can be obtained by combining Eqs. (2.86) and (2.87) as [129]

εeff “ ε2
R3pε1 ` 2ε2q ` 2r3pε1 ´ ε2q

R3pε1 ` 2ε2q ´ r3pε1 ´ ε2q
. (2.88)

The equation for the effective permittivity will be used to qualitatively

identify the energy of the dominant dipolar excitations.

2.5 Monte Carlo Method

Radiative heat transport in materials can be modeled using several

different methods. These include numerical methods for solving the

radiative transfer equation [130], ray-tracing based on geometrical

optics [131, 132], flux-based methods [133], and Monte Carlo (MC)

models [134]. The most widely used is the generalized four-flux model

developed by Vargas and Niklasson [135, 136].

The optical properties of a free-standing layer containing particles can

be calculated using a modified MC method [137] adapted from Wang et

al. [134]. This MC method sends a large number of photons into the

layer with normal incidence which may be either transmitted, reflected,

or absorbed as shown in the schematic in Fig. 2.12. The MC method uses

the cylindrical symmetry of the photon propagation to efficiently record

the path and termination method of each photon. The following relation is

used to normalize the termination result to the number of photons

1 “ reflectance ` absorbance ` transmittance,

which expresses the idea that all the incident radiation is either reflected,

absorbed, or transmitted. Reflectance is the total reflectance, i.e. the sum

of specular and diffuse reflectance.
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The layer, which has thickness T , is described with scattering and

absorption coefficients, scattering anisotropy, and refractive index. The

parameters for layers containing particles are obtained using Maxwell-

Garnett effective medium theory [138] and is discussed in detail later in

Subsection 2.5.1. The MC method considers a layer discretized into a grid

with resolution dr and dz for the radial r̂ and axial ẑ directions, respectively.

The grid elements must be large enough to provide an acceptable variance,

and small enough to provide an acceptable resolution. These values are

determined together with the number of photons to achieve both accuracy

and resolution. In this thesis, the grid resolution was dz “ 0.1 µm and

dr “ 5 µm for the axial and radial directions, respectively. The total

number of grid elements in the r̂ direction was Nr “ 100 and the number

of grid elements in the ẑ direction Nz is determined by the thickness of the

microcomposite layer which is Nz “ 2000. It was verified that the diffuse

reflectance and transmittance go to zero as a function of the radius of the

layer.

One or more layers may be considered as a multilayer configuration, but

this thesis considers only single layer materials. The light source (e.g.

laser beam) may have various cross-sectional geometries such as a circular,

rectangular or ring shape. This thesis considers only the termination result

for the total reflectance, absorbance and transmittance of 107 photons from

an infinitesimally small beam normal to the layer surface. Furthermore,

for the effective medium approximation to be valid, the near-field scattered

radiation of one particle must not interact with other particles which is

valid at low volume fractions, such as those considered in this thesis.

In this thesis, we use a Monte Carlo (MC) method in conjunction with

Mie theory or the surface integral equation (SIE) for modeling radiation

transport in a layer containing spherical or spheroidal particles at low

volume fractions. We used MC to compute the reflectance, absorbance

and transmittance of a layer with the following optical parameters:

effective refractive index, absorption coefficient µa, scattering coefficient

µs, anisotropy factor g, and thickness T for a certain number of photon

packets and of angular grid elements. These parameters are discussed in

the following subsections.

2.5.1 Effective Medium Theory

The optical constants of a layer containing spherical particles at low volume

fraction can be obtained from the Maxwell-Garnett effective medium theory.
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Figure 2.12. Schematic illustrating the Monte Carlo model of propagating photons inside
composites.

Consider a layer shown in Fig. 2.13, in which spherical particles with the

dielectric permittivity ε occupy random positions in an environment of

permittivity εm. The expression for the effective dielectric permittivity of

the layer (εlayer
eff ) is given by [139],

εlayer
eff “ εm ` 3fεm

ε´ εm
ε` 2εm ´ fpε´ εmq

. (2.89)

Figure 2.13. Schematic of a layer containing spherical particle with dielectric permittivity
ε in an environment of permittivity εm. Image adapted from [139].

The Maxwell-Garnett formula satisfies the limiting processes for

vanishing inclusion phase,

f Ñ 0 ùñ εlayer
eff Ñ εm, (2.90)

and vanishing host medium,

f Ñ 1 ùñ εlayer
eff Ñ ε. (2.91)
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Effective Permittivity of a Layer Containing Randomly or Uniformly
Oriented Spheroids

The effective permittivity for uniformly oriented spheroids in a layer is

determined by their depolarization factors N . The depolarization factor

varies between 0 and 1, for example, for a sphere, N “ 1{3. The effective

dielectric permittivity εlayer,seff of a layer containing randomly oriented

spheroids of a low volume fraction is obtained using the Maxwell-Garnett

effective medium theory, which is given by [139]

εlayer,seff “ εm ` εm
f

3

ÿ

j“x,y,z

ε´ εm
εm `Njpε´ εmq

, (2.92)

where ε and εm are the dielectric permittivities of the particle and medium,

respectively, and Nj are the depolarization factors of the spheroid that

depend on the geometrical shape in the three orthogonal directions.

Consider a layer where spheroids of permittivity ε are embedded in a

medium with permittivity εm. Then the effective permittivity of the layer

is anisotropic, in other words it has different permittivity components in

the different principal directions. The Maxwell-Garnett formula for the x

component of the effective permittivity of this layer is [139],

εlayer,seff,x “ εm ` εmf
ε´ εm

εm ` p1´ fqNxpε´ εmq
. (2.93)

and for εlayer,seff,y and εlayer,seff,z , replace Nx by Ny and Nz, respectively.

2.5.2 Scattering and Absorption Coefficient of a Layer
Containing Spherical or Spheroidal Particles

As a photon passes through a layer containing particles it can be

transmitted, reflected, or absorbed. Transmission is defined by the fraction

of photons which pass through the layer. The photons that return opposite

to the direction of incidence define reflection. The photons interact with

the particles in the layer and they can either be absorbed or scattered, or

do not interact with the particles and just propagate until they leave the

layer.

The absorption and scattering coefficients are two quantities that can be

used to define the property of a material to absorb and scattering photons.

They measure the probability of a photon to be absorbed or scattered per

unit length of material. The scattering and absorption coefficients per

unit length of a layer containing spheres of uniform size, µsca and µabs,

respectively, are given by [137, 39],

µsca,abs “
3

2

f Qsca,abs

2R
, (2.94)
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where f is the volume fraction of the particles and R is the radius of the

spheres.

Correspondingly, the scattering and absorption coefficients per unit

length of a layer containing spheroids are given by,

µssca,abs “
f σssca,abs

V
, (2.95)

where V is the volume of the spheroid. The anisotropy factor g as a required

parameter in MC computation is defined in Subsection 2.2.1.
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3. Electromagnetic Response and
Optical Properties of Micro and
Nanoparticles

Composite materials comprise a combination of different materials to

achieve properties that individual ones alone cannot achieve [140, 141].

Composites of dielectrics and magnetic materials have become the main

choice for manufacturing electromagnetic devices due to their potential

to tailor material properties [142, 143]. Within the class of complex

nanoparticles, concentric core@shell spheres (see Section 1.3) have at

racted a lot of attention and often show enhanced physical and chemical

properties as compared to their single components [144, 145, 146, 147, 148].

The optical properties are adjusted by the physical characteristics such as

core size and shell thickness.

The study of electromagnetics is essential for understanding light

propagation, radiation, and scattering in different systems. Various

analytical formulas have been developed to predict the electromagnetic

response of composites such as core@shell nanoparticles. Computational

results are in good agreement with experimental data. The electromagnetic

response of small spherical particles can be calculated using Lorenz–Mie

theory, which is an analytically exact solution to the Maxwell’s equations.

Surface integral equation (SIE) is a method to solve the full set of

Maxwell’s equations. This method allows accurate calculations of the

scattering and absorption efficiencies and scattering albedo of individual

particles with different morphologies. The optical response of nano

and microparticles within this thesis is calculated using quasistatic

approximation, Lorenz–Mie theory, and the SIE method. The aim is to

systematically study the interaction between modes from a core and a

shell using computational methods. Interesting results are obtained due

to combinations of different materials that we propose here for the core

and the shell. Moreover, we examine the influence of geometric anisotropy

by considering spheroids of unconventional semiconductors.
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In this chapter, we present and discuss the published material contained

in Publications I-VI. In Section 3.1, the results from Publication I are

presented and discussed. The core material was chosen to be Ag, Au, or

Al and the high-permittivity dielectric shell was Si or Ge. The metals

were chosen because nanoparticles made of them have the dominant

dipole LSPR in the visible wavelength range. By coating the metals

with a high-permittivity dielectric shells, we can study the interaction

between plasmonic modes and modes from a semiconductor shell. We also

investigate the directional nature of the scattering by the nanoparticles.

The response of such nanoparticles depends on the material, particle size,

dielectric environment, etc. and will be discussed in detail. Our results

show the shifting and merging of the LSPR from the metallic core and

Mie resonances from the semiconductor shell for different particle sizes.

Qualitative description of the effective permittivity and dipolar resonances

of these core@shell nanoparticles can be obtained using the quasistatic

approach.

In Section 3.2, the influence of oxide coating on the Mie resonances

of microparticles of low-bandgap semiconductors in the NIR regime are

discussed. We specifically consider core@shell microparticles with Si as

the core material, coated with oxide dielectrics such as TiO2, SiO2, or ZrO2.

As the oxide is added, the magnitude and wavelength of the maximum

intensity of the extinction efficiencies changes. This section covers the

materials from Publication II and some of Publication III.

In Section 3.3, the remainder of Publication III is discussed. The

dielectric response of a spherical core@shell nanoparticle containing a

semiconductor core coated with a metallic layer are qualitatively analyzed.

The influence of an active semiconducting core such as Si and Ge on the

localized surface plasmon resonances (LSPRs) of core@shell nanoparticles

are investigated. Our results show a strong interaction between the

resonances of the plasmonic metallic shell and the semiconducting core

material.

In Section 3.4, the results from Publications V and VI, which consider

the optical properties of copper antimony disulfide (CuSbS2) particles, are

discussed. The well known semiconductor material such as Si is abundant

element in the Earth. In addition to being well characterized, this material

has been extensively studied. In contrast to well-known semiconductor,

unconventional semiconductor materials are new and less abundant.

CuSbS2 is an unconventional semiconductor material and is emerging
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as a promising photovoltaic material due to its optical band gap that

falls within the optimum range for solar cells [149, 150], varying between

1.3´1.5 eV p0.82´0.95 µm) [151, 152, 153, 154]. The permittivity of CuSbS2

was taken from a study using Density Functional Theory with the Heyd-

Scuseria-Ernzerhof (HSE06) hybrid functional [155]. The microscopic

dielectric tensor was obtained for bulk and a monolayer of CuSbS2 using

the Independent Particle Approximation via a sum over empty Kohn-

Sham states (ε2) and a Kramers-Kronig relation (ε1) [155]. Spherical

CuSbS2 nanoparticles are shown to have size-dependent properties in

the optical and NIR regimes, as discussed in Subsection 3.4.1. We

calculate the scattering and absorption efficiency of individual spherical

nanoparticle using Lorenz–Mie theory. The results show that as the

particle radius increases, the total absorption and scattering efficiency

broaden and shift to longer wavelengths. Our findings suggest that the

optical properties in the layers containing these particles can be tuned

by changing the particle size. The results are extended to anisotropic

particle shapes [156, 157, 158] using the SIE method as described in

Subsection 3.4.2. The electromagnetic response is calculated with different

orientations with respect to the propagation direction and polarization

of the incoming wave. The optical properties of high-quality platelet-

like CuSbS2 nanocrystals have been experimentally studied [154]. Due

to the anisotropic shape thin spheroids in a certain orientation display

a sharp plasmonic resonance in the UV regions. Our results indicate

that the electromagnetic response depends on the size of the spheroids

and their orientation with respect to the electric field polarization of

incoming radiation. Plasmonic peaks that occur in a specific orientation

and Fano resonances that appear in the NIR are interesting features of

these particles.

In Section 3.5, we extend beyond single particles and their absorption

and scattering efficiencies to predict the optical properties of collections of

particles in layered composites. The results and discussions are included in

Publications V and VI. The layer is characterized by thickness T , effective

permittivity εlayereff , absorption coefficient µabs, scattering coefficient µsca
and a scattering anisotropy factor g. The optical properties of layers

embedded with spherical and spheroidal CuSbS2 particles of different

sizes and orientations embedded in a layer at low volume fractions

(0.01%) are described. We show that particle orientation drastically

changes the scattering and absorption efficiencies. This effect allows the
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wavelength-dependent response to be varied according to the geometrical

and orientation of the particle.

3.1 Metal@Semiconductor Nanoparticles

A spherical particle with a metal core and a semiconductor shell

(metal@semiconductor) has emerged as a new type of important functional

material for optical, electronic, magnetic, and catalytic applications [159].

The properties of core@shell particles are highly affected by their size,

material, and surface characteristics which can be manipulated. In

Publication I, we vary the dimensions of nanoparticles in two ways. First,

we fix the core radius and increase the total radius, then fix the total radius

and vary the core radius.

The total scattering efficiencies, Qsca, of Ag@Si, Ag@Ge, Au@Si and Al@Si

nanoparticles with a core radius r fixed at 20 nm and the total nanoparticle

radius R varying from 20 to 180 nm are calculated using Lorenz–Mie

theory (see Subsection 2.2.1) and are shown in Fig. 3.1. The intensity of

the blue color represents the magnitude of Qsca as indicated in the side bar.

The nanoparticles are surrounded by a non-absorbing insulating medium

with constant refractive index (nm) of 1.5. We have chosen 1.5 because the

refractive index of SiO2 or common glass is approximately 1.5.

The maxima of the efficiencies shift to longer wavelengths as the

thickness of the semiconductor shell increases in Fig. 3.1. The two

dominant peaks are the dipolar electric a1 and the magnetic b1 modes.

These Mie coefficients (see Subsection 2.2.1) are indicated in the figures.

The a1 modes have similar redshifts upon coating with a high permittivity

semiconductor shell such as Si or Ge, however the magnitude of the

redshifts are different. It can also be seen that the magnetic dipole

mode originates from the semiconductor shell. The magnetic dipole mode

continues to redshift linearly with an increase in the shell thickness.

While the metal core is expected to have some influence on the dielectric

modes, there were no significant changes of the Mie coefficients of the bare

semiconductor particles in this range.

The origin of the resonances are validated by the Mie coefficients of the

bare metal core particle (r “ 20 nm). The electric modes are far more

pronounced than the magnetic modes. Compared to pure metallic systems,

the dipolar electric mode from the metal@semiconductor configuration is a

plasmonic mode that comes from the metal core. Initially the electric dipole
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mode associated with the metal core redshifts rapidly with an increase

in the semiconductor shell thickness and then the rate of the redshift

diminishes with further increase in the shell thickness.

Comparing the scattering efficiencies of Ag@Si with Ag@Ge, Au@Si and

Al@Si, it is notable that the a1 mode in each of the bare Ag, Au, and

Al nanoparticles are at distinct energies. The difference indicates the

plasmon resonance peak of the nanoparticles with 20 nm radius for each

metal. In the core@shell particles, there is an overlap of the Mie resonances

associated with the core and the shell. When the magnetic dielectric and

plasmonic electric dipole modes coincide there is maximum scattering.

The magnetic dielectric and plasmonic electric dipole modes for Ag@Si are

degenerate at λ “ 890 nm for a particle with a total radius about 100 nm

(Fig. 3.1 (a)). In contrast these modes are degenerate at λ “ 1080 nm for

the Ag@Ge particles with the same total radius (Fig. 3.1 (b)). The magnetic

and electric dipolar resonances merge at λ “ 940 and λ “ 680 nm for Au@Si

and Al@Si particles with a total radius of 120 nm and 85 nm, respectively

(Figs. 3.1 (c) and (d)).

Figure 3.1. Total scattering efficiency, Qsca, of a) Ag@Si, b) Ag@Ge, c) Au@Si, and d) Al@Si
nanoparticles as a function of wavelength. The core radius fixed at r “ 20 nm

and the total radiusR varies from 20 to 180 nm. The particles are embedded in
a host medium with a refractive index of nm “ 1.5. Dominant Mie resonances
of the maxima are indicated by red letters. The intensity of the blue color
represents the magnitude of Qsca as indicated in the side bar. The Ag, Au,
and Al cores are shown in gray, yellow, and orange. The Si and Ge shells are
shown in blue and dark gray. Panel (a) is reproduced from Publication I.

The modal analysis of the Ag@Si nanoparticle is shown in Fig. 3.2. The

absolute values of the electric dipole modes (a1) are shown in panels (a)

and (d) and the magnetic dipole modes (b1) are shown in panels (b) and

(e). The total scattering efficiencies are shown in panels (c) and (f). On

the top row the total radius of Ag@Si nanoparticle is fixed at 150 nm and
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and the core radius varies from 5 to 150 nm. On the bottom row the total

radius is fixed at 200 nm and the core radius varies from 5 to 200 nm. For

a fixed total radius as considered here, the ratio of the radii r{R increases

with the core radius. The figures show that for a given dimension of the

core, there is an overlap between the electric and magnetic Mie coefficients,

which is indicated by a dashed line and a circle for both cases in Figs. 3.2

(c) and (f). The overlap region of the modes broadens and redshifts with

increasing total radius.

Figure 3.2. a) and d) The dipolar electric (a1), b) and e) the dipolar magnetic (b1), and c)
and f) the total scattering efficiency (Qsca) of Ag@Si (core@shell) nanoparticle
as a function of wavelength. a-c) The total radius R “ 150 nm and the core
radius varies from 5 to 150 nm. d-f) The total radius R “ 200 nm and the
core radius varies from 5 to 200 nm. The overlap regions of the modes are
indicated by a red dashed line and a circle. The intensity of the blue color
represents the magnitude of a1, b1, and Qsca as indicated in the side bar.

The analysis of the complex electromagnetic interaction triggered by

the electric plasmonic modes of the metallic core and the magnetic modes

created in the high-dielectric layer makes our work particularly interesting

for applications. It gives both physical intuition into the manner these

modes affect each other’s spectral shifts and gives guidelines how to

engineer core-shell objects with an optimally responding structure, in

particular with respect to enhanced or minimized reflection efficiency.

3.1.1 Directional Scattering and the Kerker Condition

Combining an electronic excitation in a semiconductor shell and the

LSPR of a metallic core provides unique directional scattering properties.

Directional scattering can be useful to control heating or radiation

degradation in thermal NIR sensors. Our results in Publication I show

that when a metallic core is coated with a high-refractive-index dielectric,

the interference between magnetic and electric dipole resonances affects

the total scattering pattern. The directional properties are conveniently
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analyzed using the Kerker conditions [160, 161, 162, 163]. The first

Kerker condition states that when the electric (a1) and magnetic (b1) dipole

coefficients coincide (a1 “ b1) and forward scattering is maximized, the

backscatter radiation is near zero [164, 165].

The metal@semiconductor nanoparticles are one possible configuration

which satisfies the first Kerker condition. For example, Ag@Si

nanoparticles with a total radius of 120 nm and core radius of 20 nm exhibit

strong enhancement of the scattering efficiency in the NIR (Fig. 3.3). It can

be seen that the real parts of the Mie coefficients are equal at wavelengths

of 944, 770, and 600 nm. These are indicated by vertical dashed lines.

At the wavelength of 600 nm a1´b1 « 0. However, backscattering is large

due to presence of higher-order modes, indicating that the first Kerker

condition is not satisfied (Fig. 3.3 (c)). Total scattering at 600 nm is strong

and forward scattering dominates.

Between about 770 and 900 nm, the forward scattering efficiency is

significantly reduced between about 770 and 900 nm because of the

imaginary parts are not equal (Fig. 3.3 (c)).

At the wavelength of 944 nm the imaginary parts of a1 and b1 are identical

down to two decimal points. Backscattering is near zero and thus the first

Kerker condition (a1 ´ b1 « 0) is satisfied, in which the higher order

modes do no longer contribute. This is further validated by the scattering

being maximized in the forward direction and minimized in the backward

direction. Therefore, of the three indicated wavelengths, the first Kerker

condition is satisfied only for 944 nm.

In general, there is no simple relationship between the forward,

backward, and total scattering efficiencies, but if we assume that the

dipolar modes with N “ 1 dominate the response, we can easily see that

QN“1
sca “ 6

y2 p|a1|
2 ` |b1|

2q, QN“1
b “ 9

y2 |pa1 ´ b1q|2 and QN“1
f “ 9

y2 |pa1 ` b1q|2.
This implies that

QN“1
f `QN“1

b

QN“1
sca

“ 3. (3.1)

To check the correctness of this relationship we consider the wavelength of

944 nm as an illustrative example. At this wavelength, Qsca « 6.0, Qb « 0.0,

and Qf « 18.0, which is consistent with Eq. (3.1).
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Figure 3.3. a) Total scattering efficiency of a Ag@Si nanoparticle with a core radius of
20 nm and total radius ofR “ 120 nm. b) The dipolar electric (a1) and magnetic
(b1) contributions to scattering efficiency. c) Forward and backward scattering
efficiencies of Ag@Si nanoparticle. The dashed lines mark the wavelengths
at which the first Kerker condition is satisfied. In panel (a) the Ag core
and Si shell are shown in gray and blue, respectively. Panels (b) and (c) are
reproduced from Publication I.
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3.1.2 Quasistatic Approximation

In Publication I, we discuss the behavior of the effective permittivity εeff

of Ag@Si (core@shell) with fixed core radius of 20 nm and a total radius

of 50 or 60 nm. The effective permittivity of a core@shell nanoparticles is

defined in Eq. (2.88) of Subsection 2.4.2. The effective complex permittivity

for the Ag@Si nanoparticles and the bulk permittivities of Ag and Si are

shown in Fig. 3.4.

At short wavelengths (λ ă 700 nm), the effective permittivities of

the core@shell particles are between the permittivities of the bulk core

and shell materials. At longer wavelengths (λ ą 1 µm), the effective

permittivities approach the real part of the permittivity of bulk Si from

larger values for increasing shell thickness. At intermediate wavelengths,

there is a large fluctuation in the effective permittivities due to the strong

dispersive effect and the function of Eq. (2.88).

According to the Fröhlich condition, the dipolar plasmon resonance occurs

at Rerεeff s « ´2εm “ ´4.5 for vanishingly small size parameter where

Imrεeff s is small, Eq. (2.78). This value is denoted by the dashed line

in Fig. 3.4 (a). The real permittivities of the core@shell nanoparticle

consisting of a metallic core and a high permittivity shell are strongly

negative. The dipolar plasmon shifts from about 720 nm to 736 nm when

the total radius increases from 50 to 60 nm. This redshift shows the

dependence of the effective plasma frequency on r{R. For example, the

dipolar plasmon shifts from about 632 nm to 704 nm when the total radius

increases from 30 to 40 nm. As shown in Fig. 3.4, the effective plasma

frequency can be adjusted over a wide range by changing the ratio r{R.

Figure 3.4. a) The real and b) imaginary parts of the effective permittivity εeff as a function
of wavelength for Ag nanoparticles (r “ 20 nm) coated with Si and a varying
total radius R. All the panels are adapted from Publication I.
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3.2 Semiconductor@Oxide Microparticles

In Publications II and III we consider spherical semiconductor

microparticles coated with an oxide shell and surrounded by a non-

absorbing insulating medium. The oxide shell layer is a passive material.

Our findings show that in this range, the oxide layer does not generate

modes but rather changes the dielectric environment. This passive

contribution influences the position and magnitude of the resonances.

We specifically consider the semiconductor core material Si due to its

low band gap energy of 1.11 eV (at T “ 300 K [166]). The semiconductor

core is coated with either TiO2, ZrO2, or SiO2. The complex indices of

refraction measured for bulk were obtained from Palik [68] or, in the case

of ZrO2 from Wood and Nassau [167]. The microparticles are embedded

in a medium with a refractive index of 1.5. The extinction efficiency Qext

of Si@TiO2, Si@ZrO2, and Si@SiO2 (core@shell) particles are presented in

Fig. 3.5. The core radius r is fixed at 0.6 µm and the total particle radius

R ranges from 0.6 µm to 1.1 µm. The panels within Fig. 3.5 illustrate the

Figure 3.5. Extinction efficiency, Qext, of a) Si@TiO2, b)Si@ZrO2, and c) Si@SiO2

microparticles as a function of wavelength. The core radius is fixed at
r “ 0.6 µm and the total radius R varying from 0.6 µm to 1.1 µm. All
microparticles are embedded in a medium with a refractive index of 1.5.
The intensity of the blue color represents the magnitude of Qext as indicated
in the side bar. The Si cores are shown in blue. The TiO2, ZrO2 and SiO2 shells
are shown in dark orange, pink and green. All the panels are reproduced from
Publications II and III.
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effect of a different shell material on the extinction efficiency. As expected

the magnitude and wavelength of the maximum intensity decreases with

increasing oxide shell thickness. Figures. 3.5 (a) and (b) show that the

Mie resonances of Si@TiO2 and Si@ZrO2 redshift with increasing total

particle size. By comparison, the resonances of SiO2 coated microparticles

in Fig. 3.5 (c) do not shift.

The changes in the resonances can be explained by the relative refractive

index of the shell to the medium m2. For Si@TiO2 and Si@ZrO2

microparticles m2 is greater than one. For example, the resonance at

3.06 µm in the bare Si particle shifts to 3.25 µm and 3.37 µm when coated

with a 0.2 µm layer of ZrO2 and TiO2, respectively. In the case of Si@SiO2

particle, m2 is approximately equal to unity and the resonances do not

shift. The Mie coefficients of the coated sphere reduce to those for a sphere

of radius r and relative refractive index of the core m1 [39].

Our results in Publications II-IV show that the addition of a thin oxide

layer to shift the resonances can be used to match the solar reflectance

efficiency factor to over 90% with the incident spectral density [168].

3.3 Semiconductor@Metallic Nanoparticles

Core@shell nanoparticles consisting of a dielectric core and a thin,

concentric metallic shell that support LSPRs have recently attracted much

attention in plasmonics due to their ability to tune the LSPRs [169, 170].

This configuration has been used to generate localized heating for

nanomanufacturing purposes [171]. High refractive index dielectric cores

have been used to alter the plasmonic response of the metallic particles for

heating applications [172, 173]

In Publication III we demonstrate the influence of a semiconductor core

(Si, Ge) on the symmetric and antisymmetric modes of a metallic shell.

The extinction efficiencies Qext of Si@Ag, Si@Au, Ge@Ag, and Ge@Au

(core@shell) nanoparticles are shown in Fig. 3.6. The core radius r is fixed

at 30 nm and the total nanoparticle radius R varies from 30 to 70 nm. The

refractive index of the surrounding medium is 1.5.

According to Eq. (2.85) the symmetric modes (at longer wavelengths)

blueshift and the antisymmetric modes (at shorter wavelengths) redshift

with decreasing r{R. For a fixed core radius, as considered in Fig. 3.6, the

ratio of the radii r{R is reduced by increasing the total radius. Thus the

antisymmetric modes redshift and broaden with increasing total particle
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Figure 3.6. Extinction efficiencies Qext of a) Si@Ag, b) Si@Au, c) Ge@Ag, and d) Ge@Au
(core@shell) nanoparticles as a function of the wavelength. The core radius
is fixed at r “ 30 nm and the total radius R varies from 30 to 70 nm. The
particles are embedded in a medium with a refractive of 1.5. The intensity
of the blue color represents the magnitude of Qext as indicated in the side
bar. The Si and Ge cores are shown in blue and dark gray. The Ag and Au
shells are shown in gray and yellow. Panels (a) and (c) are reproduced from
Publication III.

size.

Altering the material of the core causes the symmetric and antisymmetric

modes to appear at different wavelengths. For example, the antisymmetric

mode occurs at λ = 389 and 383 nm for Ge@Ag and Si@Ag nanoparticles

having a total radius of 45 nm, respectively. The direction of the shift is due

to the permittivity of Si and Ge at these wavelengths. The permittivity of

Si is ε1 » 14.01 and Ge is ε1 » 21.73, and thus increasing the permittivity of

the core redshifts the mode. Similar shifts are observed for the symmetric

modes. For example, the symmetric modes occur at λ “ 740 nm and 858 nm

for the same Si@Ag and Ge@Ag nanoparticles, respectively.

The influence of the core permittivity can be explained using the

hybridization model in which the symmetric and antisymmetric modes

are the result of the interaction between the cavity and sphere plasmons

frequencies with frequencies ωc and ωs, respectively [174]. The strength

of the hybridization depends on the differences between their energies,

which are given by ωcpε1, εJq “ ωp

c

l ` 1

lε1 ` pl ` 1qεJ
and ωspεm, εJq “

ωp

c

l

pl ` 1qεm ` lεJ
. εJ is the background permittivity of the shell [175].

Here, the effects of the background permittivity are neglected such that

εJ “ 1. The energy of the cavity plasmon and sphere plasmons frequency

decreases for a larger core permittivity. Thus, as the core changes from

Si to Ge in Figs. 3.6 (a) and (c), the antisymmetric and symmetric modes
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redshift due to the weakened hybridization interaction. In the same way we

can explain the effect of the different metallic shell materials on the cavity

plasmon cavity and sphere plasmons frequency and plasmon hybridization

by comparing the panels (a) and (b) or (c) and (d) in Fig. 3.6.

Adding an active core within a metallic component offers new tunability

and extends the capability to realize highly reflective, plasmonically

enhanced coatings in the visible and infrared regimes. In the

semiconductor@metal nanoparticles considered, the multipole plasmonic

modes redshifted when either the core or the medium permittivity

increases. In addition, there are additional contributions from the

semiconductor core in this configuration. These additional contributions

interact with the plasmon modes hybridized by the metallic shell.

3.4 Unconventional CuSbS2 Semiconductor Nanoparticles

Unconventional semiconductors are new materials that can improve

the optical properties as compared to conventional semiconductors such

as Si or Ge. Copper antimony disulfide (CuSbS2) is a promising new

material for thin film solar cells [149, 150] because it has band gap

energy between 1.3 and 1.5 eV and a strong absorption coefficient,

which is suitable for photovoltaic applications [151, 152, 153, 154].

Various forms such as crystals, powders and thin films of CuSbS2 can

help to improve thin film solar cells and have many optoelectronics

applications. For example, CuSbS2 thin films have been prepared and

synthesized using various deposition techniques such as sulfurization of

an electrodeposited metal stack [176], sputtering [177], solvothermal [151],

thermal evaporation [178, 179], chemical bath deposition [180] and hot

injection method [153, 154, 151, 72, 181, 182]. In Publication V, we

first study the optical properties of sphericalCuSbS2 nanoparticles. In

Publication VI, we extend the results anisotropic nanoparticles and

consider spheroidal shapes. The idea of studying spheroids is due to their

similarity to platelet-like nanocrystals and comes from the experimental

work synthesizing high-quality platelet-like CuSbS2 nanocrystals by

Moosakhani et al. [154].
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3.4.1 Optical Properties of Spherical CuSbS2 Nanoparticles

In Publication V, the optical properties of spherical CuSbS2 nanoparticles

are analyzed in detail. The optical response of a small sphere in an

incident electromagnetic field was calculated using Lorenz–Mie theory [39].

A spherical shape provides a useful basis for understanding the more

complicated results in anisotropic shapes.

The scattering and absorption efficiencies Qsca and Qabs of CuSbS2 with

radius of 100 nm are shown in Fig. 3.7 (a). The spectra have two maxima

in the visible region arising from the dipolar electric and dipolar magnetic

modes. This was validated with the modal analysis which provides |a1|
and |b1|. The peak at the shorter wavelength 0.596 µm in the scattering

efficiency is associated with the dipolar electric mode and the maximum at

0.708 µm is the dipolar magnetic mode.

The magnitudes of the total electric field distribution | ~Epx, yq|

corresponding to the maxima of the Mie coefficients at λ “ 0.596 and

λ “ 0.708 µm along a two-dimensional slice through the particle center are

presented in Figs. 3.7 (b) and (c). The magnitude of the incident field is

| ~E0| “ 1 V/m. Red indicates the areas where the magnitude of the total

electric field is large while blue indicates small magnitudes. It can be seen

that the total field in the vicinity of the surface of the particle becomes

highly localized. The electric near-field in Fig. 3.7 (b) which spatially

extends into the inner domain, i.e. within the sphere, shows that the a1
mode is characteristic to the dielectric electric dipolar mode [108]. The

electric near-field in Fig. 3.7 (c) shows the b1 mode. Furthermore the

near-field is strong outside the surfaces of the spheres.

The absolute values of selected Mie coefficients of CuSbS2 with R “

25, 50 and 100 nm are in the ultraviolet-(UV)-to-visible regime as shown

in Fig. 3.8. The Mie coefficients are presented up to octapolar modes. The

electric and magnetic modes broaden and shift to longer wavelengths with

increasing particle size. We note that in large particles the contribution

from the higher modes becomes more pronounced at wavelengths below

the band gap. The dipolar modes dominate for larger radii at the long

wavelengths, but the contribution from higher modes becomes significant

for shorter wavelengths.

The absorption and scattering efficiencies Qabs and Qsca, respectively, of

a CuSbS2 particle with radius up to 100 nm in the UV–Vis regime are

presented in Figs. 3.9 (a)-(b), respectively. As expected from the behavior
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Figure 3.7. a) Scattering and absorption efficiencies and absolute values of the dipolar Mie
coefficients for a sphere of radius 100 nm. Absolute value of the total induced
electric field at wavelengths 0.596 b) and 0.708 µm c). The magnitude of the
incident field is | ~E0| “ 1 V/m. The total field comprises incident, scattered,
and internal field components of the full solution to the Maxwell’s equations
from SIE method. All the panels are reproduced from Publication V.

of the Mie coefficients, Fig. 3.8 indicates that the absorption efficiency

maxima broaden and shift to longer wavelengths with increasing particle

size. Similarly, the total scattering efficiency broadens and shifts to longer

wavelengths with increasing particle size.

The electromagnetic response of CuSbS2 nanoparticles strongly depends

on the particle size. For large particles (Á 60 nm) the scattering modes

redshift and their intensity significantly increases. Such high tunability

makes CuSbS2 nanoparticles promising candidates for solar cells and

sensors in the NIR regime.

3.4.2 Optical Properties of Anisotropic CuSbS2 Nanoparticles

In Publication VI, we study the optical response of a spheroidal

CuSbS2 nanoparticle in various orientations with respect to the incident

electromagnetic field. The properties were calculated using the surface

integral equation (SIE) method which is discussed in Subsection 2.2.3. We

consider oblate spheroids that have two identical long axes and one short

axis. The spheroid is oriented with its short axis along either the x, y,

or z direction. The particles are illuminated by a plane wave having its

Poynting vector in the `z direction and electric polarization along the `x

direction. This gives rise to edge-on and face-on orientations with respect

to the propagation direction z. The edge-on case has two subclasses in

which the short axis is aligned either along the x axis (edge-on-x) or the y
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Figure 3.8. Absolute values of electric and magnetic dipole, quadrupole, and octupole
modes of a sphere of radius (a and b) 25, (c and d) 50, and (e and f) 100 nm.

Figure 3.9. a) Absorption Qabs and b) scattering Qsca efficiencies as a function of the
wavelength of spherical CuSbS2 nanoparticles. The particle radius varies from
1 to 100 nm. Reproduced from Publication V.

axis (edge-on-y) as shown in Figs. 3.10 (a) and (b), respectively. The face-on

case has the short axis along the z direction (Fig. 3.10 (c)).

In the following we consider oblate spheroidal CuSbS2 nanoparticles

whose radii along the long axes are fixed at 100 nm in length and the
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Figure 3.10. Spheroid morphologies with their short axis along the a) x, b) y, and c) z
direction. Panels a) and b) are denoted edge-on-x and edge-on-y, respectively,
and c) is face-on. All the panels are reproduced from Publication VI.

radius along the short axis varies from 4´ 75 nm. The wavelength ranges

from λ “ 0.1 to 1 µm. We consider also a sphere with a radius of 100 nm as

a reference. The absorption and scattering efficiencies of the nanoparticles

are shown in Fig. 3.11. As discussed in the preceding section, the scattering

efficiency of the sphere depicts two peaks in the NIR regime at λ “ 0.596

and 0.708 µm. These peaks are Fano resonances and are associated

with the electric and magnetic dipole modes, respectively. Decreasing

the short radius length in any direction (x, y, or z) shifts the maxima of

the absorption efficiency to shorter wavelengths as shown in Fig. 3.11.

In Publication VI, the sharp peaks at λ ă 0.2 µm in the edge-on-x

orientation are explained as LSPRs of CuSbS2 in Figs. 3.11 (a) and (b).

This is validated by inspecting the absorption efficiency of a spherical

CuSbS2 particle and the energy-loss function. The dipolar peaks at

long wavelengths in the edge-on-y case blueshift and broaden as the size

decreases as seen in Figs. 3.11 (c) and (d). In the face-on orientation in

Figs. 3.11 (e) and (f), similar to the edge-on-y case, the dipolar Fano peaks

at longer wavelengths blueshift with decreasing particle radius. However,

their magnitude weakens. They can be either strongly suppressed or

enhanced depending on the relative orientation of the spheroid.

Our studies confirm that at the edge-on-x orientation and in the small

size range (<15 nm radius) the LSPRs peaks typically become sharper with

an decrease in particles size. By reducing the size of spheroids, LSPRs can

achieve high scattering and absorption efficiency. Fano resonances can be

tuned by changing the size and orientation of the spheroids at any desired

wavelength. Therefore, orientation and size of spheroidal particles play a

significant role in determining the Fano and plasmonic resonances.

These considerable differences in the electromagnetic response of

spheroidal particles are due to their shape and orientation. One of the

most interesting applications of NIR is the strong dependence of Fano
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Figure 3.11. Absorption and scattering efficiencies of spheroidal particles oriented (a,
b) edge-on-x, (c, d) edge-on-y, and (e, f) face-on. The long axes are equal
to 100 nm and the short axis varies as 4, 5, 10, 15, 25, 50, or 75 nm. ~Sz

and ~Ex are the Poynting vector and polarization of the incoming radiation,
respectively, in the z and x directions. Yellow arrows indicate the short axis
direction of particles. The inset in panel (a) shows a sharp peak at short
wavelengths in the absorption efficiency of a sphere of radius 5 nm. The inset
in panel (e) displays a zoomed-in view of the vertical axis. All the panels are
reproduced from Publication VI.

resonances on the orientation and relative geometry of particles.

3.5 Layers Embedded with CuSbS2 Nanoparticles

In Publications V and VI, we apply a Monte Carlo (MC) method to

investigate the optical behavior of the copper antimony disulfide (CuSbS2)

nanoparticles in layers containing spherical or spheroidal particles. Monte

Carlo simulations provide a method of determining the exact optical

properties of thin layers containing large numbers of spheres which is
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useful for simulating systems with many coupled degrees of freedom. The

details of the MC method are discussed in Section 2.5.

The transmittance, reflectance, and absorption were calculated for a layer

with a thickness T “ 200 µm embedded with nanoparticles at a volume

fraction of f “ 0.01%. The particles are embedded in a non-absorbing

medium with a refractive index of 1.0 and the layer is surrounded by air.

The MC method records the path and termination result of photons from

an infinitesimally small beam normal to the layer surface. In this work, the

reflected, absorbed, and transmitted photons are normalized to the total

number of photons (107). A grid resolution of dz “ 0.1 µm and drgrid “ 5 µm

was used for the axial and radial directions, respectively. The total number

of grid elements in the axial and angular directions were chosen to fit the

layer thickness. These variables are determined to be converged. The

optical constants of the layers are obtained from the Maxwell-Garnett

effective medium theory which is discussed in Subsection 2.5.1.

3.5.1 Optical Properties of Layers Embedded with Spherical
CuSbS2 Nanoparticles

In Publication V, we study the optical properties of a layer containing

spherical CuSbS2 nanoparticles using the MC method. The calculated

spectra obtained of a 200 µm thick layer embedded with nanoparticles of

radii R = 20 and 100 nm at 0.01% volume fraction are shown in Fig. 3.12.

When the transmittance is small or negligible, there is competition between

the scattering and absorption mechanisms. This is observed by comparing

layers having different particle sizes and is discussed as follows.

At short wavelengths λ ă 0.6 µm, absorption by the CuSbS2 particles

becomes significant enough (ą 90% even at low volume fraction) to be the

main transport mechanism. At longer wavelengths scattering becomes

stronger. This increased competition results in stronger reflectance. The

minimum in absorption is due to the peak in reflectance.

Increasing the size of the particles in the layers changes the

transmittance onset to longer wavelengths. In Fig. 3.12 (a), the

transmittance of the layer containing R “ 20 nm nanoparticles starts

to increase at λ “ 460 nm. In contrast in Fig. 3.12 (b), the onset of

transmittance in layers containing R “ 100 nm is redshifted to λ “ 855 nm.

The colors of layers with different particle sizes are likely to differ greatly.

The intensity of the reflectance in the layer containing large particles is

more pronounced than the intensity in the layer with small ones. In the
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reflectance curves multiple peaks appear and redshift when the particle

size embedded in the layers increases.

Figure 3.12. Absorption, transmittance, and reflectance spectra of a 200 µm thick film
embedded at 0.01% volume fraction with spherical nanoparticles with a) R =
20 and b) 100 nm. Reproduced from Publication V.

Our results demonstrate that the onset of transmittance of these layers

can be considerably tuned by changing particle size in the layer.

3.5.2 Optical Properties of Layers Containing Oblate
Spheroidal CuSbS2 Nanoparticles

In Publication VI, we describe the spectral characteristics of thin layers

of thickness 200 µm containing CuSbS2 spheroids computed using MC

modeling (see Section 2.5). The spheroidal particles are dispersed within

the layers in three possible orientations: uniformly in either edge-on-x,

edge-on-y, or face-on orientation. The long axes of the particles are 100 nm

and the short axis 5 nm, and at f “ 0.0001 (0.01%) volume fraction. We

have previously shown that Maxwell-Garnett effective medium theory can

be used to obtain the optical constants of these layers which is discussed in

Subsection 2.5.1. The reflectance, transmittance, and absorbance spectra

are computed for the three layers are shown in Fig. 3.13.

The different orientations of the embedded spheroids in the layers

significantly change the absorption onsets. In Fig. 3.13 (a), the absorbance

of the layer containing spheroids with their short axis in the x direction

starts to rapidly increase below λ « 0.4 µm. By stark contrast, the onset

of absorption in layers containing spheroids with their short axis in the

y or z directions is redshifted to λ « 0.8 µm. Thus, when the particles

are oriented with their short axis along y or z the absorbance is greatly

enhanced between λ « 0.2´ 0.4 µm. Similarly, all layers are characterized

by a reduced absorption and increasing transmittance above the CuSbS2

70



Electromagnetic Response and Optical Properties of Micro and Nanoparticles

band gap wavelength. The results show how the optical properties in the

layers can be tuned by changing the relative orientation of the spheroidal

particles. Layers containing different particles orientations are likely to

have different colors.

Figure 3.13. Calculated optical properties of a 200 µm thick layer embedded with
spheroidal particles whose long axes are 100 nm and short axis is 5 nm

in the a) x, b) y, and c) z direction at f “ 0.0001 (0.01%) volume fraction. All
the panels are reproduced from Publication VI.

Volume fraction effect on the plasmonic peak

In publication of VI, we investigate a layer containing spheroidal CuSbS2

nanoparticles of long axes of 100 nm and short axis of Rx “ 5 nm, and

the volume fraction f varies from 0.0001 to 0.1 (from 0.01% to 10%). The

results show that the absorbance onset shifts to longer wavelengths with

increasing volume fraction as presented in Fig. 3.14. As discussed in

Subsection 3.4.2, the plasmonic peak observed in the absorption efficiency

of the single particle is only clearly identifiable in absorbance at the lowest

volume fraction, f “ 0.0001, (Fig. 3.14 (b)). The absorption coefficient

maximum increases by a factor of 1000 from 0.01% to 10%.

This study of the response of 200 µm thin layers containing spheroids

shows that the onset of absorbance and transmittance of these layers

can be significantly adjusted in the sub-micrometer range by controlling

particle orientation in the layer. This high degree of tunability motivates

experimental exploration into layers with oriented anisotropic CuSbS2

nanoparticles at low volume fraction. Such films are promising candidates

for solar cells, sensors, and related applications in the NIR regime.
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Figure 3.14. Effect of the increase in the volume fraction on the absorption coefficient and
absorbance. The absorption coefficient a) and the absorbance b) of spheroidal
particles with long axes 100 nm and short axis Rx “ 5 nm. The volume
fraction varies from 0.1 to 0.0001. The inset in panel (a, bottom) displays
a zoomed-in view of the vertical axis. All the panels are reproduced from
Publication VI.
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4. Summary and Conclusions

Light scattering is one of the most powerful techniques for investigating

the properties of particulate systems. As part of this thesis, one of the

goals was to predict the optical properties of particles by light scattering

using theoretical and computational modeling. The emphasis was on

certain range of sizes and shapes of particles. We restricted ourselves to

some materials from the family of metals, semiconductors, and oxides. We

then examined layers containing the nanoparticles as the final step in our

investigation. These layers could be manufactured to harness the light

scattering capabilities of the particles at low cost.

The methods required for the presentation of the results are discussed

in Chapter 2. The quasi-static approximation, Lorenz–Mie theory, and

surface integral equation (SIE) method were used to study the optical

properties of particles. Our study of layer response to electromagnetic

fields was conducted using a Monte Carlo method.

We showed that a core@shell configuration combines several advantages

of both core and shell mediums. Although the core@shell particles use

a simple spherical geometry, quite a lot of interesting physics follows

nevertheless. Moreover, we demonstrated that the core@shell structure

was capable of modifying the properties of individual nanoparticles.

We presented a design based on a metal@semiconductor configuration

that is of great interest due to its optical properties. We showed that the

metallic core with an optimized dimension within the semiconductor shell

yields increased absorption efficiency in the visible and infrared (IR) range

while the absorption efficiency peaks of the same bare semiconductor are

observed in the ultraviolet range.

An oxide coating was also contemplated for the semiconductor

microparticle spheres. It is important to note that the oxide shell layer

is a passive material. According to our findings, the oxide layer does
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not generate modes within the investigated range but rather changes

the dielectric environment. With increasing oxide shell thickness, the

magnitude and wavelength of the maximum intensity decrease as expected.

According to our results, a thin oxide layer can be used to shift the

resonance energies so that the scattering matches the incident spectral

density. This can, for example, increase the solar reflectance efficiency.

Further, we investigated the reverse configuration in which a

semiconductor core is inside a metallic shell. In the semiconductor@metal

particles considered, the multipole plasmonic modes redshifted when either

the core or the medium permittivity was increased. Metallic shells have

hybridized symmetric and antisymmetric plasmons that are significantly

different in frequency. It is evident from thin shells that the symmetric

and antisymmetric plasmon energies diverge. By incorporating an active

core within a metallic particle, it is possible to achieve highly reflective,

plasmonically enhanced coatings in the visible and infrared spectrum.

As a consequence of our findings, we concluded that the modes

characteristic of core@shell particles are a combination of particle

dimensions, core and shell materials, and the particle’s environment. This

study, therefore, provides a basis for designing plasmonically enhanced

NIR applications both experimentally and theoretically.

Furthermore, we analysed particles of CuSbS2, an unconventional

semiconductor. The electromagnetic response of individual spherical

CuSbS2 nanoparticles and a layer containing these nanoparticles was

investigated as part of the continuation of previous studies. According to

the results of our study, with the increase in the size of spherical CuSbS2

nanoparticles, the absorption and scattering efficiency broadens and shifts

towards longer wavelengths. It has also been demonstrated that the

particle size can be used to tune the optical properties of layers containing

such particles.

For non-spherical particles of spheroidal shapes we found a strong

dependence between the electromagnetic response of the particles and

their orientation with respect to the electric field polarization of incoming

radiation. In certain orientations, there are plasmonic and Fano resonances

of these particles, which highlights the importance of this study. It is

interesting to note that the presence and spectral position of plasmonic

and Fano peaks can be adjusted depending on the orientation and size

of the spheroidal particles. Notably, LSPR peaks are evident when

the short axis of the thin CuSbS2 spheroid is parallel to the electric
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field polarization. An important relationship was found between Fano

resonance and particle orientation and geometry. According to our results,

particle orientation within the layer can significantly affect the onset

of absorbance and transmittance of these layers in the sub-micrometer

range. This high degree of tunability motivates experimental exploration

into layers with oriented anisotropic CuSbS2 nanoparticles at low volume

fraction. The decay of absorption and the onset of transmittance occur

rapidly for the small nanoparticles, whereas reflectance remains negligible.

Transmittance is strongly suppressed by increasing particle size and

scattering, and reflectance is consequently increased. Due to their high

tunability, CuSbS2 nanoparticles are promising candidates for solar cells

and sensors in the NIR range. For the layers containing these particles,

the different orientation of particles can have a significant effect on the

layer color.

Our results demonstrated that particle shape is a key component to

change the optical properties. Adding anisotropy to the particles further

extends their optical properties. Our objective was to understand the

general features of the anisotropic shape. To this end, we took into

account an oblate spheroid. We presented the results based on numerical

simulations to understand the primary characteristics of the oblate

spheroid. In terms of electromagnetic response, these particles have a

wide range of differences due to their shape and orientation.

Future studies should generalize the anisotropic shape from single-layer

core@shell to multi-layer, onion-like, core@shell or spheroidal to rod to

obtain a new perspective on electromagnetic responses. Research on

multi-layers containing these nanoparticles would be an interesting future

direction in the study of electromagnetic response of layers.
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L. Rozema, and P. Walther, “Quantum computing with graphene plasmons,”
npj Quantum Inf., vol. 5, no. 1, pp. 1–7, 2019.

[31] R. H. Ritchie, “Plasma losses by fast electrons in thin films,” Phys. Rev.,
vol. 106, no. 5, p. 874, 1957.

[32] Y. Xia and N. J. Halas, “Shape-controlled synthesis and surface plasmonic
properties of metallic nanostructures,” MRS Bull., vol. 30, no. 5, pp. 338–
348, 2005.

[33] L. Zhang, F. Gu, J. Chan, A. Wang, R. Langer, and O. Farokhzad,
“Nanoparticles in medicine: therapeutic applications and developments,”
Clin. Pharmacol. Ther., vol. 83, no. 5, pp. 761–769, 2008.

[34] X.-J. Liang, C. Chen, Y. Zhao, and P. C. Wang, “Circumventing tumor
resistance to chemotherapy by nanotechnology,” in Multi-drug resistance in
cancer, pp. 467–488, Springer, 2010.

[35] F. ud Din, W. Aman, I. Ullah, O. S. Qureshi, O. Mustapha, S. Shafique,
and A. Zeb, “Effective use of nanocarriers as drug delivery systems for the
treatment of selected tumors,” Int. J. Nanomed., vol. 12, p. 7291, 2017.

[36] E. Y. Lukianova-Hleb, X. Ren, J. A. Zasadzinski, X. Wu, and D. O. Lapotko,
“Plasmonic nanobubbles enhance efficacy and selectivity of chemotherapy
against drug-resistant cancer cells,” Adv. Mater., vol. 24, no. 28, pp. 3831–
3837, 2012.

[37] U. Kreibig and M. Vollmer, Optical Properties of Metal Clusters, vol. 25.
Springer Science & Business Media, 2013.

[38] M. A. Lampert, “Volume-controlled current injection in insulators,” Rep.
Prog. Phys., vol. 27, no. 1, p. 329, 1964.

[39] C. F. Bohren and D. R. Huffman, Absorption and Scattering of Light by
Small Particles. John Wiley & Sons, 2008.

[40] M. Ershov, H. Liu, L. Li, M. Buchanan, Z. Wasilewski, and A. K.
Jonscher, “Negative capacitance effect in semiconductor devices,” IEEE
Trans. Electron Devices, vol. 45, no. 10, pp. 2196–2206, 1998.

[41] P. D. Cunningham, J. B. Souza Jr, I. Fedin, C. She, B. Lee, and
D. V. Talapin, “Assessment of anisotropic semiconductor nanorod and
nanoplatelet heterostructures with polarized emission for liquid crystal
display technology,” ACS Nano, vol. 10, no. 6, pp. 5769–5781, 2016.

[42] J. Zolper, “Wide bandgap semiconductor microwave technologies: From
promise to practice,” in International Electron Devices Meeting 1999.
Technical Digest (Cat. No. 99CH36318), pp. 389–392, IEEE, 1999.

[43] G. V. Naik and A. Boltasseva, “Semiconductors for plasmonics and
metamaterials,” Phys. Status Solidi RRL, vol. 4, no. 10, pp. 295–297, 2010.

79



References

[44] C. F. Klingshirn, Semiconductor Optics. Springer Science & Business Media,
2012.

[45] T. Taliercio and P. Biagioni, “Semiconductor infrared plasmonics,”
Nanophotonics, vol. 8, no. 6, pp. 949–990, 2019.

[46] R. Paniagua-Domínguez, F. López-Tejeira, R. Marqués, and J. A. Sánchez-
Gil, “Metallo-dielectric core–shell nanospheres as building blocks for optical
three-dimensional isotropic negative-index metamaterials,” New J. Phys.,
vol. 13, no. 12, p. 123017, 2011.

[47] R. J. Mendelsberg, G. Garcia, H. Li, L. Manna, and D. J. Milliron,
“Understanding the plasmon resonance in ensembles of degenerately doped
semiconductor nanocrystals,” J. Phys. Chem. C, vol. 116, no. 22, pp. 12226–
12231, 2012.

[48] F. Cerdeira and M. Cardona, “Effect of carrier concentration on the raman
frequencies of Si and Ge,” Phys. Rev. B, vol. 5, no. 4, p. 1440, 1972.

[49] G. V. Naik, V. M. Shalaev, and A. Boltasseva, “Alternative plasmonic
materials: Beyond gold and silver,” Adv. Mater., vol. 25, no. 24, pp. 3264–
3294, 2013.

[50] H. Ehrenreich and H. Philipp, “Optical properties of Ag and Cu,” Phys. Rev.,
vol. 128, no. 4, p. 1622, 1962.

[51] S. Lal, S. Link, and N. J. Halas, “Nano-optics from sensing to waveguiding,”
Nat. Photonics, vol. 1, p. 641–648, 2007.

[52] P. B. Johnson and R.-W. Christy, “Optical constants of the noble metals,”
Phys. Rev. B, vol. 6, no. 12, p. 4370, 1972.

[53] V. P. Drachev, U. K. Chettiar, A. V. Kildishev, H.-K. Yuan, W. Cai, and
V. M. Shalaev, “The Ag dielectric function in plasmonic metamaterials,” Opt.
Express, vol. 16, no. 2, pp. 1186–1195, 2008.

[54] M. Rahimi Azghadi, Y.-C. Chen, J. K. Eshraghian, J. Chen, C.-Y. Lin,
A. Amirsoleimani, A. Mehonic, A. J. Kenyon, B. Fowler, J. C. Lee, et al.,
“Complementary metal-oxide semiconductor and memristive hardware for
neuromorphic computing,” Adv. Intell. Syst., vol. 2, no. 5, p. 1900189, 2020.

[55] A. Boltasseva and H. A. Atwater, “Low-loss plasmonic metamaterials,”
Science, vol. 331, no. 6015, pp. 290–291, 2011.

[56] P. Yang, J. Zheng, Y. Xu, Q. Zhang, and L. Jiang, “Colloidal synthesis and
applications of plasmonic metal nanoparticles,” Adv. Mater., vol. 28, no. 47,
pp. 10508–10517, 2016.

[57] L. Lu, A. Kobayashi, K. Tawa, and Y. Ozaki, “Silver nanoplates with
special shapes: Controlled synthesis and their surface plasmon resonance
and surface-enhanced raman scattering properties,” Chem. Mater., vol. 18,
no. 20, pp. 4894–4901, 2006.

[58] J. Chen, S. Shi, R. Su, W. Qi, R. Huang, M. Wang, L. Wang, and Z. He,
“Optimization and application of reflective LSPR optical fiber biosensors
based on silver nanoparticles,” Sensors, vol. 15, no. 6, pp. 12205–12217,
2015.

80



References

[59] K. Aslan, M. Wu, J. R. Lakowicz, and C. D. Geddes, “Fluorescent core-
shell Ag@SiO2 nanocomposites for metal-enhanced fluorescence and single
nanoparticle sensing platforms,” J. Am. Chem. Soc., vol. 129, no. 6, pp. 1524–
1525, 2007.

[60] J. C. Maxwell, “VIII. A dynamical theory of the electromagnetic field,” Philos.
Trans. R. Soc., no. 155, pp. 459–512, 1865.

[61] C. A. Balanis, Advanced Eengineering Electromagnetics. John Wiley & Sons,
2012.

[62] J. C. Maxwell, A Dynamical Theory of the Electromagnetic Field. Wipf and
Stock Publishers, 1996.

[63] G. Sutton and A. Sherman, Engineering Magnetohydrodynamis, vol. 33.
1965.

[64] W. N. Cottingham, D. A. Greenwood, and D. Greenwood, Electricity and
Magnetism. Cambridge University Press, 1991.

[65] S. A. Maier, Plasmonics: Fundamentals and Applications. Springer Science
& Business Media, 2007.

[66] V. Olevano and L. Reining, “Excitonic effects on the silicon plasmon
resonance,” Phys. Rev. Lett., vol. 86, no. 26, p. 5962, 2001.

[67] D. Müller, B. Weinzierl, A. Petzold, K. Kandler, A. Ansmann, T. Müller,
M. Tesche, V. Freudenthaler, M. Esselborn, B. Heese, et al., “Mineral dust
observed with aeronet sun photometer, raman lidar, and in situ instruments
during samum 2006: Shape-independent particle properties,” J. Geophys.
Res. Atmos., vol. 115, no. D7, 2010.

[68] E. D. Palik, Handbook of Optical Constants of Solids, vol. 3. Academic
press, 1998.

[69] P.-O. Nilsson, “Determination of optical constants from intensity
measurements at normal incidence,” Appl. Opt., vol. 7, no. 3, pp. 435–442,
1968.

[70] F. Bridou, M. Cuniot-Ponsard, J.-M. Desvignes, M. Richter, U. Kroth, and
A. Gottwald, “Experimental determination of optical constants of MgF2

and AlF3 thin films in the vacuum ultra-violet wavelength region (60–124
nm), and its application to optical designs,” Opt. Commun., vol. 283, no. 7,
pp. 1351–1358, 2010.

[71] F. Kootstra, P. De Boeij, and J. Snijders, “Application of time-dependent
density-functional theory to the dielectric function of various nonmetallic
crystals,” Phys. Rev. B, vol. 62, no. 11, p. 7071, 2000.

[72] J. Zhou, G.-Q. Bian, Q.-Y. Zhu, Y. Zhang, C.-Y. Li, and J. Dai, “Solvothermal
crystal growth of CuSbQ2(Q= S, Se) and the correlation between
macroscopic morphology and microscopic structure,” J. Solid State Chem.,
vol. 182, no. 2, pp. 259–264, 2009.

[73] J. B. Pollack and J. N. Cuzzi, “Scattering by nonspherical particles of
size comparable to a wavelength: A new semi-empirical theory and its
application to tropospheric aerosols,” J. Atmos. Sci., vol. 37, no. 4, pp. 868–
881, 1980.

81



References

[74] E. J. McCartney, “Optics of the atmosphere: scattering by molecules and
particles,” New York, 1976.

[75] O. Boucher, “Atmospheric aerosols,” in Atmospheric Aerosols, pp. 9–24,
Springer, 2015.

[76] D. Hegg, R. Majeed, P. Yuen, M. Baker, and T. Larson, “The impacts of SO2

oxidation in cloud drops and in haze particles on aerosol light scattering
and CCN activity,” Geophys. Res. Lett., vol. 23, no. 19, pp. 2613–2616, 1996.

[77] M. A. Santiago-Cordoba, M. Cetinkaya, S. V. Boriskina, F. Vollmer, and
M. C. Demirel, “Ultrasensitive detection of a protein by optical trapping in
a photonic-plasmonic microcavity,” J. Biophotonics, vol. 5, no. 8-9, pp. 629–
638, 2012.

[78] M. C. A. Griffin and W. G. Griffin, “A simple turbidimetric method for the
determination of the refractive index of large colloidal particles applied to
casein micelles,” J. Colloid Interface Sci., vol. 104, no. 2, pp. 409–415, 1985.

[79] Q. Fu, “An accurate parameterization of the solar radiative properties of
cirrus clouds for climate models,” J. Clim., vol. 9, no. 9, pp. 2058–2082,
1996.

[80] Y. Takano, K. Liou, and P. Minnis, “The effects of small ice crystals on cirrus
infrared radiative properties,” J. Atmos. Sci., vol. 49, no. 16, pp. 1487–1493,
1992.

[81] P. Yang and K. Liou, “Geometric-optics–integral-equation method for light
scattering by nonspherical ice crystals,” Appl. Opt., vol. 35, no. 33, pp. 6568–
6584, 1996.

[82] A. Macke, J. Mueller, and E. Raschke, “Single scattering properties of
atmospheric ice crystals,” J. Atmos. Sci., vol. 53, no. 19, pp. 2813–2825,
1996.

[83] N. Tran, “Numerical method for solving electromagnetic wave scattering
by one and many small perfectly conducting bodies,” arXiv preprint
arXiv:1602.04684, 2016.

[84] R. F. Harrington, Field Computation by Moment Methods. Wiley-IEEE
Press, 1993.

[85] A. E. Ruehli, “Equivalent circuit models for three-dimensional
multiconductor systems,” IEEE Trans. Microw. Theory Techn., vol. 22, no. 3,
pp. 216–221, 1974.

[86] H. DeVoe, “Optical properties of molecular aggregates. I. Classical model of
electronic absorption and refraction,” J. Chem. Phys., vol. 41, no. 2, pp. 393–
400, 1964.

[87] L. Greengard and V. Rokhlin, “A fast algorithm for particle simulations,” J.
Comput. Phys., vol. 135, no. 2, pp. 280–292, 1997.

[88] N. Engheta, W. D. Murphy, V. Rokhlin, and M. S. Vassiliou, “The fast
multipole method (FMM) for electromagnetic scattering problems,” IEEE
Trans. Antennas Propag., vol. 40, no. 6, pp. 634–641, 1992.

82



References

[89] K. Yee, “Numerical solution of initial boundary value problems involving
maxwell’s equations in isotropic media,” IEEE Trans. Antennas Propag.,
vol. 14, no. 3, pp. 302–307, 1966.

[90] O. C. Zienkiewicz, R. L. Taylor, and J. Z. Zhu, The Finite Element Method:
Its Basis and Fundamentals. Elsevier, 2005.

[91] M. Clemens and T. Weiland, “Discrete electromagnetism with the finite
integration technique,” Prog. Electromagn. Res., vol. 32, pp. 65–87, 2001.

[92] Q. H. Liu, “The pstd algorithm: A time-domain method requiring only two
cells per wavelength,” Microw. Opt. Technol. Lett., vol. 15, no. 3, pp. 158–165,
1997.

[93] J. Tyrrell, P. Kinsler, and G. New, “Pseudospectral spatial-domain: A
new method for nonlinear pulse propagation in the few-cycle regime with
arbitrary dispersion,” J. Mod. Opt., vol. 52, no. 7, pp. 973–986, 2005.

[94] W. J. Hoefer, “The transmission-line matrix method-theory and
applications,” IEEE Trans. Microw. Theory Techn., vol. 33, no. 10, pp. 882–
893, 1985.

[95] A. Sakko, T. P. Rossi, and R. M. Nieminen, “Dynamical coupling of plasmons
and molecular excitations by hybrid quantum/classical calculations: Time-
domain approach,” J. Condens. Matter Phys., vol. 26, no. 31, p. 315013,
2014.

[96] A. Coomar, C. Arntsen, K. A. Lopata, S. Pistinner, and D. Neuhauser,
“Near-field: A finite-difference time-dependent method for simulation of
electrodynamics on small scales,” Chem. Phys., vol. 135, no. 8, p. 084121,
2011.

[97] G. Mie, “Contributions to the optics of turbid media, particularly of colloidal
metal solutions,” Ann. Phys., vol. 25, no. 3, pp. 377–445, 1976.

[98] A. L. Aden and M. Kerker, “Scattering of electromagnetic waves from two
concentric spheres,” J. Appl. Phys., vol. 22, no. 10, pp. 1242–1246, 1951.

[99] J. Sinzig and M. Quinten, “Scattering and absorption by spherical
multilayer particles,” Appl. Phys. A, vol. 58, no. 2, pp. 157–162, 1994.

[100] T.-K. Wu and L. L. Tsai, “Scattering from arbitrarily-shaped lossy dielectric
bodies of revolution,” Radio Sci., vol. 12, no. 5, pp. 709–718, 1977.

[101] G. Mie, “Beiträge zur optik trüber medien, speziell kolloidaler
metallösungen,” Ann. Phys., vol. 330, no. 3, pp. 377–445, 1908.

[102] L. Lorenz Det Kongelige Danske Videnskabernes Selskabs Skrifter 6. Raekke,
6. Bind 1, vol. 1, pp. 1–62, 1890.

[103] W. Mundy, J. Roux, and A. Smith, “Mie scattering by spheres in an absorbing
medium,” J. Opt. Soc. Am., vol. 64, no. 12, pp. 1593–1597, 1974.

[104] H. C. van de Hulst, Light Scattering by Small Particles. Courier
Corporation, 1981.

83



References

[105] W.-w. Zhan, Q. Kuang, J.-z. Zhou, X.-j. Kong, Z.-x. Xie, and L.-s. Zheng,
“Semiconductor@ metal–organic framework core–shell heterostructures: A
case of ZnO@ZIF-8 nanorods with selective photoelectrochemical response,”
J. Am. Chem. Soc., vol. 135, no. 5, pp. 1926–1933, 2013.

[106] M.-E. Pistol and C. Pryor, “Band structure of core-shell semiconductor
nanowires,” Phys. Rev. B, vol. 78, no. 11, p. 115319, 2008.

[107] G. Oldfield, T. Ung, and P. Mulvaney, “Au@SnO2 core–shell nanocapacitors,”
Adv. Mater., vol. 12, no. 20, pp. 1519–1522, 2000.

[108] D. C. Tzarouchis, Resonant Scattering Particles-Morphological
characteristics of plasmonic and dielectric resonances on spherical
and polyhedral inclusions. PhD thesis, School of Electrical Engineering,
Aalto University, 2019.

[109] P. Ylä-Oijala, B. Kong, and S. Järvenpää, “Modeling of resonating closed
impedance bodies with surface integral equation methods,” IEEE Trans.
Antennas Propag., vol. 67, no. 1, pp. 361–368, 2018.

[110] M. Faraday, “The bakerian lecture: Experimental relations of gold (and
other metals) to light,” Philos. Trans. R. Soc., no. 147, pp. 145–181, 1857.

[111] H. Fröhlich and H. Pelzer, “Plasma oscillations and energy loss of charged
particles in solids,” Proc. Phys. Soc. A, vol. 68, no. 6, p. 525, 1955.

[112] D. Pines, “Collective energy losses in solids,” Rev. Mod. Phys., vol. 28, no. 3,
p. 184, 1956.

[113] P. Nozieres and D. Pines, “Electron interaction in solids. General
formulation,” Phys. Rev., vol. 109, no. 3, p. 741, 1958.

[114] D. Bohm and D. Pines, “A collective description of electron interactions. I.
Magnetic interactions,” Phys. Rev., vol. 82, no. 5, p. 625, 1951.

[115] D. Pines and D. Bohm, “A collective description of electron interactions:
II. Collective vs individual particle aspects of the interactions,” Phys. Rev.,
vol. 85, no. 2, p. 338, 1952.

[116] S. Elliott, The Physics and Chemistry of Solids. Wiley, 1998.

[117] H. J. Levinson and E. Plummer, “The surface photoeffect,” Phys. Rev. B,
vol. 24, no. 2, p. 628, 1981.

[118] O. Heinonen and W. Kohn, “Surface effects on bulk plasmons,” Phys. Rev. B,
vol. 48, no. 16, p. 12240, 1993.

[119] D. Pines, Elementary Excitations in Solids Lectures on Protons, Electrons,
and Plasmons. CRC Press, 2018.

[120] C. Yeh, “Reflection and transmission of electromagnetic waves by a moving
plasma medium,” J. Appl. Phys., vol. 37, no. 8, pp. 3079–3082, 1966.

[121] C. Kittel et al., Introduction to Solid State Physics, vol. 8. Wiley New York,
1976.

[122] M. Dressel and G. Grüner, Electrodynamics of Solids: Optical Properties of
Electrons in Matter. American Association of Physics Teachers, 2002.

84



References

[123] J. M. McMahon, G. C. Schatz, and S. K. Gray, “Plasmonics in the ultraviolet
with the poor metals Al, Ga, In, Sn, Tl, Pb, and Bi,” Phys. Chem. Chem.
Phys., vol. 15, no. 15, pp. 5415–5423, 2013.

[124] K. L. Kelly, E. Coronado, L. L. Zhao, and G. C. Schatz, “The optical
properties of metal nanoparticles: the influence of size, shape, and dielectric
environment,” J. Phys. Chem. B, vol. 107, no. 3, pp. 668–677, 2003.

[125] K. M. Mayer and J. H. Hafner, “Localized surface plasmon resonance
sensors,” Chem. Rev., vol. 111, no. 6, pp. 3828–3857, 2011.

[126] U. Fano, “Effects of configuration interaction on intensities and phase shifts,”
Phys. Rev., vol. 124, no. 6, p. 1866, 1961.

[127] B. Luk’yanchuk, N. I. Zheludev, S. A. Maier, N. J. Halas, P. Nordlander,
H. Giessen, and C. T. Chong, “The Fano resonance in plasmonic
nanostructures and metamaterials,” Nat. Mater., vol. 9, no. 9, pp. 707–
715, 2010.

[128] E. Prodan, C. Radloff, N. J. Halas, and P. Nordlander, “A hybridization model
for the plasmon response of complex nanostructures,” Science, vol. 302,
no. 5644, pp. 419–422, 2003.

[129] U. K. Chettiar and N. Engheta, “Internal homogenization: Effective
permittivity of a coated sphere,” Opt. Express, vol. 20, no. 21, pp. 22976–
22986, 2012.

[130] S. C. Mishra, P. Chugh, P. Kumar, and K. Mitra, “Development and
comparison of the DTM, the DOM and the FVM formulations for the short-
pulse laser transport through a participating medium,” Int. J. Heat Mass
Transf., vol. 49, no. 11-12, pp. 1820–1832, 2006.

[131] N. Melamed, “Optical properties of powders. Part I. Optical absorption
coefficients and the absolute value of the diffuse reflectance. Part II.
Properties of luminescent powders,” J. Appl. Phys., vol. 34, no. 3, pp. 560–
570, 1963.

[132] E. Simmons, “Diffuse reflectance spectroscopy: a comparison of the theories,”
Appl. Opt., vol. 14, no. 6, pp. 1380–1386, 1975.

[133] P. Kubelka, “New contributions to the optics of intensely light-scattering
materials. Part I,” J. Opt. Soc. Am., vol. 38, no. 5, pp. 448–457, 1948.

[134] L. Wang, S. L. Jacques, and L. Zheng, “MCML-Monte Carlo modeling of light
transport in multi-layered tissues,” Comput Methods Programs Biomed.,
vol. 47, no. 2, pp. 131–146, 1995.

[135] G. A. Niklasson, “Comparison between four flux theory and multiple
scattering theory,” Appl. Opt., vol. 26, no. 19, pp. 4034–4036, 1987.

[136] W. E. Vargas and G. A. Niklasson, “Applicability conditions of the Kubelka–
Munk theory,” Appl. Opt., vol. 36, no. 22, pp. 5580–5586, 1997.

[137] J. Tang, V. Thakore, and T. Ala-Nissila, “Plasmonically enhanced reflectance
of heat radiation from low-bandgap semiconductor microinclusions,” Sci.
Rep., vol. 7, p. 5696, 2017.

85



References

[138] V. A. Markel, “Introduction to the Maxwell Garnett approximation:
Tutorial,” J. Opt. Soc. Am. A, vol. 33, no. 7, pp. 1244–1256, 2016.

[139] A. H. Sihvola, Electromagnetic Mixing Formulas and Applications. No. 47,
London: The Institution of Electrical Engineers, 1999.

[140] D. D. Chung and D. D. Chung, Composite Materials: Functional Materials
for Modern Technologies. Springer Science & Business Media, 2003.

[141] P. X. Ma, “Biomimetic materials for tissue engineering,” Adv. Drug Deliv.
Rev., vol. 60, no. 2, pp. 184–198, 2008.

[142] I. Bishay, S. Abd-El-Messieh, and S. Mansour, “Electrical, mechanical and
thermal properties of polyvinyl chloride composites filled with aluminum
powder,” Mater. Des., vol. 32, no. 1, pp. 62–68, 2011.

[143] X. Chou, Z. Zhao, W. Zhang, and J. Zhai, “Microstructures and dielectric
properties of Ba0.5Sr0.5TiO3–Zn2TiO4 composite ceramics with low sintering
temperature for tunable device applications,” Mater. Des., vol. 31, no. 8,
pp. 3703–3707, 2010.

[144] R. Ghosh Chaudhuri and S. Paria, “Core/shell nanoparticles: Classes,
properties, synthesis mechanisms, characterization, and applications,”
Chem. Rev., vol. 112, no. 4, pp. 2373–2433, 2012.

[145] F. Caruso, “Nanoengineering of particle surfaces,” Adv. Mater., vol. 13, no. 1,
pp. 11–22, 2001.

[146] J. Liu, S. Z. Qiao, Q. H. Hu, and G. Q. Lu, “Magnetic nanocomposites with
mesoporous structures: Synthesis and applications,” small, vol. 7, no. 4,
pp. 425–443, 2011.

[147] A. Guerrero-Martínez, J. Pérez-Juste, and L. M. Liz-Marzán, “Recent
progress on silica coating of nanoparticles and related nanomaterials,”
Adv. Mater., vol. 22, no. 11, pp. 1182–1195, 2010.

[148] W. Li and D. Zhao, Extension of the Stöber Method to Construct Mesoporous
SiO2 and TiO2 Shells for Uniform Multifunctional Core–Shell Structures.
Wiley Online Library, 2013.

[149] F. W. de Souza Lucas, H. Peng, S. Johnston, P. C. Dippo, S. Lany, L. H.
Mascaro, and A. Zakutayev, “Characterization of defects in copper antimony
disulfide,” J. Mater. Chem. A, vol. 5, no. 41, pp. 21986–21993, 2017.

[150] B. Yang, L. Wang, J. Han, Y. Zhou, H. Song, S. Chen, J. Zhong, L. Lv, D. Niu,
and J. Tang, “CuSbS2 as a promising earth-abundant photovoltaic absorber
material: a combined theoretical and experimental study,” Chem. Mater.,
vol. 26, no. 10, pp. 3135–3143, 2014.

[151] J. Bincy, G. G. Silvena, and A. L. Rajesh, “Temperature dependent
solvothermal synthesis of Cu-Sb-S nanoparticles with tunable structural
and optical properties,” Mater. Res. Bull., vol. 95, pp. 267–276, 2017.

[152] L. Wan, C. Ma, K. Hu, R. Zhou, X. Mao, S. Pan, L. H. Wong, and J. Xu, “Two-
stage co-evaporated CuSbS2 thin films for solar cells,” J. Alloys Compd.,
vol. 680, pp. 182–190, 2016.

86



References

[153] C. Yan, Z. Su, E. Gu, T. Cao, J. Yang, J. Liu, F. Liu, Y. Lai, J. Li, and Y. Liu,
“Solution-based synthesis of chalcostibite (CuSbS2) nanobricks for solar
energy conversion,” RSC Adv., vol. 2, no. 28, pp. 10481–10484, 2012.

[154] S. Moosakhani, A. A. S. Alvani, R. Mohammadpour, P.-M. Hannula, Y. Ge,
and S.-P. Hannula, “Platelet CuSbS2 particles with a suitable conduction
band position for solar cell applications,” Mater. Lett., vol. 215, pp. 157–160,
2018.

[155] K. M. Conley, C. Cocchi, and T. Ala-Nissila, “Formation of near-IR excitons
in low dimensional CuSbS2,” J. Phys. Chem. C, vol. 125, no. 38, pp. 21087–
21092, 2021.

[156] J. Volakis and K. Sertel, Integral Equation Methods for Electromagnetics.
SciTech Publishing, 2012.

[157] P. Ylä-Oijala, J. Markkanen, S. Järvenpää, and S. Kiminki, “Surface and
volume integral equation methods for time-harmonic solutions of Maxwell’s
equations,” Progr. Electromagn. Research, vol. 149, pp. 15–44, 2014.

[158] P. Ylä-Oijala and S. Järvenpää, New Trends in Frequency Domain Surface
Integral Equations; in New Trends in Computational Electromagnetics,
Edited by Ö. Ergül. London: SciTech Publishing, 2019.

[159] N. Zhang, S. Liu, and Y.-J. Xu, “Recent progress on metal core@
semiconductor shell nanocomposites as a promising type of photocatalyst,”
Nanoscale, vol. 4, no. 7, pp. 2227–2238, 2012.

[160] M. Kerker, D.-S. Wang, and C. Giles, “Electromagnetic scattering by
magnetic spheres,” J. Opt. Soc. Am. A, vol. 73, no. 6, pp. 765–767, 1983.

[161] X. Zambrana-Puyalto, I. Fernandez-Corbaton, M. L. Juan, X. Vidal, and
G. Molina-Terriza, “Duality symmetry and Kerker conditions,” Opt. Lett.,
vol. 38, no. 11, p. 1857, 2013.

[162] T. Shibanuma, P. Albella, and S. A. Maier, “Unidirectional light scattering
with high efficiency at optical frequencies based on low-loss dielectric
nanoantennas,” Nanoscale, vol. 8, no. 29, pp. 14184–14192, 2016.

[163] B. Luk’yanchuk, R. Paniagua-Domínguez, A. I. Kuznetsov, A. E.
Miroshnichenko, and Y. S. Kivshar, “Suppression of scattering for small
dielectric particles: anapole mode and invisibility,” Phil. Transact. Roy. Soc.
A, vol. 375, p. 20160069, mar 2017.

[164] W. Liu, J. Zhang, B. Lei, H. Ma, W. Xie, and H. Hu, “Ultra-directional
forward scattering by individual core-shell nanoparticles,” Opt. Express,
vol. 22, no. 13, pp. 16178–16187, 2014.

[165] B. García-Cámara, R. Gómez-Medina, J. J. Sáenz, and B. Sepúlveda,
“Sensing with magnetic dipolar resonances in semiconductor nanospheres,”
Opt. Express, vol. 21, no. 20, pp. 23007–23020, 2013.

[166] B. G. Streetman and S. Banerjee, Solid State Electronic Devices. Prentice-
Hall of India, 2001.

[167] D. L. Wood and K. Nassau, “Refractive index of cubic zirconia stabilized
with yttria,” Appl. Opt., vol. 21, no. 16, pp. 2978–2981, 1982.

87



References

[168] K. M. Conley, V. Thakore, F. Seyedheydari, M. Karttunen, and T. Ala-Nissila,
“Directing near-infrared photon transport with core-shell particles,” AIP
Adv., vol. 10, no. 9, p. 095128, 2020.

[169] F. Tam, C. Moran, and N. Halas, “Geometrical parameters controlling
sensitivity of nanoshell plasmon resonances to changes in dielectric
environment,” J. Phys. Chem. B, vol. 108, no. 45, pp. 17290–17294, 2004.

[170] S. Westcott, J. Jackson, C. Radloff, and N. Halas, “Relative contributions to
the plasmon line shape of metal nanoshells,” Phys. Rev. B, vol. 66, no. 15,
p. 155431, 2002.
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