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Abstract

Manipulating electromagnetic waves through controlled wave-matter interactions has driven
advances in fields such as sensing and lensing. This thesis investigates three key mechanisms.
First, photonic hooks (bent light beams) are generated by optimising diffraction and scattering
through two dielectric cuboids. Various configurations of the dielectrics, including differing
refractive indexes and geometries, are studied and analysed, showing excellent numerical and
theoretical agreement. Second, surface plasmon polariton-based lenses with meniscus-like
profiles are designed using an adapted lens maker equation for dielectric-metal configura-
tions. These lenses exhibit significant improvements in power enhancement and focal spot
resolution, with further studies demonstrating robust broadband response and resilience to
fabrication errors. Finally, localised surface plasmons are exploited using complementary
metal-dielectric nanostructures designed based on the Babinet principle. Validated with
electron energy loss spectroscopy (EELS), these plasmonic structures are employed for
dielectric sensing, revealing high sensitivities (up to ~650 nm/RIU) in various configurations,
including thin films and small particles. In summary, this work presents innovative methods
for controlling wave-matter interactions using plasmonic and photonic structures, advancing

applications in sensing, lensing, and alternative materials.
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Preface

This thesis represents the culmination of research conducted as part of the EPSRC DTP PhD
scheme (EP/R51309X/1) at Newcastle University. The research explored in this doctoral
thesis was advised, supervised and directed by Dr Victor Pacheco-Pefa from Newcastle Uni-
versity. The scope of this doctoral work spans a wide range of electromagnetic frequencies,
from millimetre waves to optical frequencies, with a primary focus on advancing the control
of electromagnetic waves, particularly within the domain of plasmonics. The following
chapters explain the methodologies, findings, and implications of this research:

Chapter 1 provides a comprehensive overview of traditional and modern methods for
manipulating electromagnetic waves. First, traditional methods of manipulating electromag-
netic waves will be discussed, such as the Babinet principle and the lens maker equation.
Then, by classifying the properties of materials more modern methods will be expanded
upon including a comprehensive exploration of plasmonics emphasising surface plasmon
polaritons and localised surface plasmons.

In Chapter 2, dual-dielectric structures are designed to produce a bent focus. Initially,
the concept of photonic nanojets is introduced. This is then expanded upon to exploit the
interference of two dielectric particles to generate a focus. The scattering and diffraction
properties of the particles are then calculated to design asymmetry in the two particles to
produce curved focal spots. Different configurations are explored with a demonstration of
the experimental viability of the structures.

Chapter 3 explores the use of a traditional technique to design lenses within the realm of
surface plasmon polaritons. First, the effective media of surface plasmon polaritons is shown
to determine the regions where surface plasmon polaritons will propagate and determine
the desired geometries of the plasmonic lenses. The capabilities of plasmonic meniscus
lenses and plasmonic convex-planar lenses are evaluated and contrasted in terms of power
enhancement at the focus and their spatial resolution both along the propagation direction and
transverse to it. The robustness of the plasmonic meniscus lenses is then explored introducing

rotation and potential fabrication errors in the structures.
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Chapter 4 discusses the other emphasis of plasmonics, exploiting complementary resonant
localised surface plasmons to sense variations in a nearby dielectric. First, two complemen-
tary plasmonic nanostructures are designed using cylindrical metallic dimer particles and
cylindrical dimer apertures in a metal film are designed using the Babinet principle. The
complementarity of the structures is demonstrated in terms of the spectral location of the
localised surface plasmon resonant modes and field distribution. These results are then
corroborated using experimental data from collaborators. The complementary plasmonic
structures are then exploited to detect variations of dielectric with various geometries and
refractive index. The effect of different aspects on the properties of the complementary
plasmonic structures is also explored.

Finally, in Chapter 5 the main conclusions established from the thesis are shown and a

list of potential studies to be conducted in the near future is given.



Chapter 1
Introduction

Research aimed at improving the control and manipulation of electromagnetic (EM) waves
has prompted the study of the intrinsic properties of natural materials and ways to bypass and
overcome them in recent decades. Materials possess absolute values of magnetic permeability
(1) and electric permittivity (€) at each frequency, which when compared relative (u,, &)
to free space (Ug, €) can be used to characterise their EM response. Consider common
dielectrics used for microwave to optical frequency applications: they exhibit only an electric
response with little to no magnetic response, so € will only have values greater than one
while u, will be approximately one, making it equivalent to a magnetic field in free space.
Much of the progress in EM-related fields such as photonics and microwaves relies on these
materials, forming the foundation for state-of-the-art structures in use today.

As these EM properties set the confines of possible structures due to the materials
available to us, interest in surpassing these boundaries of EM properties found in nature
has motivated the scientific community to find and explore new methods and media for
manipulating EM waves. In recent decades, one of the ways that have been found to make
this a reality has been through utilising artificial and effective media such as metamaterials
(MTMs), metasurfaces (MTSs), and plasmonics. MTMs and MTSs offer much greater
control over these EM properties, providing the ability to tailor the tt and € of a medium.
This can enable media to exhibit EM responses not easily found in nature, including extreme
values of t and &, such as values approaching zero and even negative. Plasmonics, the study
of EM waves coupled with conduction electrons in metals at optical frequencies, has also
emerged as another field with effective media and subwavelength confinement of EM waves.

The first chapter of this thesis will provide a background and outline the core concepts
of photonics, plasmonics and artificial media to put the thesis in context. This will include
an exploration of classical concepts in optics and phenomena commonly employed within

artificial media. Additionally, the chapter will provide a comprehensive exploration of the
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field of plasmonics, detailing both localised surface plasmons (LSPs) in metallic nanoparticles

and surface plasmon polaritons (SPPs) propagating at metal-dielectric interfaces.

1.1 Controlling EM waves: fundamentals

The conventional approach to controlling and manipulating EM waves relies on natural
materials to guide and shape them [2]. The EM properties of these media are determined
by the atoms, molecules, and interactions, such as molecular vibrations [3], within the
material. These materials interact with external electromagnetic fields, with the extent of this
interaction quantified by the complex values of the absolute permittivity (€) and permeability
(1) of a medium, respectively. A relative value (U, &) for each medium is then derived
by comparing it to free space. An example of this concept can be seen in Fig. 1.1 where a

schematic representation of the atomic structure of a material is shown.

Fig. 1.1 Schematic representation of a natural material which has EM properties defined by
the atomic structure

Materials, such as dielectrics like glass or quartz, are shaped and tailored to fulfil spe-
cific functions. For example, they can be crafted into lenses that can focus light, finding
applications in optical telescopes for star gazing [4, 5], or in microscopes which led to the
observation of bacteria and protists [6], among other applications. Therefore, given the

significant potential in many diverse areas, increasing the understanding of the EM properties
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of materials and improving our ability to control EM waves has been a focal point of intense

research for centuries.

1.1.1 Maxwell equations

Understanding the response of EM waves within natural media serves as the foundation of
many modern communication and information technologies. Since the late 1700s, extensive
work has been conducted to comprehend these EM interactions. These efforts culminated
in the development of a summary set of equations describing the fundamental principles
governing the behaviour of EM waves. The macroscopic Maxwell’s equations have since
become the core of classical EM. This set of equations in their differential form, are shown
here [7]:

JB

VxE+ =0 (1.1)
oD

VxH-~-=] (1.2)
V-B=0 (1.3)
V.-D=p (1.4)

where E and H represent the electric field and magnetic field vectors, respectively, B denotes
the magnetic field density, D is the electric field displacement and p and J are the electric
charge and current densities, respectively. Eq. (1.1), known as the Maxwell-Faraday equation,
states that the existence of a time-varying magnetic field necessitates the coexistence of a
spatially- and time-varying electric field. Eq. (1.2), or the Ampere-Maxwell equation, states
that if an electric current and electric field vary in time, a circulating magnetic field will
be produced. Eq. (1.3), Gauss’ law of magnetism, establishes that a magnetic field does
not diverge at any point, giving the concept that there are no magnetic monopoles. Finally,
Gauss’ law, Eq. (1.4), relates the distribution of the resulting electric field from an electric
charge, diverging from a positive charge while converging on a negative charge.

When an external electric or magnetic field source is introduced and acts on a medium,
then it transforms the medium into a new vector source in the form of polarisation density, P,
and magnetisation M. Polarisation density, shown in Eq. (1.5), expresses the electric dipole

moment per unit volume within a material, while, the magnetisation, shown in Eq. (1.6),
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represents the magnetic dipole moment per unit volume of a material.

P =g x.E (1.5)
M = poxnH (1.6)

where g = 8.854 x 107!2 F/m and g = 47 x 10~7 H/m are the absolute values of the
permittivity and permeability of free space, respectively, and ), and ,, represent the electric
and magnetic susceptibility of a medium, respectively. If the medium is linear [8], as will be
the case of materials used in this thesis, the magnetic and electric susceptibility of a medium
are related to the relative permeability and permittivity by (. = ¥, + 1 and & = .+ 1.
These can then be used to define D and B from Eq. (1.1)—(1.4) as follows [9]:

D =E+P=¢g¢E (1.7)
B=uH+M = pouH (1.8)

with & and u, denoting the respective relative permittivity and permeability of the linear
medium. The values of these EM properties are dependent on several parameters, including
the operational wavelength, considering the dispersive nature of materials [10, 11], and the
orientation of the medium with regards to the incident field [12, 13].

Another important EM property of a medium is the complex refractive index (i7), which
describes the properties of a propagating wave within a medium [14]:

n=n+IiK= /& (1.9)

where 71 is the complex refractive index with the real and the complex component, known
as the extinction coefficient, represented by n and «, respectively. n represents the ratio by
which the phase velocity [15] of an incident EM wave changes compared to propagating in
free space. On the other hand, k describes the spatial decay of the EM wave as it propagates
through the medium. Collectively, these parameters contribute to a thorough comprehension

of the behaviour of EM waves within a specified medium.

1.1.2 Classical concepts

Section 1.1.1 introduces the cornerstones of classical physics that have been exploited to
develop methods to control and manipulate EM waves across a broad spectrum of wave-
lengths, from microwaves [16, 17] and millimetre waves [18, 19] down to optical wavelengths

[20-22]. The following sections will introduce applications of these concepts and principles.
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Snell’s law

Snell’s law, stated by Willebrgrd Snell his 1621 manuscript [23, 24], describes the relationship
between the angle of incident illumination at a boundary of two regions, each with a different

refractive index, to calculate the angle of refraction within the second region [25]:
ny sin(91) :n28il’1(92> (110)

where n; and n, represent the refractive index of two adjoined media, 0; is the incident
angle if an incident EM wave, and 0, is the refraction angle. Consider two regions with a
boundary where they meet; region 1 has a refractive index of n; and region 2 has a refractive
index of ny. A wave propagates through region 1 towards the boundary with an incident
angle 0; compared to the normal of the boundary. Upon crossing the boundary into the
region with a different refractive index, the wave refracts with angle 6,. This is represented
schematically in Fig. 1.2. Snell’s law is fundamental in various fields such as acoustics and
EM, among others. It holds significant importance in designing many different applications
such as acoustic ultrasound [26], optical lenses [25], and optical fibres through achieving

total internal reflection [27].

EEEEEEEEEEEEEEpEEESE

0,

Ny

Fig. 1.2 Schematic representation of Snell’s law of an EM wave propagating from one
medium to another.

Lens maker equation

By applying Snell’s law with the ray tracing principles of geometric optics (explored in detail
in Appendix A) [28, 29], additional equations and formulas can be derived to design refractive
elements for applications in more specialised settings. An example of this application is
in the design and research of lenses to shape EM waves, an area of interest dating back
to ancient times, even with manuscripts detailing burning lens shapes [30, 31]. Refractive
elements, such as lenses, are considered transparent structures that alter the direction of

propagation of an incident EM wave through refraction according to Snell’s law [25]. The
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changes in wave propagation will depend on the shape and EM properties of the refractive
element and the surrounding media.

One way to categorise traditional lenses is based on whether a set of parallel rays, such
as a plane wave, converge or appear to diverge after they have propagated through the lens
[14, 28]. A converging lens causes a set of parallel rays to converge at a point known as a
focus [32], an example shown in Fig. 1.3a. On the contrary, a diverging lens demonstrates the
opposite behaviour, dispersing parallel rays as they traverse the lens, leading to the formation
of a virtual image, with an example shown in Fig. 1.3b [32].

(a) (b)

’7/
~
Focus

—>meem> ~>->——>

‘Virtual’ focus
-7 —>

—> -7 \\A\

() (d) (e) (f) (g) (h)

Fig. 1.3 Ray tracing schematic representations of (a) a double-convex lens and (b) a double-
concave lens. Examples of (c) a convex-planar lens, (d) a positive meniscus lens, (e) a
planar-convex lens, (f) a planar-concave lens, (g) a negative meniscus lens and (h) a concave-
planar lens.

The different profiles of the lenses shown in Fig. 1.3 can be designed using methods such
as the equation of a conical section to design lenses with a planar face [18]. However, one of
the most versatile and straightforward approaches to lens design, employed since the 1600s
[30] is the lens maker equation. This equation is schematically represented in Fig. 1.4a and

mathematically defined as follows:

I 1 1 (p—1)d
m—<¢—1>(a—£+—Re<H2>R1R2> (11D
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where EF L denotes the effective focal length, ¢ = % represents the ratio between the n of
the lens (n,) and the surrounding medium (1), R; and R, denote the radii of curvature of the
input and output surfaces of the lens, respectively, and d stands for the thickness of the lens
along the direction of propagation at the middle of the lens. Simplified versions of the lens
maker equation exist when criteria are met. If the lens is in free space ny = 1 then ¢ =n»
and for cases where ¢t < |Ry|,|Rz],|R] — R>

term 51(51;1]16); — 0. The derivation of this equation is shown in Appendix A.

;and the lenses can be considered as thin, the

Incident plane wave

15 20 25 30
Ri(24y

Fig. 1.4 (a) Schematic representation of the lens maker equation, where R| and R; represent
the radii of curvature of the input (left) and output (right) surfaces of the lens, respectively, d
is the thickness at the middle of the lens, and EFL is the effective focal length. (b) Value
of R, from the lens maker equation considering A9 = 1.55um, ny =1, np, =2, d = 1 um,
and EFL = 2. Insets are included showing the three lens types, double-convex (blue),
convex-planar (black) and positive meniscus (red) when n; is varied.

The lens maker equation facilitates the creation of both converging (EFL > (), shown
in Fig. 1.3a,c-d, and diverging lenses (EFL < 0), shown in Fig. 1.3b,f-h, by determining
the sign convention of the radii of curvature (R) of the input (R) and output faces (R,). If
R > 0, the centre of the curvature is on the same side as the incident EM wave, whereas
R < 0 indicates the opposite. To design a converging lens, Ry > 0, and then the radius of the
output face will determine the type of converging lens. If Ry < 0, double convex is produced,
shown in Fig. 1.3a; if Ry — |eo|, then a convex planar lens is produced, shown in Fig. 1.3c,
and if R, > 0 then a positive meniscus is obtained, shown in Fig. 1.3b. Diverging lenses can
be designed when R < 0, and then if R, > 0 is a double concave lens, shown in Fig. 1.3d,
R, — |oo| then a concave planar lens is produced, shown in Fig. 1.3f, and R, < 0 is a negative

meniscus lens shown in Fig. 1.3e.
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In a scenario for a converging lens with ny =1, n, =2, d = 1 um, and EFL = 2, the
effect of R; on R; can be observed in Fig. 1.4b. Three regions are observed for these parame-
ters: when R < 1.95, R, will be positive (red) with similar magnitude as R, producing a
positive meniscus lens; if R g 2.05, will be negative (blue) with a similar magnitude as Ry,
resulting in a double convex lens. Finally, if R is between these values, Ry > R, and the
profile will be a convex planar lens. Although the lens maker equation has been exploited
in different frequency regimes, such as meniscus lenses in the microwave regime [33] and
optical frequencies for telescopes, it has not yet been explored in the realm of plasmonics. In
this thesis, the lens maker equation will be adapted for SPPs to engineer plasmonic meniscus

lenses [34] capable of producing a sub-wavelength focus.

Babinet’s principle

Another concept that has been proven useful for the design of EM structures is Babinet’s
principle. Originally, Babinet expressed this principle in the context of the Huygens-Fresnel
propagation principle without providing a mathematical proof [35, 36]. Babinet’s principle
was formally formulated for EM using perfect electric and magnetic conductors (PEC and
PMC, respectively) [37].

Free space

Ey Hy
y y
‘ Hz | Fx
X X

Fig. 1.5 Schematic representation of two equivalent antennas due to Babinet’s principle with
(left) an antenna from a perfectly conducting strip and (right) a slot in a perfectly conducting
screen, with an infinitely thin thickness

An example of the principle in EM is shown in Fig. 1.5, where orthogonally polarised,
complementary plane waves are incident on an infinitely thin PEC particle (left), depicted
here as a triangle, and a complementary aperture in an infinitely thin screen of PEC (right)
. Both scenarios in Fig. 1.5 yield the same diffraction pattern. Therefore, solving one of

the cases for either the electric or magnetic fields means the other is solved with minimal
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additional effort. This property significantly facilitates the simplification of complicated
EM problems, enabling the design and evaluation of complex structures with reduced com-
putational requirements. This proves highly beneficial in addressing challenging problems
effectively.

Babinet’s Principle has found applications in many frequency regimes, primarily within
microwaves for antenna design [38], but has also been used for metamaterials and nanopho-
tonics [39]. Recent efforts have been made to verify the validity of the Babinet principle in
plasmonics [40—42]. This has opened the possibility of new ways to exploit plasmonics in
diverse applications, some of which will be explored later in this thesis where complementary

plasmonic structures are used to sense changes of a nearby dielectric [43].

1.2 Metamaterials and effective media — manipulating light

at will

Recently, a new area of research has emerged, focused on developing artificial media,
diverging from the classical concepts explored in the previous section. Artificial media refers
to materials and structures that are designed, tailored and constructed to exhibit EM responses

(permittivity, permeability and refractive index) which are not easily achievable in nature.

Fig. 1.6 Schematic representation of a metamaterial which has EM properties defined by its
sub-wavelength unit cells.
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Winston E. Kock initially conceived the concept of an artificial dielectric in the 1940s
when he designed metal lenses using conducting plates for antenna applications for radio
waves [44]. Then, Veselago postulated in 1968 that a material could exhibit negative refractive
index when both € and p were negative simultaneously (using n = & = y, = —1 = exp(im))
[45]. In natural media (n > 0), the direction of the phase velocity and the power/Poynting
vector are parallel, making it a right-handed material. However, in materials with negative
refractive index (n < 0), the phase velocity is anti-parallel to the Poynting vector and is
classified as a left-handed material. The realisation of a negative refractive index material
was achieved experimentally around the turn of the millennium by artificial media utilising a
wire medium and split-ring resonators (SRRs) [46].

Artificial media with controllable parameters that offer responses rarely found in nature
are given the umbrella term Metamaterials (MTMs). The Greek prefix "meta" meaning
beyond, signifies that these materials have properties beyond anything observed in nature
[47]. MTMs often consist of lattices made up of unit cells that are notably smaller than the
operational wavelength [48-50]. When an EM wave interacts with the MTM, it behaves
as an effectively homogeneous macroscopic material rather than the array it is made of,
producing an effective medium with effective properties such as effective permeability (Lefr)
and permittivity (Eqff).

IJ_ A
ENG (¢ < 0) DPS (e > 0,u > 0)
Plasmas and metals Common isotropic
at optical dielectrics
frequencies n=+,eu>0

Imaginary n
Evanescent waves

zm :
MNZ g

DNG (e<0,u<0) L MNG (u < 0)
n=—/ep<0 z Ferrites

Magnetic plasmas
Evanescent waves

Fig. 1.7 Material classification depending on the relative permittivity and permeability.
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The EM parameters of € and u can be used to classify materials into distinct categories
depending on the sign of the relative parameters [51], shown in Fig. 1.7. These categories
include double-positive (DPS) materials on the top right, negative permeability (MNG) on
the bottom right, double-negative (DNG) on the bottom left, and finally negative permittivity
on the top left (ENG). Additionally, there are interesting sub-classes of materials when the
and/or the € approach zero, resulting in permeability-near-zero (MNZ), permittivity-near-
zero (ENZ), or refractive index near-zero/zero-index materials (NNZ/ZIM). Each of these
classifications has its special properties which will be explored in the next sections.

1.2.1 Double Positive/Negative

DPS materials, located in the top right corner of Fig. 1.7 possess real values of absolute
€, U that are greater than zero. Therefore, according to Eq. (1.9), they will have a positive
refractive index that is often greater than the refractive index of free space (i.e. n > 1).
This quadrant describes the majority of materials observed in nature, such as dielectrics at
optical frequencies like glass, as discussed previously in Section 1.1.1. As stated earlier these
materials will be right-handed.

On the contrary, DNG materials have values of €, u that are less than zero, resulting
in a negative refractive index, as intially predicted by Veselago. This property makes the
phase velocity anti-parallel to the Poynting vector, classifying it as a left-handed material, as
mentioned before [45, 52]. Since its discovery, this concept has been exploited in several
ways including the production of antennas [53] and the development of so-called perfect

lenses, only limited by losses [54].

1.2.2 Single Negative (SNG) Materials

The top left and bottom right of Fig. 1.7 represent the cases where the materials are ENG
and MNG, respectively. MNG materials support evanescent waves and are indicative of
magnetic plasma, a phenomenon which is often only observed for ferromagnetic materials
near their resonant wavelength [55-57]. ENG media represent electric plasma and can
support evanescent waves, such as surface plasmons on metals at optical wavelengths, a topic
which will be discussed in greater detail in Section 1.4.1 and 1.4.2. These media have also

been realised in microwave, THz, IR, and visible frequency domains [48, 58].
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1.2.3 Near Zero Materials

There is a special subset of materials where either the permeability 1 ~ 0 (MNZ), permittivity
€ ~ 0 (ENZ) or both € =~ u ~ 0 (ZIM) are close to zero [59-61]. This near-zero effective
media has some interesting implications as an EM field within it will appear static in space
with an effective propagation constant close to zero and, thus, an almost infinite effective
wavelength i.e. approximately zero phase change inside the material. Natural materials, such
as metals like gold and silver just above their plasma frequency, can exhibit a refractive index
near zero properties. In the case of ZIM materials, when a source is embedded in them, rays
will refract by a small angle as they leave the slab due to Eq. (1.10), thus travelling almost
perpendicular from the surface [61].

1
0.00 0.05 0.10
A (m)

Fig. 1.8 Schematic representation of a cross-section of a hollow rectangular waveguide and
the relative effective permittivity of a hollow waveguide with dimensions 4, = 0.03 m and
hy = 0.015 m.

Several methods have been demonstrated to realise the near-zero conditions of ZIM
materials. These methods include photonic crystals [62], doped semiconductors [63] and
plasmonics [64]. MTMs have also been shown to be effective at producing near-zero media,
including multilayer media[65]. Another approach to creating an MTM that emulates ENZ
conditions involves using the dispersive nature of hollow rectangular waveguides. The
relative effective permittivity of a hollow rectangular waveguide (&,¢r) can be defined as

follows (assuming the media is non-magnetic, i.e. i, = 1) [66]:

7LZ

- 1.12
a2 (1.12)

Ereff = Erfill —

where €)1 denotes the relative permittivity of the dielectric that fills the waveguide (typically
air, .41 = 1), A represents the operational wavelength, and £, is the widest transversal width
of the waveguide which determines the cut-off wavelength (A. = 2h,) of the waveguide.

Therefore, if the operational wavelength is chosen to be very close to the cut-off wavelength
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(A = A¢), then &, ~ 0, and the waveguide operates as an ENZ material. However, challenges
arise due to the almost infinite impedance that occurs due to &, ~ 0, resulting in significant
impedance mismatches that need to be overcome, a topic that will be explored briefly in this
thesis in Appendix B [67, 68].

1.3 Photonics

The emergence of quantum mechanics [69], has led to revolutionary inventions, including
the laser (light amplification by stimulated emission of radiation) significantly expanding the
capability of researchers to generate, control, and detect EM waves in the form of photons [70].
The realm of photonics spans across the near-infrared to visible wavelength ranges (750 nm
- 2500 nm and 380 nm - 750 nm, respectively). In these wavelength ranges, photonics has
found applications in diverse fields, such as biomedicine [71, 72] and photovoltaics [73].
Photonics has particularly excelled in long-distance telecommunications using optical
fibres [74] and information processing [75], due to its high data-carrying capacities [76]. This
challenges the traditional dominance of electrons - a necessary step due to the limitations
imposed by the carrier speeds of electrons and the high power dissipation of electronic com-
ponents, hindering further miniaturisation of transistor technology. Photonics applications are
predominantly based on materials like silicon. However, the search for alternative materials

is ongoing, with a brief study of polymers discussed in Appendix C.

1.3.1 EM material models

In EM work, knowledge of the € and u for materials of materials is crucial, as explored in
Section 1.1.2. However, modelling the EM response of some materials, such as metals at
optical wavelengths, can be challenging due to the quantum mechanical nature of electrons.
To address this, a common approach for modelling the dispersive behaviour of metals when
subjected to an external EM field is the Drude model [77, 78].

The Drude model considers the medium as an array of stationary positively charged ions
surrounded by free-to-move electrons, taking into account intra-band transitions [79, 80].
The assumption is there are no interactions between electrons and other electrons or the
ions, except for collisions (instantaneous and perfectly elastic) between the electrons and the
ions, known as the independent electron approximation [81]. The electrons and ions share a
density of ions/electrons per unit volume 7., while the electrons have a mass and charge of m
and e, respectively. Using this model, a complex relative permittivity & of the medium can

be calculated using relations between J and E [80]:
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where €. is the permittivity of the material at infinite frequency, @, = 4/ ’égfn is the plasma
frequency when the material’s permittivity is zero, Y is the collision frequency, and  is the
operational frequency. Combining this with the Lorentz model, which incorporates multiple
resonant wavelengths and intraband electron transitions [82], resulting in an improved

expression for the complex relative permittivity known as the Drude-Lorentz model as:

2
o) il €1(m) O (1)
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& = ot ——— = .
oiy—o) = im) ~ W% =201y

(1.14)

where Y, @;, and g, are the collision frequency, plasma frequency, and permittivity of
the Lorentz model, respectively. m = 1,2,...,N is an integer value which represents the
contribution of Lorentzian oscillations. The Drude-Lorentz model is shown for gold (Au)
and silver (Ag) compared to the experimental data from [1] in Fig. 1.9. The parameters used
for the Drude-Lorentz model of gold and silver are shown in Table 1.1.

Table 1.1 Parameters of Au and Ag for the Drude-Lorentz model.

Drude-Lorentz parameters
Au Ag
Eoo 9.1 1.174
@, (rads™') | 1.3799 x 10'® | 1.36973 x 10
v (rads™') | 6.116 x 1013 | 3.058 x 1013
& 32 1.69
o (rads™) | 6.91115 x 101 | 7.5398 x 101>
¥ (rads™") | 1.900 x 105 | 1.839x 10"

1.4 Plasmonics

The study of photonics and the behaviour of light at nanometer scales, nanophotonics,
has expanded a research area in recent decades, offering more compact manipulation and
control of EM waves, among other benefits [83]. Plasmonics has emerged as a sub-field
of nanophotonics, which encompasses two important aspects: localised surface plasmons

(LSPs) and surface plasmon polaritons (SPPs). Plasmonics exploits the response of metals
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Fig. 1.9 Real (red) and imaginary (blue) values of the relative permittivity (&,) of (a) Au and
(b) Ag using the Drude-Lorentz model (curve) and experimentally retrieved data from the
work of Johnson and Christy [1] (circles)
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at optical wavelengths, where they behave as dispersive media that can be modelled using
the approaches in Section 1.3.1. When modelling metals this way, an incident EM wave
can couple with the free conductive electrons in metallic nanoparticles and metallic films
inducing collective, coherent oscillations of the electrons [84, 85]. Plasmonics offers a
combination of the data-carrying capacity of photonics with the compactness of electronics,

by effectively working at nanometer scales [86, 84].

1.4.1 LSPs

LSPs are non-propagating excitations of conduction electrons in metallic nanoparticles which
are observed when they couple with an oscillating EM wave, as seen in Fig. 1.10. LSP modes
naturally occur due to the scattering of a conductive sub-wavelength particle [87, 88] and
have been studied since the 1850s by Faraday [89]. Resonances of LSPs arise when the
coupled, driven electrons have an effective restoring force upon them by the surface of the
particle [90]. This leads to high concentrations of the EM field in the near-field outside the
particle and with the particles themselves. The frequency resonance where the LSP resonance
occurs is determined by the geometric size and shape of the nanoparticles [91, 92] as well as
the metal and surrounding dielectric [93, 94]. The resonances of gold and silver particles will
often occur at visible frequencies of the EM spectrum, which the Romans exploited to stain
glass, creating the Lycurgus Cup [95]. LSPs have since proven effective in a wide range of
applications such as biosensors for chemical and bio-molecules [96], spectroscopy, sensing

[97], lithography [98], and photo-thermal cancer therapies [99].
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Fig. 1.10 Schematic representation of a LSP caused by EM wave incident on a metallic
nanoparticle.

To achieve high field concentrations with LSPs different configurations such as spherical

metallic nanoparticles and bowtie nanoantennas [100] can be employed. An example of an
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Au bowtie antenna illuminated by an E, polarised plane wave can be seen in Fig. 1.11. Strong
field confinement can be observed at the apex of their geometry, providing a broadband
high-field enhancement [101]. As observed in Fig. 1.11, the absorption (blue line) is highest
at a wavelength of 657 nm, where a LSP resonance has formed in the bowtie nanoantenna.
A slight deviation between the reflection (R, black), transmission (7, red) and (A, blue) is
a result of near- and far-field effects [102—-104]. Recent investigations into new methods
to achieve LSP resonances. This includes exploiting Babinet’s principle to interchange the
plasmonic particles with metallic films [41], a topic that will be explored further in this
Thesis.

- 500 550 600 650 700 750 800
Wavelength (nm)

Fig. 1.11 (a) Power distribution of a gold bowtie antenna with an arm length of 9.85 nm
separated by 2nm in free space at the resonant wavelength A = 657 nm (b) The reflection
(R) (black), transmission (T) (red) and absorption (A) for the bowtie antenna showing the
significantly reduced T and increased A at the wavelength A = 657 nm demonstrating the
presence of a LSP resonance.
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1.4.2 SPPs

SPPs are EM excitations that propagate at the boundary between a conductor and a dielectric
[84, 86] confined evanescently to this boundary in the perpendicular direction. SPPs arise
due to the dispersive nature of metals at optical wavelengths, allowing EM fields to slightly
penetrate the metals and couple with the electron plasma of the conductor [105, 106]. Surface
waves have been studied since Sommerfeld [107], and then Zenneck [108] described radio
waves propagating as surface waves on a conductor of finite conductivity. Later, Fano
[109] and Ritchie associated losses with interactions of electron beam diffraction at thin
metallic films to surface plasmon resonances [110, 111]. The phenomena of SPPs were fully
established by Kretschmann and Raether, who used prism couplings of visible light to excite
Sommerfeld’s surface waves on the boundary of metals and dielectrics [112].
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Fig. 1.12 Schematic representation of SPPs in a metal-dielectric system where the yellow is
metal (b) Amplitude of the electric field penetration into the dielectric and metal for SPPs (c)
Dispersion relation as a function of angular frequency for SPPs.

SPPs are transverse magnetic (TM) waves. if a SPP is considered to be propagating in the
z-direction, then H, # 0, Ey, # 0, E; # 0, and E, = H, = H; = 0. A comprehensive exploration
of the TM and TE properties of SPPs is detailed in Appendix D. A schematic representation
of SPPs in the simplest configuration is shown in Fig. 1.12a, where a semi-infinite metal and

a semi-infinite dielectric are shown with the electric field of the SPPs propagating along the
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interface of the two materials. Fig. 1.12b shows the evanescent penetration of the electric field
into the metal and the dielectric, with the E), field component shown to decay exponentially
into both the dielectric and the metal, although the field component decays significantly
quicker into the metal [85]. The dispersion and propagation constant in the direction of
propagation (f3) of the SPPs in this configuration can be calculated by applying Maxwell’s
equations to derive the required wave equation and applying boundary conditions. Through

these calculations, the dispersion relation of SPPs is found to be [113]:

En+ €&

B =ko = konefr (1.15)

where ko is the wave vector of a wave in vacuum, &, 4 are the permittivity of the metal and
dielectric, respectively. The dispersion relation when solving Eq. (1.15) using Au for the
metal and air as the dielectric, is shown in Fig. 1.12, where two regions can be observed. At
lower values of @, the propagation constant is close to the light line (8 ~ k; where k = ).
As the frequency increases, 3 becomes greater than k. This condition of 8 > k means that to
excite SPPs, the incident wave cannot be oblique to the surface of the conductor and excite
SPPs as the momentum of the photons incident on the surface will always have a value
smaller than 3. Several methods have been developed to excite SPPs on metal-dielectric
interfaces [84, 114]. One way to overcome the mismatch between the in-plane momentum of
the photons (k, = ksin0) and f is to use a grating of holes or grooves in a metal with a lattice
constant, a. For a 1D grating, shown in Fig. 1.13a, there will be phase-matching allowing
SPPs whenever the following is fulfilled [113]:

B = ksin6 +mg (1.16)

where g = 27” is the reciprocal vector of the metallic grating and m = 1,2,3... is an integer.
Another common method to excite SPPs is to use a three-layer system with two dielectrics
with different € sandwiching a thin metal film, known as an insulator-metal-insulator (IMI)
configuration. If the first dielectric is considered to be free space (€; = &) and the second
has & > &), SPPs can be excited at the interface between the metal and the first dielectric.
This is because a beam reflected at the interface between the metal and the second dielectric
will have an in-plane momentum of k, = k+/€sin@, allowing phase-matching. Typically a
prism will be used for the second dielectric, as shown in Fig. 1.13b.

Once SPPs have been excited and propagate along the dielectric-metal interface, they
need to be controlled and manipulated as desired. This can be done by shaping the metal
such as with grooves cut in the metal to produce channel plasmons [115]. However, another

way to control SPPs is to exploit the concept of effective media. By introducing a second
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Fig. 1.13 Schematic representation of (a) a grating on a metal film and (b) a prism configura-
tion to excite SPPs.

dielectric of a finite thickness (dy) between the semi-infinite metal and semi-infinite dielectric
layers to form an insulator-insulator-metal (IIM) structure. A schematic representation of this
configuration is shown in Fig. 1.14 [116]. Before determining the effective properties of the
effective media when the SPPs propagate through IIM, the configuration of insulator-insulator-
metal-insulator (IIMI) must be solved first. Again, this involves obtaining the correct wave
equation through Maxwell’s equations, applying boundary conditions (a complete evaluation
of all configurations can be found in Appendix D), and then solving this to produce a
transcendental equation. However, this equation can be simplified, as the thickness of the
metal layer can be assumed to be semi-infinite for relatively small values of metal thickness
(on the order of hundreds of nanometers) due to the relatively shallow penetration of the
SPPs [84], producing the IIM configuration shown in Fig. 1.14. Therefore, the simplified
equation is:
- & &83kzky + €4€3kok3

tanh(k3dy) = 1.17
( 3 y) 8384k%+832k2k4 ( )

where k;, and g; are the respective wave number and permittivity of the materials in the regions
i =1,2,3 shown in Fig. 1.14, and d, denotes the thickness of the finite dielectric layer. The
propagation constant in Eq. (1.17) is implicit and so k; = (32 — &;k3) must be solved for,
where 8 as a function of d,, for a structure made of Au and Poly(methyl methacrylate)
(PMMA), is shown in Fig. 1.14.
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Fig. 1.14 (a) Schematic representation of an IIM system (b) Real (black) and imaginary (red)
effective refractive index in a SPP IIM structure made of Au and PMMA as the dielectric

thickness increases.






Chapter 2

From photonic nanojets to photonic
hooks to bend light

Research aimed at challenging traditional concepts in optics, such as that diffraction limits
the spatial resolution of imaging systems [117] and EM waves are considered to propagate
rectilinearly [118], can contribute to improved efficiency and performance of EM devices
for applications such as lenses [119] and optical trapping [120, 121]. Overcoming this
fundamental limitation is crucial for resolving sub-wavelength objects or features [122]. This
has prompted researchers to explore many different techniques, from MTMs [54, 123-125]
and plasmonic structures [126—128], superlenses [129, 130], superoscillatory lenses [131],
photonic crystals [132], diffractive optics [133] and dielectric particles at micro/nano-meter
scales [134—137], among others. The traditional notion of ray optics where EM waves
propagate in straight lines, dates back to Euclid in ancient Greece [138]. The exploration of
curved beams initially emerged within the context of quantum mechanics, with experimental
demonstrations using Airy-like accelerating curved beams. These beams are formed by freely
accelerating wave packets, resulting in a parabolic arc within a medium. [139-141].
Recently, alternative methods exploiting mesoscale (sizes on the order of the incident
wavelength) dielectric particles have been proposed. These particles have demonstrated the
ability to produce a focus surpassing the diffraction limit [142] or causing light beams to
bend [143]. This chapter discusses mesoscale dielectric particles in two different configura-
tions, single dielectric particles, generating high spatial resolution beams and dual-dielectric
particles to produce diffraction-limited bent light beams. The first configuration introduces
singular dielectric particles in different geometries and illuminated types generating high-
intensity narrow beams, known as photonic nanojets (PNJs). Collaborative work on PNJs
is briefly outlined involving truncated high-index cylindrical(2D)/spherical(3D) dielectrics

attached to the end of an optical fibre, including an evaluation of the power enhancement of
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the structure and its spatial resolution [144]. Subsequently, some of the concepts of PNJs are
applied in a second configuration to produce diffraction-limited structures EM beams with
curvature, known as photonic hooks. This is achieved using two asymmetric 2D dielectric
bars under plane wave illumination. The structures are first carefully designed, initially using
a single particle to determine the minimum diffraction and maximum scattering. A system-
atic study of the two dielectrics explores the impact on the photonic hooks using various
geometries, such as particle separation. The photonic hooks are evaluated quantitatively in
terms of their length, Full-width at half-maximum (FWHM), and the spatial curvature on the

focal plane.

2.1 Introduction to photonic nanojets

The Abbe barrier states that the diffraction of EM waves imposes an intrinsic limit on the
spatial resolution of an imaging system. Consequently, the minimum resolvable distance of a

focus converging to a spot will have a half angle (8) defined as follows [25]:

A

- 2nsin0

2.1)

where A is the operational wavelength and # is the refractive index of the medium the wave
1S propagating in.

In recent years, the exploration of PNJs has emerged as a promising strategy to surpass
the intrinsic diffraction limit by exploiting evanescent fields [145, 146]. PNJs are defined as
near-field, high-intensity narrow beams generated at the output surface of shaped dielectric
particles [142]. Early works to achieve PNJs involved illuminating dielectric structures with a
plane wave [147, 148]. This concept has been demonstrated across several frequency ranges.
For example, Terajets have been observed at THz frequencies [149-151] while photonic
nanojets (PNJs) are observed at optical frequencies [148, 146, 152].

A schematic representation in two- (2D) and three-dimensions (3D) of a potential structure
to produce a PNJ consisting of a spherical dielectric structure with radius r is shown in
Fig. 2.1a,b, respectively. Using this structure in a numerical simulation, illuminated by a
plane wave, with a radius, r = Ay = 1550 nm, a high-intensity narrow beam, a PNJ, can be
seen in the power distribution, shown in Fig. 2.1c¢, of the dielectric sphere, at the output surface
of the particle. Many geometries have been proposed for the dielectric particle including
cylindrical/spherical as shown in Fig. 2.1 [153], cuboids [154, 149], graded-index structures
[155] and plasmonic structures [100, 145], among others. PNJs have been demonstrated
in a wide array of applications, including imaging and sensing [21, 142]. However, for
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Fig. 2.1 (a) 2D and (b) 3D schematic representation of a spherical dielectric particle, radius r,
capable of generating a PNJ when illuminated by a plane wave. (c) Power distribution of a
spherical dielectric with a radius » = 1550 nm when illuminated by a plane wave.

these structures to generate a focus outside of the particle, the ratio of the refractive index
of the particle n; and the surrounding medium ng must be less than 2 (Z—‘j < 2)[156, 157].
Recent studies have explored dielectric particles with 2—‘5 > 2, achieving a focus outside
of the particle by truncating a spherical particle in the direction of propagation, forming a
hemispherical particle [158]. Additionally, studies into changing the illumination type such
as using a Gaussian rather than a plane wave [159], have been explored. However, much of
the work exploring PNJs uses an idealised design, which involves being free-standing in free
space (without a substrate) while being illuminated with a plane wave. In a collaborative
work, high-index (n > 2) dielectric particles positioned on an optical fibre, operating at
telecommunication wavelengths (19 = 1550nm) were explored to generate PNJs. To achieve
this, the particle was truncated to generate a sub-diffraction limit focus outside of the particle.
A brief overview of this work is presented in Section B.2, with the full comprehensive study
shown in Ref [144].

2.2 Introduction to photonic hooks

The exploitation of some concepts derived from PNJs has given rise to advancements that
challenge established notions in structured light, allowing researchers to transcend traditional

beliefs of EM, such as the rectilinear propagation of EM waves. This is achieved by
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concentrating on specific regions of interest within an EM field [160-162]. Previous efforts
have been able to achieve curved beams by generating artificial curved light using Airy beams
[163, 141]. However, photonic hooks have demonstrated the capability to generate highly
localised, curved beams of light in the near-field using specialised asymmetric mesoscale
structures [160, 161]. The curvature of the photonic hook results from the constructive
interference of the incident and tailored diffracted and scattered fields near the dielectric
particles due to interactions in the near fields [164, 162]. These curved beams hold the
potential to achieve beam waist sizes smaller than half of A in the surrounding medium,
offering opportunities for applications in sensing and optical trapping [160]. The realisation
of photonic hooks involves breaking the symmetry of the structures through different methods
[165]. For instance, the spatial symmetry of the structures can be broken by introducing a
prism and attaching it to a dielectric cube, which would have generated a straight PNJ [160].
Another way to introduce asymmetry is to use oblique illumination to make the incident
phase of the illuminating source asymmetric [151]. Janus particles, characterised by two
carefully designed regions with distinct refractive indices and a determined angle of their
internal boundary, offer another means of breaking symmetry [17, 161].

In a recent study, a plane wave was incident on two dielectric rectangular particles.
When the two particles are symmetrical in terms of their size, shape and refractive index, a
diffraction-limited focus is generated away from the shadow surface of the particles. The
focal length, or the distance of the focus away from the shadow surface of the particles, is
dependent on the separation between the two dielectrics [166]. The next section explores an
interesting scenario when the symmetry of the two particles is intentionally broken. By using
two distinct dielectric particles, the variations in phase velocity caused by their asymmetry
can lead to interference effects that produce a focal point with curvature, resulting in a

photonic hook [164], a phenomenon that cannot be achieved with identical particles.

2.3 Dual-dielectric photonic jets and hooks

The schematic representation of the proposed dual-dielectric structure, capable of generating
both a PNJ and a photonic hook, is shown in Fig. 2.2. This structure consists of two dielectric
particles made of different materials positioned in free space (refractive index of ny = 1),
separated by a distance S. The refractive index for the two dielectrics is represented as ny »,
for particles one and two, respectively. The dielectrics are modelled as 2D rectangular shapes
with dimensions along the x- and z-directions represented by (L 1,L. ) for particle one and
(Ly2,L; ) particle 2.
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Fig. 2.2 Schematic representation of a plane wave incident on the proposed dual-dielectric
particle structures designed to generate a photonic hook.

The evaluation of the structures is conducted utilising the transient solver of the commer-
cial software CST Studio Suite®, for full-wave simulations (additional details provided in
Section E.1), using an extra-fine hexahedral mesh. In the simulations, the dual-dielectric
structures are illuminated under normal incidence using a TEM plane wave propagating in
the z— direction and polarised in the E, direction, with a wavelength of ) = 3 mm. The
particles are treated as 2D entities in free space, with open-add-space boundaries in the +-x-
and £z directions and magnetic boundaries in the £y-direction.

2.3.1 Diffraction and Scattering of Dielectric Particles

Before generating photonic hooks using the two rectangular dielectric particles, it is essential
to carefully engineer the refractive index of each particle and their respective geometries. As
reported in [166] to produce an optimal focus using two symmetrical dielectric particles, the
geometry and the EM properties of the particles should be selected to minimise diffraction in
the direction of propagation at a selected point.

To evaluate the diffraction of a dielectric particle, a single particle from Fig. 2.2 is
considered to be illuminated with a plane wave. From this, the diffraction of the particle
|Egifre| can be calculated. This involves evaluating the total E—field (E¢o) at a chosen point
along the direction of propagation. Subsequently, the diffraction of the particle at the selected

position is determined by taking the magnitude of E:

|Eaitt| = |Etot| = \/ Etotx” + Etoty” + Etot z* (2.2)
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Fig. 2.3 (a) Electric field diffraction by a single dielectric particle in free space, evaluated
42 from the shadow surface, while n and L, of the particle varies. (b) Power enhancement
of a single dielectric particle on the xz—plane with optimised parameters, L, = 2.3 and
n=1.37

where Eqot x, Etoty and Egot, are the x—,y— and z— field components of the Eo¢—field.
To determine the optimal properties for the particles, a systematic numerical evaluation of
a single particle was conducted with variations in the L, = L, = L, dimension and the
refractive index n; = ny = n. Throughout the following simulations, the widths of the two
rectangular particles are fixed to Lyj » = Ag to ensure a consistent basis to evaluate the impact
of changing L, and n. The L, dimension is varied from 0 to 3 in steps of 0.0334, while n
varied from 1 to 2 in steps of 0.01. The evaluation of |Eg,| for the particle is conducted
at a point z = 44 from the centre (x = 0) of the shadow surface of the particle (z = 0). The
values of |Egjfre| as these two parameters vary is shown in Fig. 2.3a, where it can be observed
that |Eg;srr | oscillates between minima and maxima. As stated earlier, the minimum |Eqjgg|
is desirable, so from Fig. 2.3a the minimum |Egjt| is 0.0165 Vm~! when L, = 2.3 and
ng = 1.37. The power enhancement (ratio of the power distribution with and without the
dielectric particle) of the single particle in this configuration is shown in Fig. 2.3b. Using
these optimised values for two symmetrical particles (nj =ny =1.37and L, | =L, > = 2.3¢)
separated by S = 2A, a focus is generated, as shown in Fig. 2.4a. The focus is located at
2.41A¢, from the shadow surface, with a full-width at half-maximum, FWHM = 0.705A, as

shown in Fig. 2.4b,c, respectively.
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Fig. 2.4 Power enhancement (a) on the xz—plane of two symmetric dielectric particles with
parameters, L, = 2.3Ag and n = 1.37) and along the (b) z—axis at x = y = 0 and (¢) x—axis
at the focal length, z = 2.41g
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Fig. 2.5 Power enhancement on the xz—plane of different configurations of a dual-dielectric
structure: (a) both particles have L, = 2.34 and n = 1.37, (b) both particles have the same
L, = 2.3 but distinct n; = 1.37 and ny = 1.83, (¢) both particles have the same n = 1.74 but
different L, ; = 2.7A¢ and L, | = 1.13A, and (d) the two particles are completely asymmetric
with parameters L, | = 2.349,L;» = 1.60A9, n; = 1.37 and ny = 1.5. (e-h) Corresponding
power enhancement at x =y = 0 along the z—axis for the configurations shown in (a-d).



2.3 Dual-dielectric photonic jets and hooks 33

Interestingly, a similar focus to the one shown in Fig. 2.4 can be achieved even when
the particles are no longer symmetrical in terms of either n, L, or both. Altering these
parameters to have similar small values of |Eg;gr,| results in the generation of a relatively
straight focus. Examples are shown in Fig. 2.5, where Fig. 2.5a is the symmetric case shown
previously, Fig. 2.5b has dielectric particles with the same L, = 2.34¢ but n; = 1.37 and
ny = 1.83, Fig. 2.5¢ has particles with the same nj =ny =ng =1.74 but L, ; = 2.7 and
L, = 1.132, and Fig. 2.5d is completely asymmetric where L. | = 2.3¢,L;» = 1.60Ay,
n; = 1.37 and ny = 1.5. Note, the case where 7 is the same and L, changes did not use the
minimum diffraction from Fig. 2.3a at n = 1.37, as there is no second minimum in |Eqjggy|

within the range of L, values shown in Fig. 2.3a.

Fig. 2.6 (a) Electric field scattering by a single dielectric particle, evaluated 4 from the
shadow surface, as n and L, vary. (b) Power enhancement on the xz—plane of a single
dielectric particle with parameters, L, = 2.47Ap and n = 1.7.

By calculating the power enhancement along the propagation direction and comparing
the focal length of the three cases, it is demonstrated that the focus is generated at similar
positions, z ~ 2.4, with some discrepancies due to different values of |Eg;fr|. The observa-
tion from Fig. 2.5 indicates that breaking the symmetry of the two particles solely in terms
of geometry and/or refractive index does not introduce curvature to the focus. Therefore,
to generate a bent focus, the other particle must influence the E—field in a distinct way,
different to the |Egjf|- Therefore, a further understanding of the EM properties of the
particles is required, and so the scattering characteristics of a single particle are analysed. To
calculate the magnitude of the scattered field (|Egcatt|) by a dielectric particle, the E—field
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with dielectric particle (|Et|) and the background E—field without the particle (|Epg|), are
obtained at the same position used for the calculation of |Egjfs|- Then the |Egcatt| of the

particle can be calculated as follows:

‘Escatt| = ’Ebg - Etot’ = \/(Ebg,x - Etot,x)2 + (Ebg,y - Etot,y)2 + (Ebg,z - Etot,z)2 (23)

Through a systematic variation of L, and n using the same range to calculate |Egjgre |, the
values of |E¢ot| and |Epg| are obtained at the same position (z = 44¢). These are used to
calculate the magnitude of the scattered field, |Egcatt|, which is shown in Fig. 2.6a. Analysis
of Fig. 2.6a reveals that the maximum scattering occurs when L, = 2.47Ay and n = 1.7 with
a value |Egcatt| =1.51 Vm™ I The corresponding power enhancement of the single particle,
under these specific values for maximum scattering, is shown in Fig. 2.6b. This analysis is
pivotal for identifying conditions that maximise scattering and, consequently, contribute to

the generation of a curved focus in the subsequent configuration of the two particles.

FL

P

Fig. 2.7 Schematic representation of a photonic hook with properties Ly, and 8

To generate a bent focus, one of the particles is selected to have minimum diffraction and
the other maximum scattering. A systematic exploration, varying one parameter at a time,
will be presented in the next section. Initially, the case where both particles have the same n
but different L, will be discussed, followed by the opposite scenario, where L, is kept the
same and n varies. Then, for completeness, the case where both particles are asymmetric
in terms of n and L, is analysed. The quantitative analysis of the photonic hook properties
involves calculating four parameters based on their respective power enhancements: the
FWHM in the transversal direction, the length of the photonic hook (L), the height of the
photonic hook (h), and the curvature of the hook (). L, represents the distance between

the points when the power enhancement has decayed to 1/e of the power enhancement
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of the focal point in the z-direction. £ is the distance between L; and the focal point in
the x-direction. Finally, B denotes the curvature of the photonic hook itself. A schematic

representation of how these parameters are calculated is presented in Fig. 2.7.

2.3.2 Particles with constant refractive index: effect of changing lengths

In this initial exploration, two configurations involving dual-dielectric rectangular blocks
with the same value of n but with different L, are studied. In the first configuration, one of the
dielectric blocks is designed with n and L, selected with minimum diffraction, as determined
from Fig. 2.3a. The second block will be tailored to exhibit maximum scattering while
maintaining the same n, achieved by varying L,. In the second configuration, the roles are
reversed, with the properties of one block chosen to have maximum scattering from Fig. 2.6a,

and the second block is optimised to minimise diffraction with the same n.
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Fig. 2.8 Diffraction (black) and scattering (red) of a single dielectric particle with (a) n = 1.37
and (b) n = 1.7 as L, varies. Circles show the position where minimum diffraction (orange)
and maximum scattering (blue) occur.

For the first configuration, both blocks will have n = 1.37, with particle one designed to
have L, | = 2.3A¢ exhibit minimum diffraction at z = 44, from Fig. 2.3a. In configuration
two, both blocks will have n = 1.7, and particle one will be tailored for maximum scattering
at z = 4o, with L, | =2.472 from Fig. 2.6a. The values of |Egjff| and |Egcatt| for these
values of n as L, varies are shown as black and red lines in Fig. 2.8a,b, respectively. Orange
and blue circles mark the values of L, where minimum |Egjr| and maximum |Egeqe¢| occur,
respectively, for these values of n. From this analysis, it is observed that maximum scattering
for the second particle in configuration one occurs for L; , = 1.5749. Meanwhile, particle
two in the second configuration will have minimum diffraction when L, , = 2.934¢. Due to

the discrepancy in the length of the particles, the alignment of the output and input surfaces
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will influence the photonic hook produced. Therefore, the alignment of the particles will be

explored to understand if and how this will impact the generated photonic hook.

Dual-dielectric particles aligned at their output surface

The schematic representation of the structure, with the output surfaces of the dielectric
particles aligned, is presented in Fig. 2.9a. Both configurations are evaluated for different
separations (S) ranging from 0 to 4y in increments of Ay between the particles. These
separations are chosen because diffraction and scattering are evaluated at z = 4, and the
focal length is typically comparable to the separation distance [166]. The power enhancement
for configuration one is shown in Fig. 2.9b, as a function of S. When there is no separation
between the particles (S = 0), they behave as a single particle [17]. The power enhancement
for configurations one and two with S = 04y, are shown in Fig. 2.9b(i) and Fig. 2.9¢(i),
respectively. As expected, with no separation between the two dielectric particles, a power
enhancement hotspot is produced close to the output surface of the two dielectric particles,
primarily from the refracted wave generated within the dielectrics. This resembles the
structures used to generate PNJs, as discussed in Section 2.1, albeit with an off-centre and
slightly curved focus due to asymmetry.

The power enhancement for configuration one as S increases from A to 44 is shown in
Fig. 2.9b(ii-v). As the separation between the particles increases, the photonic hook becomes
more clearly visible and extends further away from the output surfaces of the particles. This
phenomenon results from the intensified interaction of scattering and diffraction field patterns
from both particles. The power enhancement for the second configuration as S varies is shown
in Fig. 2.9c. For small separations, S = A and S = 24, as with configuration one shown in
Fig. 2.9b(ii-v), the photonic hook is close to the output surfaces of the particles. However,
distinct photonic hooks can be clearly observed when S = 34y and S = 4A. Quantitative
analysis of the performance of the hooks is then conducted by calculating the parameters
FWHM, L, h and B for each of the photonic hooks. These parameters for configuration
one (black) and two (red) are presented in Fig. 2.10 as a function of S. From this analysis,
several observable changes occur as the separation S increases. First, for larger values of S,
Ly, and the FWHM also increase indicating that the photonic hooks are elongated with lower
spatial resolution. Simultaneously, 4 and 8 generally both decrease due to the focal length of
the photonic hook being further away from the shadow surface while taking longer to decay
which is in agreement with the findings in [161]. From this, configuration one when the first
particle has properties tailored for minimum diffraction from Fig. 2.3a performs better than

configuration two.
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Fig. 2.9 (a) Schematic representation of the dual-dielectric structure with the same n and
different L, with the output surfaces of the particles aligned at z = 0. Power enhancement on
the xz—plane of two dual-dielectric structure configurations with the output surfaces aligned
at z=0. (b) Configuration one has particles with L, | = 2.3, L.» = 1.57Ag and n| = 1.37
(c) Configuration two has particles with parameters n = 1.7, L, ; =2.47 ¢, and L, » = 2.93 .
The separation between the particles (S) is varied by values of (i) 0y, (ii) 1o, (iii) 24, (iv)
3y and (v) 44.
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Fig. 2.10 (a) FWHM, (b) Ly, (¢) h and (d) B of the photonic hooks produced by the dual-
dielectric configurations one (black) and two (red) shown in Fig. 2.9.
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Dual-dielectric particles aligned at their input surface

In this further analysis, the same dielectric particle structures as in the previous section
are reconsidered. However, this time the input surfaces of the particles aligned instead of
the output surfaces. By changing the alignment of the particles, one would expect slightly
different interference of the |Eqgif| and |Egcatt| fields, resulting in different properties of the
photonic hooks. A schematic representation of this arrangement of the particles is shown in
Fig. 2.11a. The power enhancements for the two configurations, previously examined with
their output surfaces aligned, now evaluated with their input surfaces aligned as the § varies
from 0 to 4, are shown in Fig. 2.11b,c, respectively. As expected, the generated photonic
hooks closely resemble those shown in Fig. 2.9. However, there are some slight differences
when conducting quantitative comparisons of the hooks. Once again, as § increases, the
hooks become more elongated with lower spatial resolutions, indicated by the increased
values of L, and FWHM, while the hooks exhibit less curvature as 4 and 8 decrease. When
S =0, there is a significant difference between the values of the parameters for the two
alignments. This is due to the hook being close to the surface so changes to the geometry,
such as the particle alignment, will have a more significant effect on the mostly refracted EM
wave when S = 0 as the dual-particles behave like a single particle as with the cases shown
in Section 2.3.2. However, as S increases in Fig. 2.12, the parameters of the photonics hooks
generated by the different particle alignments converge until there is little difference between

the two.

2.3.3 Effect of changing refractive index with constant particle length

This subsequent exploration investigates maintaining the same L, for both particles and
changing n, representing the reverse scenario from Section 2.3.2. A schematic representation
of this scenario is shown in Fig. 2.13a. As in Section 2.3.2, two configurations are considered.
These configurations utilise the same initial blocks with minimum diffraction (n; = 1.37 and
L, = 2.39) and maximum scattering from (n; = 1.7 and L, = 2.47 ) for configurations
one and two, respectively. The properties of the second block for each configuration are then
selected maintaining the same L, as the first particle but varying # to tailor a particle that
exhibits high scattering for configuration one, and low diffraction for the second configuration.
The corresponding |Egigr| and |Egcatt| at these values of L, are shown in Fig. 2.13b,c for
configurations one and two, respectively. For configuration one, the second dielectric particle
has properties of np = 1.72 and L, = 2.3, while the particle in configuration two has
properties of np = 1.49 and L, = 2.47A. Again, the separation between the two dielectric

particles is varied, and the photonic hook is observed using the power enhancement on
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Fig. 2.11 (a) Schematic representation of the dual-dielectric structure with fixed n and
different L, with the input surfaces aligned. Power enhancement on the xz—plane of two
dual-dielectric structure configurations with the input surfaces aligned. (b) Configuration
one has particles with L, | = 2.3, L;» = 1.57A¢ and n; = 1.37 (c) Configuration two has
particles with parameters n = 1.7, L, ; = 2.47Ap, and L. » = 2.93A¢. The separation between
the particles (S) is varied by values of (i) 04y, (ii) 14y, (iii) 2Ag, (iv) 34 and (v) 4Ay.
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Fig. 2.12 (a) FWHM, (b) Ly, (¢) h and (d) B of the photonic hooks in Fig. 2.11 for configura-
tions one (black) and two (red) with aligned input surfaces.
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the xz-plane. For configuration one, the power enhancement is shown in Fig. 2.13d, and
configuration two is shown in Fig. 2.13e. For all separations, a photonic hook is observed.
Similar to the case in Section 2.3.2, as the separation increases the photonic hook shifts
away from the shadow surface of the dielectrics, becoming elongated. The quantitative
parameters of the photonic hooks are then shown in Fig. 2.14. Using a fixed value of L,
behaves similarly to the case with fixed n, as one would expect. Fig. 2.14a quantitatively
shows the observations of the photonic hook becoming elongated as the separation increases,
while the spatial resolution decreases, as shown in Fig. 2.14b. Meanwhile, as with the reverse
scenario, the magnitude of /& decreases as the curvature of the hook, 3, decreases, shown in

Fig. 2.14c.d, respectively.

2.3.4 Full asymmetry

The final scenario investigated involves complete asymmetry of the particles in terms of
the geometry and EM properties. This scenario employs the optimal cases for minimum
diffraction and maximum scattering obtained from Fig. 2.3a and Fig. 2.6a, respectively.
The first dielectric particle has minimum diffraction with properties of L, ; = 2.3 and
n; = 1.37, while the second dielectric particle will have maximum scattering with properties
of L;» =2.474 and np = 1.7. As with Section 2.3.2, the particles can be aligned either
by their input or output surface. The power enhancement on the xz-plane as the separation
increases from § = 0 to S = 4y in steps of Ay, with the input and output surfaces aligned,
is shown in Fig. 2.15a,b, respectively. Once again, a photonic hook is produced for all
separations of the particles, with a quantitative analysis of the generated photonic hooks by
the fully asymmetric particles shown in Fig. 2.16. The behaviour of these structures is similar
to the cases explored in Section 2.3.2, with the photonic hooks becoming elongated, moving
further away from the shadow surface of the particles with lower spatial resolutions and less

curvature as the separation increases.

2.3.5 Experimental practicalities

Finally in this section, a study is conducted to ascertain the practical feasibility and validity
of the proposed structures outlined in Section 2.3.2, 2.3.3 and 2.3.4 within an experimental
context. This is necessary given that all of the numerical simulations considered in the
previous section evaluate the particles as free standing in free space, making them potentially
challenging to realise experimentally. To validate these scenarios for potential fabrication
in the future, a comprehensive study is conducted to evaluate their response when the two

dielectric particles are placed on a dielectric substrate. The schematic representations of
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Fig. 2.13 (a) Schematic representation of the dual-dielectric structure with the same L,
and different n. Diffraction (black) and scattering (red) of a single dielectric particle with
(b) L, =2.34 and (c) L, = 2.47A¢ as n varies. Circles show where minimum diffraction
(orange) and maximum scattering (blue) occur. Power enhancement on the xz—plane of two
dual-dielectric structure configurations with the input surfaces aligned. (d) Configuration one
has particles with L, | = 2.349, nj = 1.37 and ny = 1.72 (e) Configuration two has particles
with parameters n = 1.7, L, | = 2.47A¢, and n = 1.49. The separation between the particles
(8) is varied by values of (i) 04y, (ii) 14, (iii) 24, (iv) 3Ap and (v) 4A¢.
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Fig. 2.14 (a) FWHM, (b) Ly, (¢) h and (d) B of the photonic hooks produced by the dual-
dielectric configurations one (black) and two (red) from Fig. 2.13



2.3 Dual-dielectric photonic jets and hooks 45

Fig. 2.15 Power enhancement on the xz—plane of dual-dielectric structures with particle
properties, L, | = 2.3A9, ny = 1.37 and L, » = 2.47A and ny = 1.72. The two particles are
then aligned at their (a) output or (b) input surface. The separation between the particles ()
is varied by values of (i) 04y, (ii) 14, (iii) 240, (iv) 3y and (v) 4A.
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the two potential experimental setups are shown in Fig. 2.17a,b, where the planar dielectric
substrate is attached to the input or output surface of the particles, respectively, with a
thickness in the direction of propagation of L,3 = Ag. The refractive index (n3) of the
dielectric material is varied ranging from 1 to 1.4 in steps of 0.2.

Fig. 2.17 Schematic representation of the dual-dielectric particle structures with a dielectric
substrate with refractive index n3 and thickness L, 3 attached to the (a) input and (b) output
surfaces of the particles

The power enhancement on the xz-plane of the input surface of the particles aligned
and attached to the substrate, as shown in Fig. 2.17a, is shown in Fig. 2.18 for each of the
methods used to break the symmetry, as explored in the previous sections. In Fig. 2.18a,
the symmetry of the structures is broken using the same n configuration while varying L,
(Section 2.3.2). In Fig. 2.18b varies n while the value of L, is kept constant (Section 2.3.3)
and Fig. 2.18c explores the asymmetrical case (Section 2.3.4). The power enhancement for
these cases is evaluated as the power distribution ratio when particles are attached to the
substrate and when it is the substrate alone.

The cases where L, and n vary as well as the completely asymmetric case, with the
particles attached to the substrate on their output surface, the power enhancement for the are
shown in Fig. 2.19a,b,c, respectively. As observed in Fig. 2.18 and Fig. 2.19, a photonic hook
is still generated for all three methods of breaking the symmetry of the structures when the
substrate is attached to both the input and output surfaces of the particles. As expected, when
the refractive index of the substrate n3 = 1 the photonic hook is the same as the cases when
they are shown in free space in the previous sections. However, when n3 > 1 distortions
occur in the generated photonic hooks due to the interference being changed by the presence

of the substrate. Therefore, this configuration could be used in a potential experimental
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realisation, however careful consideration must go into the dielectric used for the substrate to
minimise these distortions. The results shown in this chapter could be extended to different

EM frequency ranges from microwaves to the optical regime.

Fig. 2.18 Power enhancement on the xz—plane for the structures discussed in (a) Fig. 2.9a(v),
(b) Fig. 2.13a(v), and (c) Fig. 2.15a(v) attached to a dielectric substrate (L;3 = A) on the
input surface. The refractive index of the substrate is varied n3 = (i) 1, (i1) 1.2, and (iii) 1.4.
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Fig. 2.19 Power enhancement on the xz—plane for the structures discussed in (a) Fig. 2.11a(v),
(b) Fig. 2.13a(v), and (c) Fig. 2.15b(v) attached to a dielectric substrate (L, 3 = Ag) on the
input surface. The refractive index of the substrate is varied n3 = (i) 1, (ii) 1.2, and (iii) 1.4.






Chapter 3

Exploiting surfaces plasmons polaritons
and classical electromagnetism for
focusing structures.

Finding methods capable of manipulating and controlling EM waves on the nanometre scales,
to improve our command and to miniaturise photonic structures, has led to the emergence
of nanophotonics as a field of study. This development has given rise to the sub-field of
plasmonics, which has demonstrated efficient control of EM waves at these nanoscales by
exploiting the coupling between EM waves and the conduction electrons in metals at optical
frequencies (see Section 1.3.1). Plasmonics encompasses two important aspects: SPPs,
explored in this chapter, and LSPs, which will be the focus of Chapter 4.

SPPs are EM surface waves that propagate along the interface between a dielectric
and a metal [84, 167]. When photons at optical frequencies couple with the conduction
electrons within a metal SPPs are excited, producing coherent collective oscillations of the
electrons [113]. These oscillations enable the existence of surface waves that are strongly
confined at the metal-dielectric boundary [168], decaying perpendicular to the boundary
and as they propagate because at optical frequencies metals are intrinsically lossy [169]. As
SPPs boast high data-carrying capacities [170] at micro/nano-meter scales [171] they have
found applications in diverse fields and settings from focusing [172, 173] and sensing [174]
to waveguiding [175] and optical trapping [176]. In this context, the pursuit of new and
enhanced methods of controlling the propagation of SPPs is crucial to further employ them
in ultra-compact structures [34, 115].

The expansion of research into plasmonic lenses has been mutually beneficial for both
the field of lenses and the field of SPPs. Many different techniques have been proposed for

designing plasmonic focusing devices, including the excitation of PNJs exploiting cuboid
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and cylindrical structures [100, 145], and achromatic lenses for broadband SPP focusing
[20, 177], among others. In this realm, to design focusing devices for SPPs, classical optics
techniques can be adapted and applied to plasmonic structures [178, 168, 105]. This adaption
has led to analogous plasmonic devices being demonstrated to manipulate and focus SPPs.
These include plasmonic Fresnel lenses [179], double convex designs [20], as well as Eaton
and Luneburg lenses [180], among others.

In this chapter, a technique commonly employed to design lenses within the realm
of classical optics, the lens maker equation, is adapted and exploited for SPPs at visible
wavelengths to produce plasmonic meniscus lenses. First, an analytical study is conducted to
determine the effective refractive index of the different regions required to produce refractive
elements with SPPs. The lens maker equation is then modified to use these effective medium
concepts to design plasmonic lenses with various geometric profiles. Two geometries for the
plasmonic lens, namely a convex-planar and a positive meniscus lens, are evaluated using both
ideal 2D and realistic 3D numerical simulations. The performance of the two lens geometries
in both 2D and 3D is assessed and compared in terms of their power enhancement and spatial
resolution, in both the direction of propagation and transverse to it. The lenses are then
explored in a range of wavelengths to demonstrate their broadband response. Finally, a series
of studies investigate the robustness of the lenses using oblique incidence of illumination as
well as the influence of potential fabrication errors, such as dielectric thickness or geometric

anomalies, on lens performance.

3.1 Effective Refractive Index of SPPs

A 2D schematic representation of the proposed 3D structure on the yz-plane is shown in
Fig. 3.1a. SPPs propagate along the air-Au interface in the positive z-direction in this
configuration. Given that SPPs are TM waves (as explained in Appendix D), the magnetic
field is aligned parallel to the x-axis, and the electric field has y- and z-components. In the
study shown here, The structure consists of a 250 nm thick gold (Au) film, characterised by a
dispersive refractive index modelled using experimental complex refractive index data from
Johnson and Christie [1]. The surrounding medium is free space (n9 = 1), and a 3D dielectric
particle with a designed height is positioned on the Au surface, creating two distinct regions
on the yz—plane where the SPPs will propagate. The first region is the air-gold (IM) interface
(labelled i in Fig. 3.1, and the second region (IIM, labelled ii) is where the shaped dielectric
is positioned on the Au. Silicon nitride (Si3Ny) is selected as the dielectric material for this
study, with a refractive index of approximately 2.01. As Si3Ny is slightly dispersive at optical,

visible wavelengths, it will be modelled in the numerical studies using the experimental data
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from ref [181]. It is important to note that different dielectrics could be implemented instead
of Si3Ny, such as poly(methyl methacrylate) (PMMA) as shown in Eq. (1.15). However,
in the study shown in this chapter, SizNy is used due to its relatively high refractive index,
which allows the design of compact plasmonic devices, making it a widely used material
within the realm of plasmonics.

Before moving on to studying the proposed focusing structures, an important approxima-
tion can be made to simplify the analytic complexity of the problem. When the thickness
of a metal film is significantly larger than its skin depth (6 = % = < [182]) then the film
can be considered to be semi-infinite [100, 183, 184]. Hence, using the visible wavelength
Ao =633 nm, where gold will have a skin depth 6 ~30nm, is a good approximation for
a semi-infinite slab. Therefore, all further analytical work in this section will use this
approximation to simplify solutions.
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Fig. 3.1 (a) 2D schematic representation of the proposed 3D structure on the yz-plane. SPPs
propagate along the air-Au interface in the positive z-direction. The structure consists of a
250nm thick gold (Au) film, with a dispersive refractive index, and a 3D dielectric (Si3Ny)
shape positioned on the Au surface, creating two regions for SPP propagation.(b) The
effective refractive index of Au-Si3Ngy-air as the thickness of the Si3zNy increases. Both the
real(black) and imaginary (red) components are shown.

To evaluate the SPP properties in the two district regions, the refractive index is calculated
from their respective effective propagation constants using Eq. (1.15) and 1.17. The effective

refractive index is then found using the ratio:

where kg = % By doing this, the effective refractive index in region i at Ay =633 nm will be
ngppi = 1.045+i0.0005, and the effective refractive index of region ii, ngpp;; will vary with
the height of the Si3Ny slab, as shown in Fig. 3.1b.
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3.2 Plasmonic Lens Maker Equation

The lens makers equation, as explored in Section 1.1.2, has been a powerful tool in the
design of refractive elements. It has been applied to produce many different diverging
and converging lens profiles, such as planar-concave/convex, bi-concave/convex and both
positive and negative meniscus lenses, operating across different wavelength regimes from
microwaves [33] to optical wavelengths [28, 185]. However, despite its success in classical
optics, the lens makers equation has not been adapted for use with SPPs. Therefore, as the
propagation properties of SPPs in the region i and i, shown in Fig. 3.1a, are determined
or can be obtained through the selection of a dielectric thickness, respectively, the lens
makers equation can be reformulated to account for the effective media in SPP structures. A
schematic representation of the adapted lens maker equation is shown in Fig. 3.2a. The SPP

adapted lens maker equation [34] is mathematically defined as follows:

I 11 (¢9—1)d
EFL (9—1) <R1 R, * Re{nSPP,ii}RlR2> G2

where EF L represents the effective focal length (the distance between the maximum of the

R ) )
Refnserii} gopotes the ratio
Re{ngpp,}

between the real part of the effective refractive index of SPPs travelling in region ii (IIM)

power enchantment and the principle plane of the lens), ® =

and region i (IM), R; and R; are the radii of curvature of the input (left) and output (right)
surfaces of the lens in Fig. 3.2, respectively, and d is the thickness of the lens at the middle
of the lens on the surface of the metal (x = y = 0) along the direction of propagation (z) .
As discussed in Section 1.1.2, simplified versions of the lens maker equation exist when
the lens is in free space and cannot be considered as a thin lens [32]. However, in the cases

discussed here, outside the plasmonic lens is an IM region so the refractive index of the

Re(nspp2)
Re(ngpp,1)

as meniscus profiles usually have R; and R, values of the same order as the lens thickness

region 7, Re(nspp ;) # 1. Hence, the full ratio ¢ =

is considered in Fig. 3.2. Then

the full adapted lens maker equation is used.

For this study, a fixed value for the EFL of 2Ay will be considered, and therefore the
parameters Ry, R, t, and ngpp;; will need to be defined, as for this plasmonic configuration
nspp; is already known. This study seeks to evaluate the performance of a converging
plasmonic positive meniscus lens so that both R; and R, need to be positive. By rearranging
Eq. (3.2) for R; these conditions can be explored, as follows [34]:

B —Re{nspp’ﬁ}CDEFLRl + Re{nspp’ii}CDEFLRl + ®2EFL — 2PrEFL +tEFLR;

R
2 Re{nspp,i }(EFL + R; — PEFL)

(3.3)
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Incident plane wave

Fig. 3.2 Schematic representation of the lens maker equation adapted for plasmonics

When R; is varied with mesoscale values and the values of Re{ngpp;;} are chosen
from Fig. 3.1b the different converging lens profiles can be seen as R, changes. This is
shown in Fig. 3.3a, where an EFL =24, and 1 ~ 0.95A (600 nm are considered fixed, and
Re{nspg i} = 1.045, calculated as outlined in 3.1. In Fig. 3.3a, three distinct regions can be
observed while only considering positive values of Ry, representing three possible geometries
that can be designed utilising the adapted lens maker equation, a with the classical lens maker
equation discussed in Section 1.1.2. When R; is negative, represented in Fig. 3.3a as the blue
regions, the adapted lens maker equation will produce a bi-convex lens. Meanwhile, when
R; is positive, the red regions in Fig. 3.3a, then a positive meniscus lens will be produced,
which will be the focus of this study. A third and final profile, convex-planar, occurs when
the magnitude of R; is no longer on the scale of R, with the sign convention being of little
consequence. This transition of R, from negative values to positive values can be exploited
to ascertain the minimum Re{nspp,i,-} required to design a positive meniscus lens with the
desired EFL = 2 for each R;. Consider when a value of Ry = 2A¢ is used, extracted
from the dashed line in Fig. 3.3a, shown in Fig. 3.3b. When Re{ngpp;i} < 2.09 then the
lens will have a negative R; i.e. a double convex. If Re{ngpp;i} ~ 2.09 then £R) ~ Foo
as the denominator of Eq. (3.3) approaches zero producing a convex-planar lens. Finally,
to design a positive meniscus lens (R, > 0) with these parameters, a minimum value of
Re{nspp;i} > 2.09 will be required.

In the next section, the adapted lens maker equation is exploited to design plasmonic
lenses by selecting different values of the real effective refractive index in the region ii
Re{nspg,-i} to produce focusing structures with different profiles. The main focus will

be to study the efficacy of plasmonic positive meniscus lenses, demonstrating them as an
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alternative plasmonic lens profile within the current array of plasmonic focusing geometries.
To do this, the performance of the plasmonic positive meniscus lenses will be compared to a
similarly sized plasmonic convex-planar lens. This comparison will be done by analysing the
response of the two different profiled plasmonic lenses to comprehensively study the impact
of changing the geometry, including d, of the plasmonic lenses on the focal spot generated.
This will be done by evaluating the power enhancement of the generated focus, its depth of
focus, and transversal spatial resolution. Furthermore, evaluation of the plasmonic meniscus
lens performance will be conducted using a broadband plane wave incident on the structure,
by taking the value of EF L calculated from the theoretical formulation of the adapted lens

maker equation and comparing it to the numerically obtained value of the EF L.
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Fig. 3.3 (a) Analytically calculated values of R,. The transition of the values from negative
(blue), biconvex lens, to +oo (orange line), convex-planar, to positive (red), positive meniscus,
as Ry and Re{ngpp;;} vary. The black dashed line shows when R; = 2. (b) Value of R2
along the dashed black line in (a) considering R; = 2Aq showing the transition from negative
to positive when Re{nspg ii} = 2.09, shown by the dashed orange line.
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3.3 Positive meniscus vs. Convex-planar Plasmonic Lenses

Following the methodology described in Section 3.2, two different lens profiles are designed
with an EFL = 2y, operating at the visible wavelength of Ay = 633 nm. The value for R; is
chosen to be the same as EF L, from the dashed line in Fig. 3.3a, making the maximum width
of the lenses transverse to the direction of propagation of the SPPs (x—direction) twice the
EFL. Therefore, when using these parameters R| = 2o, the minimum Re{ngspp;; } to design
a positive meniscus lens will be ]Re{nspg ii} = 2.09, which is marked in Fig. 3.3b as the black
and orange dashed lines. However, increasing Re{nspg i} above this minimum will make
the profile of the lens change significantly, as values of Re{ngpp;;} close to the inflection
point in Fig. 3.3a,b, will require a quasi flat output surface to achieve the desired EF L due
to |Ry| >> Rj, closely resembling a convex-planar lens rather than the positive meniscus
lens desired. Meanwhile, having a value of Re{nspg ;i } that is greater than the minimum of
Re{nspp;i} = 2.09 will mean the calculated values for R; to design the lens will become in
the same order of magnitude as R so it will have a significantly more curved output surface,
i.e. a plasmonic positive meniscus lens.

Positive meniscus lenses have been exploited for microwave/millimeter frequencies due
to their potential to have improved performance, in terms of spatial resolution and reduced
aberrations, compared to similarly sized lenses [33, 186, 187]. To demonstrate if this holds in
plasmonics, the different plasmonic lens profiles that have been designed using the adapted
lens maker equation in Section 3.2, plasmonic positive meniscus lenses and plasmonic
convex-planar lenses, are compared to one another. Then a further analysis of the plasmonic
lenses will be done to validate the adapted lens maker equation in plasmonics, by using it to
predict the EF L of plasmonic lenses with different properties, such as operating wavelength
and ngpp;;. To do this the plasmonic lens profiles are implemented both as infinitely long in
the out-of-plane (y) direction illuminated by a plane wave representing idealised 2D lenses,
and compared with full 3D plasmonic designs illuminated by excited SPPs. Plasmonic lenses
operating with SPPs exhibit similar responses to ideal 2D lenses, demonstrating that the
adapted lens maker equation can serve as a reliable approximation for the design of plasmonic
lenses. s. A 2D and 3D schematic representation of the proposed positive meniscus lenses
is shown in Fig. 3.4a,b, respectively, and the proposed convex-planar lenses are shown in
Fig. 3.4c,d, respectively.

Therefore, to design the two lens profiles, two complex ngpp;; values need to be chosen.
For the first profile, to design a positive meniscus lens in plasmonics a value of Ry ~ R;
is required meaning ngpp > must be far away from where R is close to infinity, marked by
the orange line in Fig. 3.3b, so ngpp;; will have to be significantly more than the minimum
Re{nsppji} = 2.09. However, as shown in Eq. (1.17) and Fig. 3.1b, the maximum value of
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Re(nspp,2) in a SPP device will depend on the materials used in region ii. In this work, using
Au and Si3Ny, the value of Re{ngpg ii} saturates as dy approaches 200 nm with a maximum
value of Re(nsppiisqr) = 2.47. Therefore, to work below the saturation value, the SizNy
dielectric height is selected to be d, = 126 nm which equates to ngpp;; = 2.43 +10.075. To
design the second lens, a convex-planar lens, a value of Re(nspp’z) close to the limit where
R; is infinite, the orange line in Fig. 3.3b, is required. Therefore, a height of the SizNy
dielectric for region ii is selected as dy = 65 nm corresponding to nspp> = 2.09 +i0.092.
As explained previously, a lens with a perfect convex-planar profile will have a value of
Ry = oo, from Eq. (3.3) and Fig. 3.3. However, in the cases presented here, R, will have a
value which is positive and large, although not exactly infinite. Therefore, the lens is actually
quasi-convex-planar, but, as R, is several orders of magnitude larger than R, from now on
this design will be referred to as a convex-planar lens.

a 2D structure

P

2D structure

X
L.
Fig. 3.4 (a) 2D and (b) 3D schematic representation of the proposed plasmonic meniscus
lens. (c,d) same as (a,b) but for a plasmonic convex-planar lens.

The following sections will use these two values of ngpp > (nspp2 = 2.43 +i0.075 and
nspp = 2.09 +i0.092) to design positive meniscus and convex-planar lenses using Eq. (3.3)
to calculate the value of the radius of curvature of the output surface, R», for each case. To
more comprehensively study the performance of each lens, and to find the optimal configura-
tion for both profiles, the R, will be calculated for different values of the centre thickness of
the lenses d varying from 0.474 Ao (300 nm) to 1.264A (800 nm) in steps of 0.074 ¢ (50 nm),
using the full adapted lens maker equation in Eq. (3.2) and Eq. (3.3). To evaluate the 2D and
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3D plasmonic positive meniscus and convex-planar lenses designed in this way, they were
numerically studied using the RF module frequency domain solver of the commercial soft-
ware COMSOL Multiphysics®, for full-wave simulations (additional information is provided
in Section E.2). For the 2D structures, the lenses were implemented in a rectangular box with
dimensions 14.74g x 49.0A¢. They were then illuminated by an incident plane wave with an
out-of-plane magnetic field (polarised in the y—direction) by a scattering boundary condition
position at the back of the lens (—z—direction). Scattering boundary conditions are then used
in the +z—direction and +x—direction to reduce undesirable reflections. A fine triangular
mesh is then implemented on the structure to ensure accurate results with a minimum and
maximum cell size of 2.93 x 10—4A¢ and 0.30Ay. For the 3D plasmonic simulations, a
metallic cuboid slab modelled using [1] was implemented in free space with dimensions
18.440 x 9.8 x 0.4A. To excite SPPs on the metal-dielectric interface, propagating in the
z—direction and polarised in the x—direction, an incident field was applied by scattering
boundary conditions under 4 slits in the slab. The slits (0.184q) span the width of the slab
and are placed periodically in the z—direction every 0.614¢.To avoid undesirable reflections
scattering boundary conditions are implemented on the x—, y—,z—boundaries. Finally,
a triangular mesh with a minimum and maximum cell size of 2.22 x 10—2A and 0.47 A,

respectively, was implemented to ensure accurate results.

3.3.1 Performance evaluation in terms of power enhancement

The two lenses designed in the previous section are considered in two configurations. The
first uses the lenses in a 2D scenario illuminated with a plane wave, with the electric field
polarised along the x—axis and propagating along the z—axis. Then the second scenario
is a full 3D study with SPPs propagating along the z—axis incident on the plasmonic
lenses. In the latter 3D scenario, the SPPs will propagate through the two regions shown in
Fig. 3.1a; the background medium in region 7, air-Au region, will have ngpp; = 1.045+i0.005
while the plasmonic lens in region ii, air-Si3sN4-Au, will have ngpp;; = 2.43 +i0.075 and
nsppii = 2.09 +1i0.092 for the positive meniscus and convex-planar designs, respectively. A
3D schematic representation of the positive meniscus and convex-planar plasmonic lenses
are shown in Fig. 3.4b,d. To compare the 2D cases illuminated with a plane wave to the
3D plasmonic lenses the background and lens regions will be assigned the same values as
nspp; and ngpp;;, respectively. Schematic representation of the 2D positive meniscus and
convex-planar lenses is shown in Fig. 3.4a,c, respectively.

Using these 2D and 3D configurations for the two lens profiles, the power enhancement
on the surface of the metal (y = 0) at the centre of the lens (x = 0) along the direction of
propagation (z — axis) is calculated and shown in Fig. 3.5 as a function of d. The blue lines
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in Fig. 3.5 represent the input and output surfaces at z = 0 and z = d, respectively, when
x =Yy =0, for all the designed lenses to guide the eye. The ideal 2D lenses are shown in
Fig. 3.5a,c and the 3D plasmonic lenses are shown in Fig. 3.5b,d, with the positive meniscus
profile and planar-convex lenses in Fig. 3.5a,b and Fig. 3.5¢,d respectively. As d is changing
for each of the lenses, the value of R2 is recalculated using Eq. (3.3) for every value of d.
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Fig. 3.5 Power enhancement at the centre of (x = 0) of a positive meniscus lens on the metal
surface (y = 0) (a) in 2D idealised and (b) 3D plasmonic configurations. (g),(h) The same as
(a),(b) but for a positive convex-planar lens. A range of thicknesses (d) at the centre of the
lenses is shown. Please not that the aspect ratio for the scales in the x— and y—directions
shown in (a)-(d) do not spatially match to better show the performance of the lenses as d is
varied.

In Fig. 3.5, a clear focus (red/yellow/white regions on the right of the diagonal cyan lines)
is observed for both the meniscus and convex-planer lenses in the 2D and 3D configurations,
although the properties of focus are dependent on the thickness of the lens. When considering
the 3D plasmonic cases as d varies as shown Fig. 3.5b,d a clear focus is only observed for
particular values of 0.649 < d < 1.14g. There is likely no clear focus that occurs outside
of these values as above this region the lenses are too thick, suffering greater losses due to
the extended spatial propagation within the lens, or they are too thin to properly redirect
the incident SPPs to the focal spot, mainly working via diffraction. However, for both the
positive meniscus and convex-planar lenses in the 2D configuration, shown in Fig. 3.5a,c, a
focus is generated regardless of the lens thickness. However, when the thickness of the lens
is d < 0.75A¢ the power enhancement of the focus is reduced as it becomes elongated. This
elongation of the focus may be a result of the thickness of the lens not being great enough,
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causing the generated focus to arise due to diffraction at the edges of the lens rather than
refraction through the lens, similar to the thin (d < 0.6A¢) 3D plasmonic lenses.

The performance of the positive meniscus lenses and the convex-planar lenses can then
be compared to one another in terms of their power enhancement. In both the 2D idealised
cases, shown in Fig. 3.6a,c, and the realistic 3D plasmonic simulations, Fig. 3.6b,d, the power
enhancement is improved when using a positive meniscus profile (Fig. 3.6a,b) rather than a
convex-planar lens (Fig. 3.6¢,d). Direct comparisons of the power enhancement on the focal
plane, which for the cases shown in this work is the xz—plane at y = 0, for each geometry
with thicknesses of 500 nm, 600 nm and 700 nm, are shown in Fig. 3.6(i-ii), respectively.
From this, the best-performing thicknesses for each profile can be observed where the positive
meniscus had its highest power enhancement of 3.14 and 1.83 when d =~ 0.79¢ (500 nm) for
the 2D and 3D plasmonic configurations, shown in Fig. 3.6a,b(i), respectively. Meanwhile,
the convex-planar lenses achieved maximum power enhancement of 2.57 and 1.57 when
d =~ 0.95A for the 2D and 3D plasmonic configurations, shown in Fig. 3.6¢,d(ii), respectively.
The improved performance of the positive meniscus lenses compared to the convex-planar
lenses is a result of the output surface of the lens having significant curvature allowing more
output angles of the SPPs to be refracted toward the focus.
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Fig. 3.6 Power enhancement at the centre of (x = 0) a positive meniscus lens (a) in 2D and
(b) 3D plasmonic configurations and convex-planar lens (c) in 2D and (d) 3D plasmonic
configurations at the surface of the metal (y = 0) for thicknesses 0.874¢, 0.954p and 1.11A,.

Another interesting observation is that the positive meniscus lenses in both 2D and 3D
configurations perform better with a reduced thickness at the centre of the lens compared to

the convex-planar lenses, offering the possibility to design more compact devices. Next, the
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position of the focus is evaluated to determine if it agrees with the designed value which in
the case of the designed lenses here is of EFL = 2.

3.3.2 Evaluation of the EFL and DoF

Using the power enhancements along the z—axis at x =y = 0, shown in Fig. 3.6, the EF L for
the positive meniscus lens and the convex-planar lens are calculated and shown in Fig. 3.7a,b,
respectively, for the 2D structures illuminated by a plane wave (red) and the 3D case using
SPPs (blue). From Fig. 3.7a,b, the similarities between the EF L of the ideal 2D cases and
the plasmonic structures, illuminated by a plane wave and SPPs, can be seen. For instance,
the positive meniscus, shown in Fig. 3.7a, has an EFL of 1.75A and 2.13A for the 2D case
using a plane wave and the 3D plasmonic case, respectively, when d ~ 0.951y (600 nm),
while the 2D and 3D configurations for the convex-planar lenses haves values of 1.75Ay and
1.97 Ay, respectively. The focuses generated by the lenses are likely slightly closer to the lens
due to the effect of losses which are not considered in the adapted lens maker equation.
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Fig. 3.7 EFL of the (a) positive meniscus lens and (b) convex-planar lens in 2D idealised
(red) and 3D plasmonic (blue) configurations.

Another indicator of the performance of a generated focus is the depth of focus (DoF)
(distance for the maximum power enhancement at the EF L to decayed to half in the propaga-
tion direction along the z—axis [18]). The DoF of the meniscus lenses and the convex-planar
lenses from Fig. 3.5 are shown in Fig. 3.8a,b, respectively, for the 2D structures illuminated
by a plane wave (red) and the 3D case using SPPs (blue). The results from Fig. 3.7 and
Fig. 3.8 demonstrate that the expected results from the ideal 2D lenses illuminated with a
plane wave agree well with the results using 3D plasmonic lenses. From Fig. 3.8, one can
quantifiably observe the elongation described in Fig. 3.5. As thicker lenses are better at redi-

recting SPPs towards the desired focal point from more extreme positions along the x—axis
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(larger output angles) the Dof is observed to decrease as d gets thicker, as the focal spot is
reduced in the direction of propagation. This trend is observed for the two lens geometries
in both the 2D and 3D configurations. When d has values between 0.5y and 0.95A, the
positive meniscus lenses in both 3D plasmonic and 2D configurations have values of the DoF
that vary from ~ 3.5A¢ to ~ 1.3 and = 3 to =~ 1.82A, respectively. Meanwhile, in the
same range of d the convex-planar lenses in 3D and 2D configurations have values of Dof
that vary from = 4.5 to ~ 2.034¢ and = 5.3 to ~ 1.9, respectively.

Again, from these results, the meniscus lenses show an improved performance compared
to the convex-planar lenses under 2D plane wave illumination and 3D structures using SPPs
in terms of DoF. For example, the meniscus lens has a DoF = 1.724¢ and DoF = 1.13
for the 3D and 2D configurations, respectively, whereas the convex-planar lenses have DoF
= 1.92A9 and DoF = 1.544, respectively, showing that the focal spot produced by meniscus
lenses is smaller in the direction of propagation than the focus produced by a convex-planar
lens. The results shown here are expected due to the curvature of the output surface (R;), as
described in Section 3.3.1.

2D structure —o— 3D plasmonlc
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Fig. 3.8 DoF of the (a) positive meniscus lens and (b) convex-planar lens in 2D idealised
(red) and 3D plasmonic (blue) configurations.

3.3.3 Comparison of the transverse spatial resolution

When evaluating the performance of focusing structures one of the most important properties
to consider is the transversal spatial resolution of the focus by calculating the FWHM on the
focal plane. To ensure a fair comparison between the two geometries, the lenses are designed
with the thickness that corresponds to the maximum power enhancement at their EF L from
Fig. 3.5. Therefore, d = 0.7949 (500 nm) will be used for the meniscus lens profiles while
for the convex-planar lens profile will have d = 0.95Ay (600 nm). These two values of d
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for the meniscus and convex-planar geometries also produce a focus at a similar position,
EFL =1.99916Ap and EFL = 1.99905Ay, respectively, avoiding misleading comparisons of
the transversal spatial resolution as one would expect the properties of the focal spot to vary
for significant differences in the EFL [146].

Fig. 3.9 Power enhancement on the xz—plane at y = O of (a,b) a positive meniscus and (c,d)
convex-planar lenses in (a,c) a 2D idealised and (b,d) a 3D plasmonic configuration

Using these thicknesses to design the lens profiles, the numerical results of the power
enhancement on the focal plane produced the positive meniscus lens profile, with ngpp;; =
2.43 4 i0.075, considering the 2D idealised structures and the 3D plasmonic lens is shown in
Fig. 3.9a,b, respectively, while the power enhancement results for the convex-planar lenses,
where ngpp;; = 2.09 +i0.092 are shown in Fig. 3.9¢,d, respectively. From Fig. 3.9, it can
be observed that comparing the focal spots produced by the 2D idealised lenses and the 3D
plasmonic lenses are similar, as one would expect. However, the 3D realistic plasmonic
lenses have a clear reduction in the power enhancement of the focus compared to the 2D
idealised lens, as seen in Fig. 3.5.

Several factors will cause this reduction in the power enhancement, but the primary reason
is the different illumination types used. This is due to the increased losses expected when

using realistic 3D models using SPPs rather than a plane wave in the 2D idealised cases. Other
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Fig. 3.10 Power enhancement generated by a (a) positive meniscus lens and (b) a convex-
planar lens along the x—axis at three potions along the z—axis: (i) z = 1.75, (ii) z = 24y,
and (iii) z = 2.25A9. FWHM of the focus produced by a (c) positive meniscus lens and (d) a
convex-planar lens for positions along the z—axis. The power enhancement and FWHM are
determined for both 2D (red) and 3D plasmonic (blue) numerical simulations.
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possible improvements could be made to the focusing structures as there is scattering for all
of the lens geometries reducing the maximum potential power enhancement. This is a result
of the abrupt change of the refractive index as the plane wave or SPPs go from propagating
in the background medium (ngpp; = 1.045 +i0.005) into the lens (nspp;; = 2.09 +i0.092
and ngpp;; = 2.43 +10.075). This could be reduced by exploiting concepts of gradient index
materials [188, 189]. To implement these concepts in the 2D case different materials with
increasing real values of refractive index would need to be added to the back of the lens to
make a step refractive index between the background media and the lens. In the 3D plasmonic
case though, Fig. 3.1b can be exploited by making a stepped refractive index at the back of
the lens by using different values of the height of Si3Nj.

Using the power enhancement on the focal plane, shown in Fig. 3.9, the spatial resolution
along the transverse axis of the positive meniscus and the convex-planar lenses can be
compared. The power enhancement along the x—axis for positive meniscus and the convex-
planar geometries at three unique positions along the direction of propagation, z = 1.75A,
7 =2Ag and z = 2.25A¢ are shown in Fig. 3.10a,b, respectively, in both the 2D ideal (red)
and 3D plasmonic (blue) configurations. As expected from Fig. 3.5, the 2D idealised cases
have higher power enhancement compared to the 3D plasmonic configurations. It is clear
when comparing the power enhancement along the x—axis at each position in the direction of
propagation the power enhancement at x = 0 produced by the meniscus lens profile for both
the 2D idealised and 3D plasmonic configurations is increased compared to the convex-planar
geometries.

Further analysis of the spatial resolution of the focal spot is conducted by obtaining the
FWHM of the power enhancement along the x—axis, shown in Fig. 3.9, at positions along the
z—axis from z = 1.5 to z = 2.5 in steps of 0.0158 A for the meniscus and convex-planar
geometries are shown in Fig. 3.10c,d, respectively, for the 2D ideal (red) and 3D plasmonic
(blue) configurations. From this, the transversal spatial resolution is observed to be similar
between the two designs in both configurations. For the 2D and 3D plasmonic structures the
positive meniscus lens, shown in Fig. 3.10c, and the convex-planar lens, shown in Fig. 3.10d,
each have a FWHM at their respective focal point of 0.444, and 0.54 A, respectively. This is
likely a result of the adapted lens maker equation being a classical optics method. Therefore,
the lenses produced in this way will be diffraction-limited, so as the spatial resolution of
these lenses approaches this limit they have the same FWHM although the meniscus lens

generates a higher power enhancement.
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3.3.4 Broadband response

The next study was conducted to evaluate the broadband performance of the plasmonic
meniscus lens designed and evaluated in previous sections. As it is known, both Au and
Si3N3 are dispersive at the frequency range under study. Therefore, the effective refractive
index (ngpp; and ngpp;;) in the two regions where the SPPs propagate (Au-air region i and
the Au-Si3zN3-air region ii) will change too, according to Eq. (1.17). This will cause the focal
spot generated by a plasmonic meniscus lens to shift and change. This is a phenomenon,
known as chromatic aberration [190], due to the dispersive nature of materials. Therefore,
this is often observed when working with structures, such as lenses designed using the lens
maker equation, and broadband/polychromatic EM waves. However, if the parameters of
a plasmonic meniscus lens designed using Eq. (3.2) are known, then the position of the
focal spot at a different wavelength can be predicted, using newly calculated values of ngpp;,
nspp;; and Eq. (3.2). A comprehensive study of the lens can then be done by comparing these
predicted analytically calculated positions to the obtained EF L from the same numerically
simulated lenses. Therefore, an initial plasmonic meniscus lens is designed at the same
visible wavelength Ay = 633 nm as the previous sections with the same parameters. The
EFL =2y = 1266 nm was chosen at this wavelength, with Ry = EFL = 1266 nm. The
effective refractive index in the Au-air region i and the Au-Si3Ns3-air region ii will be the same
as in Section 3.3, ngpp; = 1.045+-i0.005 and ngpp;; = 2.43 +i0.075, respectively, which can
then be used to calculate the ratio ¢ in Eq. (3.2). As these are the same parameters as in
Section 3.3.1, the best performing lens thickness d = 500 nm was chosen which resulting in
an R, = 4046 nm when using Eq. (3.3). The profile of a plasmonic meniscus lens was then
generated using these parameters and its broadband response is evaluated both analytically,
using Eq. (3.2), and numerically within the spectral range of 550 nm to 750 nm.

The value of the EFL of the plasmonic meniscus lens, obtained from analytical cal-
culations (red) and numerical simulations (blue), as the wavelength changes within this
spectral range are shown in Fig. 3.11. As observed, there are three distinct regions of the
broadband response when comparing the analytical and numerical results. When the oper-
ational wavelength is below 600 nm, in the range 550 nm to 600 nm, marked as the green
region in Fig. 3.11, the EFL obtained from the numerical simulations are larger than the
analytically calculated values. This is a result of more losses experienced by the SPPs when
the operational wavelength is reduced, as expected from [100, 188]. This is expected, as
the lens maker equation only considers materials without losses, so as the effect of losses
increases the deviation between the EF' L from the numerical simulations and the analytical
calculations also increases. This could be addressed by developing a further adapted lens

maker equation to consider a complex refractive index in the regions i and ii in the future.
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Fig. 3.11 EFL calculated analytically (red) and numerically (blue) as the incident wavelength
used to illuminate a 3D plasmonic meniscus lens varies designed with parameters: R =
1266 nm, Ry = 4046 nm, d = 500 nm, and an EFL = 1266 nm. Green region (500 nm < A <
600 nm) represents a wavelength band where the plasmonic meniscus lens experiences high
losses, the orange region (600 nm < A < 700 nm) represents when the plasmonic meniscus
lens behaves as expected, and the purple region (700 nm < A < 750 nm) represents where

the SPPs focused by the plasmonic meniscus lens are weakly coupled to the metal-dielectric
interface.
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Fig. 3.12 (a) Power enhancement focal plane for the plasmonic meniscus lens described
previously when illuminated by a wavelength of (i) 600 nm (ii) 650 nm and (ii) 700 nm. (b)
Power enhancement on the focal plane at the centre of the lens (x = 0) for a wavelength of (i)
600 nm (i1) 650 nm and (ii) 700 nm along the z-direction.
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Then in the range of wavelengths between 600 nm and 700 nm, marked as the orange
region in Fig. 3.11, there is a good agreement between the numerical and the theoretically
calculated EFL as the plasmonic meniscus lens behaves as predicted by the adapted lens
maker equation. Above this, in the wavelength range between 700 nm to 750 nm, marked as
the purple region in Fig. 3.11, the values of the EF L obtained from the numerical simulations
are smaller than the analytically calculated values, with greater deviation as the wavelength
increases. This deviation is a result of the adapted lens maker equation considering the perfect
coupling of the SPPs to the dielectric-metal interface, whereas the evanescent confinement of
SPPs will be reduced as the operational wavelength increases [191, 113].

To corroborate the results shown in Fig. 3.11, the power enhancement on the focal plane
of the plasmonic positive meniscus lenses when they are illuminated by 3 wavelengths, 49 =
600 nm, 650 nm and 700 nm, marked by dashed lines in Fig. 3.11, are shown in Fig. 3.12a(i-
iil), respectively, with the power enhancement in the direction of propagation at the centre of
the lens (x = 0) extracted in Fig. 3.12b(i-ii1), respectively. From this, the EF' L for these three
wavelengths was found to be 1.19 um, 1.33 ym and 1.47 pm, respectively, for the numerical
simulations while the analytical EF L had value of 1.13 um, 1.33 um and 1.49 pm. Therefore,
from these results, the plasmonic meniscus lenses behave as expected within a broadband
spectral region of 600 nm to 700 nm leads to the conclusion that modifying the lens maker
equation to be used in SPPs to design plasmonic lenses is effective as long as the intrinsic
losses of the plasmonic structure are not too high and the SPPs are strongly confined to the
metal-dielectric interface.

3.3.5 Plasmonic meniscus lens under Oblique Illumination

In this study, the plasmonic meniscus lens designed and discussed in Section 3.3.4 (A9 =
633nm, EFL =2Ay = 1266 nm, Ry = EFL = 1266 nm, ngpp; = 1.045 +i0.005, nspp;i =
2.434i0.075, d = 500 nm and R, = 4046 nm) is evaluated when illuminated under oblique
incidence. To do this, the plasmonic lens was rotated from the middle of its output surface
from 0° (the lens position for all the other studies) to 30° in steps of 3°. A schematic
presentation of this rotation of the plasmonic meniscus in steps of 6° is shown in Fig. 3.13a(i-
vi) with the power enhancement on the focal plane at the position of the focus is shown in
Fig. 3.13b(i-vi). From this, the focus produced by the rotating plasmonic meniscus lens can
be seen to shift in both the x— and z — axis while the power enhancement decreases as the
angle the lens is rotated by increases. This is corroborated in Fig. 3.13c,d which show the
shift in the focus in both the x— and z—directions and the change in the power enhancement
of the focus as a function of the angle, respectively. When the rotating angle is less 15°
there is a small impact on the power enhancement of the focus, as shown in Fig. 3.13c,
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however above 15° the power enhancement is significantly reduced to values of ~ 1.2. Then
in Fig. 3.13d, the position of the focus shows an almost linear shift in the position of the
focus along both the x— and z—axis as the angle increases from 0° to 30° with a change of
Ay =0.35Ap and A, = 0.4y, respectively. Therefore, plasmonic meniscus lenses are shown

to be robust when illuminated by oblique incidence when the angle is less than 15°.
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Fig. 3.13 (a) Schematic representation of the rotated plasmonic meniscus lens with angles
from 0° to 30° with a step of 6°. (b) Power enhancement on the focal plane for a plasmonic
meniscus lens as they are rotated with the angles in (a). (c) Focal position in x (red) and z
(blue) coordinates and (d) maximum power enhancement of the plasmonic meniscus lens as
the rotation angle increases from 0° to 30° in steps of 3°.

3.3.6 Effect of Fabrication Errors on plasmonic meniscus lenses

Fabrication techniques have made improvements in recent decades, showing the capabilities
to reliably fabricate features in the scale of tens of nanometers [192, 64, 193]. However,
despite these improvements, there are still possible fabrication errors that can occur when
working at the limits of current technology. In this context, in this section, potential fab-
rication errors, such as "vanishing" edges or uncertainty in the dielectric dimensions, are
introduced to the concept of a plasmonic meniscus lens to show their robustness despite poten-
tial errors. The studies in the following section use the same plasmonic meniscus lens as used
in Section 3.3.4 and Section 3.3.5 with the parameters: Ao = 633 nm, EFL =24, = 1266 nm,
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Ry =EFL= 1266 nm, ngpp; = 1.045+i0.005, nspp;; = 2.43+i0.075, d = 500 nmand R, =
4046 nm).

Effect of Fabrication Errors in d,

As discussed in Section 3.3, to achieve an effective refractive index of ngpp;; = 2.43 +
i0.075 for the plasmonic meniscus lens, the SizNy layer should have a height of 126 nm,
from Fig. 3.1b. However, limitations of the fabrication techniques used to potentially
fabricate a plasmonic meniscus lens may cause this dielectric layer to be slightly thinner or
thicker. Therefore, the EF'L is obtained using numerical simulations and analytical values
from Eq. (3.2) as the height of the SizN4 layer is varied from 50 nm to 200 nm in steps of
10 nm, are shown in Fig. 3.14a. In these results, a good agreement is observed between
the numerically obtained and analytically calculated EF L demonstrating the robustness
of the plasmonic meniscus lens to behave as predicted even with fabrication errors. For
completeness, examples of the power enhancement on the focal plane when the height of the
Si3Ny layer is dy = 100 nm, 150 nm and 200 nm are shown in Fig. 3.14b(i-iii) respectively,
demonstrating that a focus is still produced even if the height of the dielectric has some minor

experimental fabrication errors.

Effect of Fabrication Errors in lens thickness

Next, the impact of potential fabrication errors on the centre (x = 0) thickness of the lens
(d) is investigated for the plasmonic meniscus lens, when the radius of curvature of the
input and output surfaces are kept constant. The EFL of the plasmonic meniscus lens
is calculated analytically using Eq. (3.2), and obtained from the power enhancement of
numerical simulations as d varies from 300 nm (0.47Ay) to 800 nm (1.26Ap) in steps of
50 nm (0.08Ay), is shown in Fig. 3.15a. A good agreement is observed between the analytical
and the numerically obtained values of EF'L for the cases when a focus (power enhancement
> 1) is formed. The power enhancement on the focal plane is shown in Fig. 3.15b(i-iii) when
the thickness of the lens is d = 500 nm, 600 nm and 700 nm, respectively. From the results
shown in Fig. 3.15, a focus with a power enhancement greater than 1 will be produced by
the plasmonic meniscus lens at a position that can be predicted by Eq. (3.2), as long as the
fabrication errors are not too significant, making the lens too thin or too thick (as explored in
Section 3.3.1). Again these results show the plasmonic meniscus lens is robust to overcome

potential experimental errors within reason.
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Fig. 3.14 (a) Theoretical (red) and numerical (blue) results of the EFL as a function of d,
used for the 3D plasmonic meniscus lens with parameters defined in 3.3.4, designed with a
height of the SizNy4 layer of 126 nm to have an EFL at 1266 nm (24). Power enhancement
on the focal plane for the plasmonic meniscus lenses with a dielectric height of (b) 100 nm
(c) 150 nm and (d) 200 nm.
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Fig. 3.15 (a) Analytically calculated (blue) and numerical (colour scaled to the power
engagement of each lens thickness using the same scale bars as seen in (b-d)) results of the
EFL as a function of d of the plasmonic meniscus lens at x = 0, designed with parameters
from 3.3.4. (b) Power enhancement on the focal plane for the plasmonic meniscus lenses
with (i) d = 500 nm, (ii) d = 600 nm and (iii) d = 700 nm
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Effect of Fabrication Errors in Edge Sharpness

In this final study, the impact of fabrication errors on the sharpness of the plasmonic meniscus
lens edges is explored. As the the current constraints on nanofabrication methods limit the
smallest feature that can be reliably fabricated in the tens of nanometers this may cause
the sharp edges at the corner of the plasmonic meniscus lens to "vanish" [194], changing
the shape of the lens. Here the imperfect edges of a potential plasmonic meniscus lens
are implemented replacing the sharp edges with rounded corners so there are no features
smaller than 100 nm. The power enhancement on the focal plane for plasmonic meniscus
lenses with rounded corners for thicknesses of 400 nm to 700 nm in steps of 100 nm, are
shown in Fig. 3.16a(i-iv), respectively. In all of these cases, a clear focus is observed, even
with rounded edges, although the thick lenses (700 nm) have a low power enhancement as
expected from Section 3.3.1. To examine the effect of the rounded edges compared to sharp
edges, the power enhancement in the direction of propagation at the centre of the lenses
(x =0), are shown in Fig. 3.16b(i-iv). From this, there is good agreement even when the
corners are rounded, although there is a slight power enhancement reduction for smaller
values of d as the rounded edges become comparable to the magnitude of d. Therefore, the
results shown here and in the previous section show that plasmonic meniscus lenses are
robust to many different potential fabrication errors.
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Fig. 3.16 (a) Power enhancement on the focal plane for four plasmonic meniscus lenses with
no features less than 100nm thick and a thickness (i) d = 400 nm, (ii) d = 500 nm, (iii) d =
600 nm and (iii) d = 700 nm. (b) Power enhancement at the centre of a lens (x = 0) on the
surface of the metal (y = 0) with sharp corners (red) and rounded edges (blue) for plasmonic
meniscus lenses from panels (i-iv), respectively.



Chapter 4

From classical concepts into plasmonics:
Localised surface plasmons

This chapter will concentrate on work using another important aspect of plasmonics: LSPs.
LSPs arise when oscillating EM waves at optical frequencies couple with the conduction
electrons within metallic nano-/micro-structures and produce non-propagating excitations,
which can generate localised field hotspots (regions of high field concentration) due to
resonances of the LSPs [90, 83, 195, 40, 196, 197]. A consequence of this ability to confine
EM waves and produce field hotspots has led to LSPs emerging in many applications such as
photocatalysis [198, 199], and optical data storage [200]. In this context, pursuing new and
enhanced methods to design plasmonic nanoparticles capable of sustaining LSPs and their
resonances is required to improve their performance in these many applications [43].

One area where research on LSPs in plasmonic nanostructures has demonstrated to
be particularly beneficial is sensing. This has been demonstrated for surface-enhanced
Raman spectroscopy [201, 202], gas and ion detection [203, 204], single particle detection
[205, 101], biosensors [206, 207], in addition to the ability to calculate the EM and geometric
properties of proximate dielectrics (such as the thickness of a film or its refractive index)
[208, 97]. This is possible because the properties of the LSP resonances within a plasmonic
structure, such as the power enhancement and spectral position [40], will be dictated by and,
therefore, can be controlled through the engineering of different parameters, such as the
materials used in and around the nanoparticles [93, 209-211], as well as the geometry of
the particles themselves, in terms of their size and shape [212-215]. An interesting method
used to exploit LSP resonances and their field hotspots has been to combine the individual
resonances of nanoparticles in a method known as mode hybridisation [216-220]. This has
been used in two-particle systems [221-223], see Fig. 1.11, up to entire arrays of particles

[224, 101, 201]. To assist in the understanding and design of LSP nanostructures for sensing
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classical antenna engineering techniques can be applied to the realm of plasmonics, such as
conformal mapping [178, 225].

In this chapter, a comprehensive study of complementary plasmonic nanostructures
designed using a different classical technique, the Babinet principle, is carried out using
numerical studies to show how complementary responses in plasmonic nanostructures due
to the Babinet principle, which confine an incident EM field at nanoscales, are exploited
for sensing variations of a nearby dielectric. First, two configurations of the plasmonic
nanostructures are designed: gold cylindrical particle-dimers and their complementary
counterpart, plasmonic aperture-dimers in a gold film. While there is a notable lack of studies
in the context of the Babinet principle, these structures offer several benefits: their plasmonic
properties are well-known, they are relatively easy to fabricate without sharp edges, and
their rotational symmetry aids in identifying fabrication imperfections, thereby facilitating
comparisons between numerical simulations and fabricated samples. These nanostructures
will be numerically evaluated to determine the complementary spectral location (using
reflection and transmission spectra) and electric and magnetic field distributions of the LSP
resonances of the two plasmonic nanostructures. To validate these results, experimental
results from an external collaboration, employing Electron Energy Loss Spectroscopy (EELS)
the distribution of the LSP modes are experimentally mapped and compared to the numerical
results. After this, both complementary plasmonic nanostructures are studied to evaluate
their performance when they are used as dielectric sensing devices. A dielectric is used
as the analyte, and it will vary in terms of its refractive index and geometry with different
configurations of the analyte, such as thin films and particles, considered. The sensing
performance of the two complementary nanostructures is compared to assess the role of the
Babinet principle. The interchangeable EM responses due to being complementary enable
the selection of the best-performing configuration depending on the desired application. Both
complementary nanostructures, demonstrate values of sensitivity in the order of hundreds of
nm/RIU.

4.1 Design

The 3D schematic representation of the proposed complementary plasmonic nanostructures,
consisting of cylindrical particle-dimers and cylindrical apertures-dimer in a metallic film, is
shown in Fig. 4.1a,b, respectively. These nanostructures, referred to as plasmonic nanoparti-
cles and plasmonic nanoapertures hereafter, are illuminated normally to the nanostructures
by a plane wave, represented by the red arrow in Fig. 4.1. In this study, the plane wave propa-

gates parallel to the z—axis, with linear polarisation along either of the x— or y—direction of
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the E—field, to investigate the validity of the Babinet principle. The incident plane wave has
a spectrum of frequencies (fy)/wavelengths (Ag)/energies (Ep) in free space, ranging from
fo/A0/Eo = 150 THz to 310 THz / 2000 nm to 967 nm / 0.62¢V to 1.28 eV. Changing the
polarisation of the incident plane wave on the plasmonic nanostructures results in the exci-
tation of distinct yet complementary LSP resonant modes in the plasmonic nanostructures.
To observe and determine the spectral position of these LSP resonances, reflection (R) and
transmission (77) values will be calculated for each plane wave, represented by the green and
purple arrows labelled as R and T in Fig. 4.1, respectively.

a b

Nanoparticles Nanoapertures

Fig. 4.1 3D Schematic representation of complementary cylindrical plasmonic (a) Au nanopar-
ticles and (b) nanoapertures in an Au sheet, each on a Si3N4 substrate. Red, green and purple
arrows represent the incident, reflected and transmitted plane wave, respectively

The 2D schematic representation showing the yz— and xy— cross-sections of the proposed
complementary plasmonic nanostructures are shown in Fig. 4.2a,b for the plasmonic nanopar-
ticles and Fig. 4.2c,d for the plasmonic nanoapertures. To adhere to the Babinet principle,
which considers the complementary nanoparticles and screen where the nanoapertures are
to be infinitely thin, the gold nanoparticles and film are designed to have a thickness in the
direction of propagation (z—direction), shown in Fig. 4.2a,c, of d,, = 30 nm. Thus, even at
the shortest wavelength in the spectrum (967 nm-2000 nm), the layer thickness remains sig-
nificantly smaller than the incident wavelength, approximately satisfying the requirement of
the Babinet principle. The two complementary nanostructures are positioned on a dielectric
substrate made from Si3N4, with the same thickness in the direction of propagation as the
metal nanostructures, d; = 30 nm. As in Fig. 4.1, the incident plane wave propagates along
the z—axis (shown as the red arrow labelled Inc.), polarised along the x— or y—axis and in-
teracts with the plasmonic nanostructures to excite LSP resonant modes, the spectral position
of which will be determined by retrieving the R (green arrow) and 7" (purple) radiation.

To evaluate these plasmonic nanostructures as dielectric sensors, a dielectric, which will
be considered as the analyte in this study, is introduced into them. In this study, the dielectric

analytes considered are non-dispersive with real values of refractive index (n,). A schematic
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representation with the analyte introduced into the nanostructures is shown in Fig. 4.1 and
Fig. 4.2a,c, with the analyte presented as a thin film positioned atop the gold nanostructures
with a thickness along the z—axis of d,. However, in this study, several configurations of
the analyte will be considered, including when it is immersed into the nanostructures or
presented as small particles. The geometry of the plasmonic nanoparticles and nanoapertures
considered in these studies is characterised by the diameter of each dimer and the separation
between the nanoparticles/nanoapertures, denoted as D and L, respectively, in Fig. 4.2b.d.
As mentioned in the previous section, the spectral location of the LSP resonances will be
dictated by the size and shape of the plasmonic nanostructures. Therefore, variations in the
value of D and/or L will cause the frequency/wavelength of the LSP resonant mode to shift,
as expected. Based on this, to ensure fair comparisons of the performance of the plasmonic
nanostructures discussed in the numerical studies within the following sections, constant
values of these parameters are selected as D = 200 nm and L = 20 nm.

Fig. 4.2 Schematic representation of the yz- and xy-cross-sections of the proposed com-
plementary plasmonic nanostructures: (a,b) plasmonic nanoparticles and (c,d) plasmonic
nanoapertures. Red, green and purple arrows present in (a,c) represent the incident, reflected
and transmitted plane wave, respectively. D and L shown in panels (b) and (d) denote the
diameter of the individual cylindrical dimers and the separation between them, respectively

4.2 Complementary Plasmonic nanostructures

To evaluate the plasmonic nanostructures to validate the Babinet principle in plasmonics and
their performance as dielectric sensors, they were numerically studied using the frequency
domain solver of the RF module from the commercial software COMSOL Multiphysics®, for
full-wave simulations (additional information is provided in Section E.2). These structures,
consisting of gold nanostructures on a SizNy substrate (Fig. 4.1,4.2), were implemented
into the simulations with material properties based on experimental data [1, 181], respec-

tively. The square nanostructures have periodic boundary conditions on the +x— and
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+y—boundaries (infinitely repeating along the z— and y—axis) with large enough lateral
dimensions 950 nm x 950 nm as to minimise lattice resonances. A port is then positioned
3000 nm from the front (plasmonic nanostructure) of the structure to apply the incident
plane wave [with E, or E), polarisation (parallel or transverse to the long axis of the plas-
monic nanostructures, respectively, see Fig. 4.1,4.2] and record the reflected signal and
then 3000 nm from the back (SizN4 substrate) of the nanostructures to record the signal
transmitted through the nanostructures. The magnitude of the signal reflected and trans-
mitted through the plasmonic nanostructures is calculated as a function of frequency using
the definition of scattering parameters (S-parameters) at the input and output ports from
COMSOL Multiphysics®. The spectral position of the plasmonic nanostructures can be
determined from these R and T spectra. Finally, an extremely fine tetrahedral mesh is applied
to the plasmonic nanostructures with minimum and maximum element sizes of 9.38 nm and
219 nm, respectively. The mesh was further improved by applying two additional automatic

refinements of the plasmonic nanostructures.
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Fig. 4.3 (a) 2D schematic representation (xy—plane) of the proposed plasmonic nanoparticles
with the direction of the linearly E, polarised incident plane wave illuminating it shown as
an arrow, (b) R (red line) and T (blue line) spectra, (c) Ex, (d) Ey, (e) Hy, and (f) H, field
enhancements of the LSP resonances. To calculate the field enhancements the ratio of the
full electric or magnetic field spatial distributions and the incident excitation field is used.
The sign convention of the field enhancement is obtained using the direction of the specific
vectorial component.

A top view at the surface of the schematic representation of the plasmonic nanoparticles
illuminated by E, polarised plane wave and nanoapertures illuminated by E, polarised
plane wave is shown in Fig. 4.3a and Fig. 4.4a, respectively, with the direction of the
linear polarisation represented by a horizontal (E,) or vertical (Ey) arrow. The calculated

R and T spectra for the plasmonic nanostructures in Fig. 4.3a and Fig. 4.4a, are shown in
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Fig. 4.4 R and T spectra and Field distributions of the plasmonic nanoapertures illuminated
by an incident plane wave with E), polarisation, respectively. (a) 2D schematic representation
on the xy—plane with an arrow showing the direction of the linearly polarised incident plane
wave illuminating them, (b) R (red line) and T (blue line) spectra, (c) Hy, (d) Hy, (e) Ex, and
(f) Ey field enhancements of the LSP resonances.

Fig. 4.3b and Fig. 4.4b as red and blue lines, respectively. From these spectra, a minimum
in the 7 spectrum of the plasmonic nanoparticles and a minimum in the R spectrum of the
plasmonic nanoapertures is observed, indicating that an LSP resonant mode has been excited
in the plasmonic nanostructure. As the plasmonic nanostructures are complementary and
under orthogonally polarised plane wave illumination, the spectral positions of these LSP
resonances are similar but not exactly the same. This slight discrepancy is a demonstration of
the approximate and not complete validity of the Babinet principle in the realm of plasmonics
[41, 40]. This is expected, as although d,, is significantly smaller than the incident wavelength
they are not infinitely thin as required for the Babinet principle to hold. Another difference is
that unlike metals at microwave frequencies (which is why the Babinet principle is frequently
used in microwave antenna design) at optical frequencies metals, such as gold, can no longer
be considered PEC causing results to deviate from the expected value using the Babinet
principle.

The difference between the spectral properties of the LSP resonance, in terms of their
spectral position and spectral profile, can be quantitatively evaluated by calculating the
quality factor (Q-factor), a useful measure for evaluating the performance of sensors, defined
as [226, 227]:

ALsp

Q= FWHMsp

4.1)
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where Ay sp and FWHM gp are the wavelength of the LSP and its corresponding FWHM,
respectively. Therefore, the minimum in T (blue) for plasmonic nanoparticles illuminated by a
plane wave polarised along the x—axis from Fig. 4.3b occurs at fi ~ 259 THz / Ay ~ 1160 nm
/ Eg =~ 1.07 eV. The minimum in the T spectrum has a FWHM = 51.55 nm and therefore, has
a Q-factor ~ 22.5. The LSP resonant mode of the complementary nanostructure, a plane wave
with Ey, polarisation incident on the plasmonic nanoapertures, is excited when fo ~ 250 THz
/ A9 =~ 1200nm / Ey =~ 1.03 eV with a Q-factor = 16.4 (FWHM;sp = 73.17 nm), indicated
by the minimum in the R (red) spectrum. Here, the quantitative differences between the
spectral positions and Q-factors of the excited resonant modes can be seen due to considering
realistic plasmonic nanostructures for these studies, rather than the idealised infinitely thin

PEC layers required to satisfy the Babinet principle.
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Fig. 4.5 R and T spectra and Field distributions of the plasmonic nanoparticles illuminated
by an incident plane wave with E, polarisation. (a) 2D schematic representation on the
xy—plane with the polarisation of the incident plane wave represented by an arrow, (b) R (red
solid line) and T (blue solid line) spectra, (¢) Ey, (d) E), (¢) H,, and (f) H,, field enhancements
of the LSP resonances.

Now, the spectral location has been determined for the excited LSP resonant modes
in the plasmonic nanoparticles and nanoapertures, their nature and comparable properties
in terms of field enhancement distribution (the ratio of the full electric or magnetic field
spatial distributions and the spatial distributions of the incident excitation field with the
direction of the specific vectorial component used to the enhancement dictating the sign
convention determined [41], referred to hereafter as field distributions), can be discussed.
The plasmonic nanostructures being studied consist of two plasmonic features, therefore, the
LSP modes produced in them will be a result of the individual LSP modes excited in each
plasmonic dimer being hybridised. The nature of the hybridised modes is different for the two

complementary nanostructures, discussed in [228], however, due to the Babinet principle their
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Fig. 4.6 R and T spectra and Field distributions of the plasmonic nanoapertures illuminated
by an incident plane wave with E, polarisation. (a) 2D schematic representation on the
xy—plane showing the direction of the E, polarised incident plane wave illuminating it, (b)
R (red solid line) and T' (blue solid line) spectra, (¢) Hy, (d) Hy, () Ey, and (f) E, field
enhancements of the LSP resonances.

E— and H— field distributions will be complementary. The E— and H— field distributions
calculated at the surface of the plasmonic nanoparticles illuminated by a E, polarised plane
wave and nanoapertures illuminated by a E| polarised plane wave are shown in Fig. 4.3c-f
and Fig. 4.4c-f, respectively, at the frequency of their LSP resonant mode. By qualitatively
comparing the horizontal and vertical components of the E—field, E, (Fig. 4.3¢) and E,
(Fig. 4.3d), respectively, generated in the plasmonic nanoparticles under E polarisation
of the incident plane wave, resemble the H, (Fig. 4.4c) and Hy, (Fig. 4.4d) components of
the complementary LSP resonant mode generated in the plasmonic nanoapertures under
E, polarisation of the incident plane wave. This resemblance extends to the other field
distribution components of the plasmonic nanostructures as the H, and H, components of the
plasmonic nanoparticles shown in Fig. 4.3e,f is similar to the Ey and E|, field distributions of
the plasmonic nanoapertures shown in Fig. 4.4e,f. However, it should be noted the two excited
LSP resonant modes shown here have different field distribution magnitudes, as expected
from ref [41]. The field distributions of the plasmonic nanoparticles and nanoapertures
correspond to longitudinal dipole bonding (LDB) and complementary LDB (cLDB) LSP
resonant modes (the method of interpreting the type of LSP resonant mode will be explored
in-depth in Section 4.2.1).

For completeness, the orthogonal polarisation of the plane wave was used to illumi-
nate each of the plasmonic nanostructures, with the plasmonic nanoparticles under Ey
polarised illumination and the plasmonic nanoapertures under E, polarised illumination, with

a schematic representation shown in Fig. 4.5a and Fig. 4.6a, respectively. The plasmonic
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nanoparticles in this scenario will have a minimum of 7', and therefore, a LSP resonant mode,
when fi =~ 290 THz / A9 ~ 1030nm / Ey ~ 1.20eV with a FWHM of 21.4 nm therefore, Q-
factor ~ 48.1. Meanwhile, the complementary LSP resonant mode in the plasmonic apertures
is excited at fy ~ 280THz / A9 ~ 1070nm / Ey ~ 1.16 eV with a FWHM of 70.86 nm there-
fore, Q-factor ~ 15.1, when R is at its minimum. Again, these results demonstrate that the
Babinet principle approximately holds for plasmonics with the complementary LSP resonant
modes being excited at similar but not the same spectral positions. Finally, the qualitative
comparison of the E— and H— field component distributions of the two complementary
plasmonic nanostructures shown in Fig. 4.5¢-f and Fig. 4.6¢-f again shows good agreement
between the complementary field components as expected from the Babinet principle [41, 40].
These field distributions of the plasmonic nanoparticles and nanoapertures correspond to
transverse dipole antibonding (TDA) and complementary TDA (cTDA) LSP resonant modes.
When comparing the LSP resonant modes from Fig. 4.3, 4.4, 4.5 and 4.6, the excited LSP
resonant mods are observed at different spectral locations as different LSP modes have been
excited. Also, the plasmonic nanoparticles demonstrate a higher value of Q-factor is higher
compared to the plasmonic nanoapertures, which has implications when these nanostructures
are exploited as dielectric sensors. In the next section, the complementary field distributions
excited in the LSP resonant modes for both plasmonic nanostructures will be labelled includ-
ing a comprehensive discussion regarding the distribution of charge mapping that occurs in
the different hybridised LSP modes using experimental results.

4.2.1 Experimental comparison

Fig. 4.7 Fabricated plasmonic (a) nanoparticles and (b) nanoapertures shown using Annular
dark-field (ADF) STEM images. The coloured circles mark the location where a beam of
probing electrons is transmitted to calculate EELS spectra

To corroborate the numerical results from Section 4.2, experimental work was conducted
by external collaborators Dr Krapek and Dr Horak of Brno University, Czech Republic. The
plasmonic nanoparticles and nanoapertures were fabricated using a standard focused ion
beam lithography milling process on a 30 nm thick gold layer deposited on a SizN4 membrane

(250 ym x 250 ym x 30nm. The morphology and optical properties, including the LSP
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modes of the plasmonic nanostructures, were characterised by analysing the nanostructures
using a combination of a scanning transmission electron microscopy (STEM) and electron
energy loss spectroscopy (EELS) by a transmission electron microscope in monochromated
scanning regime (electron energy of 300keV, beam current 100 pA, convergence semi-
angle of 10 mrad, and collection semi-angle of 56 mrad. The FWHM of the zero-loss peak =
0.14 eV, and this value roughly represents the spectral accuracy of EELS). Annular dark-field
(ADF) STEM images of the fabricated plasmonic nanoparticles and nanoapertures are shown
in Fig. 4.7a,b, respectively. The dimensions of the plasmonic nanostructures determined
using ADF-STEM images differ slightly from the desired dimensions (D = 200 nm and
L = 20nm). For the plasmonic particles (Fig. 4.7a), Dy g = 172 nm for the left and right
nanoparticles and L = 50 nm was obtained. The plasmonic nanoapertures, shown in Fig. 4.7b,

D; = 210nm, Dg = 200nm and L = 20 nm. These differences are due to nanofabrication

tolerances.
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Fig. 4.8 Loss probability (per the spectral range of 0.01 eV) for the plasmonic (a) nanoparti-
cles and (b) nanoapertures, respectively, measured at the positions of the smaller circles in
Fig. 4.7.

EELS was used to characterise the LSP modes supported within the plasmonic nanos-
tructures. This is done by transmitting a beam of probing electrons through the plasmonic
nanostructures. From this, an energy spectrum is recorded from a combination of inelasti-
cally scattered electrons and contributions by electrons that have decreased in energy due to
exciting an LSP mode in a plasmonic nanostructure. This excitation of LSP resonant modes
in plasmonic nanostructures can be presented within the theory of classical EM. The EM
field induced by the LSP mode interacts with the probing electrons [229, 230], leading to the
loss probability as follows [41]:
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Teers(o) = %/dtRe{e_i“”v-Emd[re(t),a)]} 4.2)

where e denotes the charge of an electron, @ represents the working angular frequency,
t is time, £ is the reduced Planck constant, and E;,4[r.(¢), ®] is the induced E—field by
an electron at the electron position r,(7) moving with a velocity v. For instance, when an
electron is considered to be moving along the z—axis, normal to the plasmonic nanostructures,
the only component that will interact with the probing electrons will be the out-of-plane
component of the electric field (E;) of the plasmonic nanostructures. Therefore, EELS will
be insensitive to in-plane E-fields (E, and Ey) so any losses related to the excited LSP mode
are proportional to the E, field of the excited LSP resonance, although bulk losses related to
the material and therefore will be proportional to its thickness will contribute so a subtraction
of the zero-loss peak and background was performed to isolate the LSP-related losses, and

the spectra were normalized.

‘

Fig. 4.9 Spatial maps of the EELS loss probability for the plasmonic nanoparticles and
nanoapertures at the frequency to excite (a) LDB, (c) TD modes, (a) cLDB, and (c) cTDA
modes, respectively. |E,| field distributions from numerical simulations at the plasmonic
nanoparticles surface (D; = Dg = D = 200nm, L = 20nm) when an incident plane wave
with (b) E, polarisation is incident at a frequency of the LDB mode and (d) E, polarisation
at a frequency of TDA mode, respectively, and nanoapertures (D; = Dg = D = 200nm,
L = 20nm) when they are illuminated by an incident plane wave with (b) E, polarisation
at a frequency of the cLDB mode and (d) E, polarisation at a frequency of cTDA mode,
respectively. Each numerical study includes the corresponding electric field lines. The “(+)”
(red) and “(-)” (blue) symbols shown in these panels denote the location of positive and
negative surface charge distributions, respectively.

Experimental EEL spectra for the plasmonic nanoparticles and nanoapertures, shown in
Fig. 4.8a,b, respectively, were taken with the probe beam of electrons at three positions on the

top nanostructure, the top, side and bottom, demonstrated in Fig. 4.7 as the green, blue and red
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circles. As can be seen in these spectra, there are peaks and shoulders in the loss probability
where LSPs have been excited in the plasmonic nanostructures. To identify the LSP resonant
modes excited in the plasmonic nanostructures a combination of the procedure described in
[228] and electric—magnetic Babinet complementarity to interpret the modes in the plasmonic
nanoapertures. Each of the hybridised dipole modes excited in the plasmonic nanoparticles
[LDB, TDA, transverse dipole bonding (TDB), and longitudinal dipole antibonding (LDA)]
and complementary modes (due to the Babinet principle) in plasmonic nanoapertures [cLDB,
cTDB, cTDA, and cLDA] have their spectral location indicated by arrows in Fig. 4.8a,b. The
arrow labelled TD is a result of the TDB and TDA supported in the plasmonic nanoparticles
being unresolved. There are also higher-order plasmonic modes, such as contributions from
the quadruple mode (disregarding its hybridisation) labelled as Q. Still, these fare beyond the
scope of this study.

Compared to the numerical R and T spectra, there are more LSP modes observed in the
experimental loss probability spectra. This is a result of the numerical studies using plane
waves, as they can only couple with LSP plasmonic modes with non-zero dipole electric
moments known as bright modes. The other LSP dipole modes are known as dark modes and
do not manifest in the R and T spectra, but can be observed using EELS [217, 231, 201, 232].
These dark LSP modes are not considered in this study as the bright plasmonic dipole modes
will be exploited for dielectric sensing. Fig. 4.9a,c and Fig. 4.9¢,g show experimental loss
probability spatial maps (integrated over a spectral range of 0.1 eV centred on the mode
energy to reduce the noise) at the energy of the LDB and TDA LSP modes in the plasmonic
nanoparticles and cLDB and cTDA LSP modes in the plasmonic nanoapertures. The spectral
position of the plasmonic resonant modes is shown in Table 4.1.

The spectral position of the LSP resonant modes extracted from the EELS spectra again
approximately follow the Babinet principle, as expected, and they agree with the spectral
positions obtained from the numerical simulations. There are some small differences between
the experimental and numerical spectral locations of the LSP resonant modes which can be
attributed to differences in the plasmonic nanostructures, introduced in the fabrication process
due to nanofabrication tolerances[193]. For example, the plasmonic nanostructures are not
perfectly cylindrical or there could be variations in the thickness of the Si3Ny4 substrate.
The effect of potential imperfections may have on the resonance of the nanostructures is
studied in Section 4.4. From Table 4.1, the spectral position of the LSP resonant modes in
the plasmonic nanoparticles obtained from the EELS characterisation is at noticeably higher
frequencies/energies (lower wavelengths) compared to the numerical studies. This is likely
a result of the diameters of the fabricated cylinders being approximately 14% smaller than

intended. There are also differences for the plasmonic nanoaperture cases as well, however,
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the diameter was only around 2.5% larger than intended so the variations are less significant.
Corrected values of the spectral position can be obtained by exploiting the approximately
linear dispersion relation between the reciprocal diameter of a cylindrical antenna and the
LSP resonant mode energy, which are shown in Table 4.1. These values are generally closer
to the ones calculated in the numerical simulations. Further, deviations may also occur
as the two methods, R and T spectra and EELS, are far- and near-field-based calculations,
respectively [233].

To compare the LSP resonant modes from the numerical studies to the experimental
EELS loss probability maps for the plasmonic nanoparticles and nanoapertures, shown in
Fig. 4.9a,c.e.g, the calculated out-of-plane electric field (|E;|) distributions (due to Eq. (4.2))
are shown in Fig. 4.9b,d,f,h, respectively, with corresponding electric field lines. When
comparing the EELS maps and the |E;| field distractions of the plasmonic nanoparticles in
Fig. 4.9, there is a qualitative agreement between the two, although the visual comparison is
quite challenging. This is a result of a smaller energy difference between all of the hybridised
dipole modes causing a strong spectral overlap. This is caused by the fabricated particles,
shown in Fig. 4.7a, having a separation between the plasmonic nanoparticles L ~ 50 nm
rather than the intended 20 nm, used in the numerical simulations. Red "+" symbols and blue
"-" symbols schematically show the accumulation of charge carriers of the LSP resonant
modes in the plasmonic nanoparticles. These charge distributions are indicators of the type
of LSP resonant mode, enabling the differentiation of longitudinal and transverse bonding
and anti-bonding modes [228, 41]. In the plasmonic nanoparticles illuminated by an E), or
E, polarised plane wave, shown in Fig. 4.9b,d, respectively, Have accumulations of charge
aligned along the x—axis and y—axis, respectively, in the direction of the respective plane
wave polarisation and therefore, they are LD and TD, with them being determined as bonding
and anti-bonding by how the charge accumulations are positioned and therefore, how the
electric field lines flow. The comparison of the EELS maps and the numerical results of
the plasmonic nanoapertures are then shown in Fig. 4.9e,f and Fig. 4.9g,h. Here the field
distributions of the two qualitatively agree with each other as expected. Again, the charge
accumulations are shown. As these are complementary nanostructures to the plasmonic
nanoparticles shown in Fig. 4.9, the |Ez| and therefore, the charge accumulations are also
complimentary. Therefore, now the charge accumulations are aligned orthogonally to the
polarisation of the illuminating plane wave representing the cLDB and cTDA LSP resonant

modes.
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Table 4.1 The spectral location of excited bright LSP resonant dipole modes in experimental

and numerically calculated plasmonic nanoparticles and plasmonic nanometres

LSP resonant modes
LSP mode EELS Numerical
Direct (corrected)
fo(THz) |  Ey (eV) Ao (um) | fo (THz) | Eo (V) | Ao (um)

Particles

LDB 310 (267) | 0.967 (1.10) | 1.28 (1.12) 259 1.07 1.16

TDA 336 (289) | 1.39(1.20) | 0.892 (1.04) 290 1.20 1.03
Aperture

cLDB 235(241) | 0.972 (1.00) | 1.28 (1.24) 250 1.03 1.12

cTDA 305 (312) | 1.26(1.29) | 0.983 (0.961) 280 1.16 1.07

4.3 Dielectric Sensing

In this section, the LSP resonant modes excited in complementary plasmonic nanoparticles
and nanoapertures explored previously are exploited to sense variations of a dielectric analyte
near the plasmonic nanostructures. This can be done as these changes will cause the spectral
position of the LSP resonant mode in the R and T spectra of the nanostructure to shift which
can be observed and measured. Different configurations of the analyte will be considered
as the size, shape and refractive index (n,) of the dielectric changes with the shift for each
variation calculated. To evaluate the sensing performance of the plasmonic nanostructures,
the sensitivity will be calculated for each case. The sensitivity is defined as the ratio between

the variation in the wavelength of the LSP resonant mode (A;sp) and the change in the n,:

AL
g Ahisp 7
Ang
where RIU is the refractive index unit [234].

nm
RIU

=777 (4.3)

4.3.1 Thin Film

The first study considered was with the analyte as a thin dielectric film positioned on top of
the plasmonic nanostructures. The schematic representation of this sensing configuration
for the plasmonic nanoparticles and nanoapertures is shown in Fig. 4.2a,c, respectively. To
make the spectral position of the LSP resonant mode shift, the n,, is varied between 1.5 and 3
in steps of 0.25 as the thickness (8,) of the thin film dielectric analyte (d,) changes. Using

the R and T spectra for the plasmonic nanoparticles and nanoapertures the spectral location
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of the LSP resonant modes as the properties of the thin film analyte changes are mapped in
Fig. 4.10a,b, respectively. This spectral shift is shown for both E) (solid) and E, polarisation
of the plane wave as the §, has values of 50 nm (blue), 100 nm (green), 150 nm (purple) and
200 nm (pink). As observed, a greater shift of the spectral location of the LSP resonant mode
in the plasmonic nanoparticles, shown in Fig. 4.10a, occurs when the plane wave has E
polarisation (solid) compared to the orthogonal E, polarisation (dashed). Meanwhile the
opposite is true for the plasmonic nanoapertures, shown in Fig. 4.10b, with the larger shift
being observed when using E, polarisation of the plane wave. These increased shifts of the
spectral location of the LSP resonant mode are a result of the increased interaction of the
excited field distribution with the analyte, as these LSP resonant modes correspond to a high

field concentration near the plasmonic nanostructures.
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Fig. 4.10 Resonant wavelengths of the LSP resonant modes generated in the (a) plasmonic
nanoparticles, and (b) the plasmonic nanoapertures a range of 1.5 to 3 in steps of 0.25 is used
for n,, when a plane wave with E, (solid line) and E\ (dashed line) polarisation is incident
upon them. Thicknesses of the analyte are chosen to be: §, = 50 nm (blue), 100 nm (green),
150 nm (purple) and 200 nm (pink)

Using these shifts in the spectral location of the LSP resonant modes in the plasmonic
nanoparticles and nanoapertures the sensitivity can be calculated, as shown in Fig. 4.11a,b,
respectively. As expected from Fig. 4.10, the sensitivity of the two plasmonic nanostructures
increases as both n, and §, increase, regardless of the polarisation of the plane wave. As
observed, when the thin dielectric film is 6 = 50 nm with n, = 1.5 the sensitivity of both
the plasmonic nanoparticles and nanoapertures can be as low as S ~ 100 nmRIU ~! with
maximum values of § ~ 450 nmRIU ! and S ~ 650 nmRIU ~!, respectively, when the thin
dielectric analyte film has properties of 8 = 200 nm with n, = 3.0. As with the spectral
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location of the LSP resonant mode, the sensitivity of the plasmonic nanostructures also
depends on the polarisation of the plane wave used to illuminate them. When the plasmonic
nanoparticles are illuminated by a plane wave with E, polarisation (solid) they generally
show a higher sensitivity than when they are illuminated by an incident plane wave with E,
polarisation (dashed). The plasmonic nanoapertures again show the opposite behaviour with

higher sensitivities demonstrated with E, polarised plane waves.
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Fig. 4.11 Sensitivity of the (c¢) plasmonic nanoparticles and (f) nanoapertures when illumi-
nated by an E\ (solid) and Ey (dashed) polarised incident plane wave. The analyte thicknesses
are chosen as 6, = 50 nm (blue), 100 nm (green), 150 nm (purple) and 200 nm (pink)

This increase of the sensitivity again can be attributed to the excitation of a LSP resonant
mode in the plasmonic nanoparticles and nanoaperture with a high field concentration in
the field distribution. For the plasmonic nanoparticles, this will be a E—field hotspot in
between the two dimers when the polarisation of the plane wave is E, whereas there will be
a complimentary H—field hotspot on the metal bridge between the plasmonic nanoapertures
when the polarisation of the plane wave is E\, due to the Babinet principle. These field
hotspots cause the LSP resonant mode to interact more with the analyte, causing a higher
sensitivity. When comparing the plasmonic nanoparticles and nanoapertures with a field
hotspot, the plasmonic nanoapertures have a higher sensitivity when the dielectric analyte
is a thin film positioned on top of the nanostructures. This is a result of the field hotspot
being excited on the metal bridge where the dielectric analyte film is positioned rather than
between the nanoparticles, causing an enhanced interaction and therefore, greater sensitivity.
Finally, when the dielectrics are thicker (8, > 100 nm) the sensitivity values calculated for
either polarisation of the plane wave incident on the plasmonic nanostructures are similar.

This change to be independent of polarisation is likely caused by multiple reflections within
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the dielectric rather than the LSP resonant mode interacting with the dielectric. The values
of sensitivity calculated for the plasmonic nanostructures are in line with values found in the
literature for similar nanostructures [235, 236].

4.3.2 Analyte within plasmonic structures

: /l IR g /l IR

Analyte

Substrate (SiN,)

d : Z—,
I ] :I—‘Fi—

Fig. 4.12 2D cross-section of a dielectric analyte (a) surrounding plasmonic nanoparticles
and (b) filling nanoapertures. Power enhancement on the (b,e) xy—plane and (d,f) yz—plane
for the plasmonic nanoparticles and nanoapertures shown in (a,b), respectively, considering
an analyte (n, = 1.5). A plane wave with E, or E, polarisation, respectively, is incident on
the plasmonic nanostructures. Note that the power enhancement in (e,f) uses the same scale
as (c,d) to saturate their power enhancement so the difference can be more easily observed.

The dielectric analyte in the previous section would likely be challenging to find or
fabricate an analyte that is flat on both sides [237]. Therefore, an alternate configuration
for the dielectric analyte is considered here, with the sensing performance of the plasmonic
nanostructures evaluated with the dielectric analyte used within the complementary plasmonic
nanoparticles and nanoapertures. A 2D schematic representation showing a cross-section of
the plasmonic nanoparticles immersed within the dielectric analyte, not air as in the previous

studies, is shown in Fig. 4.12a, where the nanoparticles and dieletric analyte have the same
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thickness (30 nm) in the direction of propagation (z—axis). A schematic representation of
the complementary plasmonic nanoapertures filled with the dielectric analyte is shown in
Fig. 4.12d.

Using the plasmonic nanoparticles illuminated by an E, polarised plane wave immersed
with a dielectric analyte (n, = 1.5), numerical results showing the power enhancement on the
xy— and zy—planes are shown in Fig. 4.12b,c, respectively, at fy = 239 THz / Ay ~ 1250 nm
/ E0 =~ 0.99eV. Between the two plasmonic nanoparticles, a field hotspot is observed, with
a power enhancement of around 20 in the gap. Meanwhile, the power enhancement in the
complementary plasmonic nanoaperture illuminated by a E, polarised plane wave filled
with dielectric analyte is shown on the xy— and zy—planes in Fig. 4.12e.f, respectively,
at fo = 241 THz / A9 ~ 1240nm / EO ~ 1.00eV. In this configuration, the field hotspot
is tightly bound to the gold bridge between the plasmonic nanoapertures with a power
enhancement of 60. Although the magnitude of the power enhancement differs between
these two complementary plasmonic nanostructures, the power enhancement distributions
between them are qualitatively similar, as expected due to the Babinet principle.

The sensing performance of the plasmonic nanoparticles and nanoapertures immersed in
or filled with the dielectric analyte, respectively, as the refractive index (n,) varies is evalu-
ated. The T spectrum of the plasmonic nanoparticles and the R spectrum of the plasmonic
nanoapertures are shown in Fig. 4.13a,b, for both E, (red) and E, (blue) polarisation of the
incident plane wave. The minima of the respective spectra indicate the spectral location of
the LSP resonant mode, where dashed lines have been added to guide the eye. As expected
from Fig. 4.10, the spectral location of the LSP resonant modes red shift as n, increases.

These shifts in the spectral location of the LSP resonant modes are used to calculate the
sensitivity, shown in Fig. 4.14a,b, of the plasmonic nanoparticles (red) and nanoapertures
(blue), respectively, for both orthogonal plane wave polarisations: E, (solid) and E), (dashed).
As the n, of the dielectric increases the sensitivity of the plasmonic nanostructures increases as
expected with the plasmonic nanoparticles when illuminated by an E), or an E), polarised plane
wave have values of sensitivity of 196 to 253 nm/RIU and 90 to 150 nm/RIU, respectively,
while the complementary plasmonic nanoapertures have sensitivities of 91 to 133 nm/RIU and
15 nm/RIU to 50 nm/RIU, respectively. However, as observed, the values of the sensitivities
for all of the nanostructures are significantly decreased. This is a result of the volume of
the dielectric used in the nanostructures being significantly reduced with only a thickness of
30nm which is why the sensitivities are in the same order of magnitude as the case shown
in Fig. 4.11 with a 8, = 50 nm. A comprehensive study taking into account the volume of
the dielectric analyte is considered in Section 4.3.4. When using this configuration of the

dielectric, the plasmonic nanoparticles are shown to have higher sensitivities when they are
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Fig. 4.13 T/R spectra produced by plasmonic nanoparticles (red) / nanoapertures (blue) when
they are illuminated by an (a) E,/Ey and (b) E,/E, polarised plane wave as the dielectric

within the structures varies with values of n, = (i) 1.5, (i) 2, (iii) 2.5, and (iv) 3.
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Fig. 4.14 Sensitivity of the plasmonic nanoparticles (red) and nanoapertures (blue) illuminated
by an incident plane wave with 1 E, (red) and E|, (black) polarisations as the dielectric has
values of n, that range from 1.5 to 3 in steps of 0.25.

immersed in the dielectric compared to when the thin dielectric analyte film is positioned on
top with 8, = 50 nm whereas the opposite is true for the plasmonic nanoapertures. This is due
to the majority of the excited hotspot for each of these higher sensitivity cases being contained
in the dielectric analyte increasing the amount of interaction. This shows the complementary

nature of the plasmonic nanostructures being beneficial for different applications.

4.3.3 Small Dielectric particle

The next study considers a case using a small dielectric particle positioned on top of the
plasmonic nanostructures. A schematic representation of this configuration is shown for the
plasmonic nanoparticles on the yz— and xy—planes is shown in Fig. 4.15a,b, respectively, and
the schematic representation on the same planes are shown in Fig. 4.15¢c,d. Here a particle of
dielectric analyte of dimensions 200 nm along the x—axis, 100 nm along the y—axis and a
thickness of 50 nm along the z—axis is positioned on top of the plasmonic nanostructures
between the dimers.

The sensitivity of the plasmonic nanoparticles (red) and nanoapertures (blue) illuminated
by a E, (solid) and E, (dashed) polarised plane wave is calculated and shown in Fig. 4.16.
As observed when the LSP resonant mode of the plasmonic nanostructures do not have an
associated field hotspot, such as when the plasmonic nanoparticles and nano apertures are
illuminated by Ey and E\ polarised plane waves respectively, there is very little interaction
with the dielectric analyte in this configuration so it does not affect the spectral location of

the LSP resonant mode, demonstrated by low sensitivity values. However, in the opposite
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Fig. 4.15 2D Schematic representation of the cross-section on the (a,c) yz— and (b,d)
xy—plane for plasmonic nanoparticles and nanoapertures, respectively, used to determine
changes of a nearby block of analyte with a thickness of §, 50 nm.

case, plasmonic nanoparticles and nano apertures illuminated by E) and E, polarised plane
waves, respectively, there is an increased sensitivity. However, the value of this sensitivity
is still small compared to the values shown in previous analyte configurations, due to the
relatively small amount of analyte. However, in the next section, this will be explored in
terms of the sensitivity per unit volume.
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Fig. 4.16 Sensitivity of plasmonic nanoparticles (red) and plasmonic nanoapertures (blue) as
0, has values of 1.5 to 3 in steps of 0.5 when considering E, (solid line) and E, (dashed line)
polarisation of the incident plane wave

4.3.4 Volume Sensing

In this section, the different dielectric analyte configurations, thin film, immersed and particle,

will be considered in terms of their relative volume. In the configuration from Section 4.3.1,
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when the dielectric is a thin film positioned atop the whole plasmonic structure the thin
analyte film will have a volume (defined as V = h, x hy x §,) dictated by the thickness of
the analyte, 6, = 50 nm, 100 nm, 150 nm, and 200 nm. The volumes for each thickness are
shown in Table 4.2. These V can then be used to normalise the values of sensitivity shown in
Fig. 4.11:

= e

V'’ LRIUnm?

These values of normalised sensitivity of the plasmonic nanoparticles and nanoapertures

4.4)

are shown in Fig. 4.17a,b, respectively when illuminated by an E, (solid) and E, (dashed)
polarised plane wave. The Sy can be observed to decrease as §, and V increase, as expected,
as when comparing the sensitivity of the §, =50 nm and the &, =200 nm cases in Fig. 4.2,
the sensitivity is around x2 greater for the thicker film but the V x 4 larger. As in Sec-
tion 4.3.1, the cases with a field hotspot generally have higher values of sensitivity, when the
plasmonic nanoparticles and nanoapertures are illuminated by an E, or E\ polarised plane
wave, respectively, compared to the LSP resonant modes without a field hotspot.
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Fig. 4.17 Volume sensitivity of the (a) plasmonic particles and (b) apertures for analyte
thicknesses of 8, = 50 nm (blue), §, = 100 nm (green), 6, = 150 nm (purple) and J, = 200
nm (pink). The dashed and solid lines correspond to the results using Ey or Ey polarisation of
the incident plane wave.

The next case considered was when the plasmonic nanoparticles and nanoapertures
were immersed or filled with the dielectric analyte, shown in Section 4.3.2. To calculate
the volume of the analyte the volume of the plasmonic nanoparticles is required. From

this the volume of the dielectric analyte that immerses the plasmonic nanoparticles will
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Table 4.2 Analyte volume for each analyte film thickness

8, (nm) | V (1 x 10® nm?)
50 4.5125
100 9.025
150 1.35375
200 18.05

be V,, = (hy x hy x &) —2 x (7r*8,) and the volume of the dielectric analyte filling the
plasmonic nanoapertures will be V,,, =2 x (r?8,). Therefore, when using &, = 30 nm and
r = 100 nm, the analyte volume in these configurations will be V}, = 2.519 x 107 nm? and
Vap = 1.885 % 10% nm3. Then by using the sensitivities from Fig. 4.14, the volume normalised
sensitivity for this analyte configuration is shown in Fig. 4.18 for the plasmonic nanoparticles
(red) and nanoapertures (blue) when illuminated by an E, (solid) and Ey, (dashed) polarised
plane wave. As observed, the Sy is improved compared to the thin film values shown in
Fig. 4.17. This is explained by a combination of increased interaction of the field distribution
of the LSP resonant mode with reduced analyte volume, with a significantly large increase
for the nanoaperture configuration due to the volume being around two orders of magnitude
less than the volume of the thin film. Again, when a field hotspot is excited the plasmonic

nanostructures have higher Sy.
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Fig. 4.18 Volume sensitivity of the plasmonic nanoparticles surrounded by (red) and nanoaper-
tures filled with (blue) when the analyte. The structures are illuminated by a plane wave
polarised in the E, (solid) and Ey, (dashed) direction.
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The final dielectric analyte configuration is as a particle shown in Section 4.3.3. As the
dielectric analyte particle has dimensions 200nm x 100nm x 50 nm the volume will be
V =1 x 10 nm>. The volume normalised sensitivity of the analyte particle is then calculated
using Fig. 4.16 and is shown in Fig. 4.19. Comparing these values of Sy to those shown in

Fig. 4.17 and Fig. 4.19, the values have a comparable magnitude for the cases when a hotspot

is excited.
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Fig. 4.19 Volume sensitivity of plasmonic nanoparticles (red) and plasmonic nanoapertures
(blue) when &, is changed from 1.5 to 3 in steps of 0.5 considering an incident plane wave
with Ey (solid line) and E|, (dashed line) polarisation.

4.4 Considerations of tolerances

As has been shown previously, small deviations between the dimensions of the experimentally
fabricated plasmonic nanostructures and the plasmonic nanostructures used in the numerical
simulations have the potential to affect the response of the LSP spectral location. These
will be a result of the tolerance of current nanofabrication methods and techniques as even
nanometer differences will be reflected in the calculated R and T spectra, and therefore
the spectral location of the LSP resonant modes. To explore this, a study is conducted
to observe the effect of small changes in the thickness of the SizN4 used as the substrate
for the nanostructures in the previous section. When the substrate thickness is changed
from 30nm to 20 nm, the change of spectral location of the LSP resonant modes of the
numerical plasmonic nanostructures are shown in Table 4.3 and compare to the spectral
location when using experimental EELS. Here, a decrease in the thickness of the substrate

causes an observable shift to lower frequencies. Therefore, for the cases considered here,
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fabrication tolerances at nanometre scales of the desired dimensions of the nanostructures
will cause variations in the spectral location of the fabricated plasmonic nanoparticles and

nanoapertures however qualitative comparisons are still possible.

Table 4.3 Spectral location of LSP resonant modes of plasmonic nanostructures on a substrate

with varying thickness

LSP resonant modes

LSP mode/ EELS | Numerical substrate thickness
plane wave polarisation 20nm 30nm
fo (THz) | fo (THz) fo (THz)
Particles
LDB 310 259 269
TDA 336 290 299
Aperture
cLDB 235 249 259
cTDA 305 280 285







Chapter 5
Conclusions and future work

This final chapter of the thesis provides a summary of the conclusions obtained in each of
the previous chapters. Moreover, even though there have been several studies for each of
the structures shown in this thesis, there are still further potential investigations that can be
conducted to further improve and expand them, including exploiting them in more potential
applications. Therefore, a comprehensive list of potential tasks to further explore and evaluate

is presented.

5.1 Conclusions

5.1.1 Chapter 2: From photonic nanojets to photonic hooks to bend
light

* Truncated spheres attached to an optical fibre can produce a high-intensity, narrow beam
outside of the particle even when the ratio between the particle and the surrounding

media is greater than two.

* [lluminating two dielectric cuboid particles of the same refractive index and geometry
with a plane wave will result in a focus being produced with the separation between
the particles controlling the position of the focus, with large separation increasing the
distance of the focus from the output surface of the particles.

* By introducing asymmetry to these two dielectric particles in terms of their geometry
and refractive index the resulting interference can cause the focus to have curvature

becoming a photonic hook.
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* The properties of the photonic hooks can be controlled by changing and controlling

the geometry and refractive index of the dielectric particles with the best photonic
hooks being produced by using one particle with low diffraction and the other with
high scattering of the incident electric field of the plane wave.

The control of the electromagnetic and geometric properties of the particles gives
different options for the dielectric particles each producing photonic hooks.

* When designing the geometry and electromagnetic properties of the particles the case

choosing one particle to have the minimum possible diffraction and then the highest

scattering with the same chosen geometry/refractive index generally performs best.

* When the length of the geometry is different, the best photonic hooks are produced

when the output surfaces of the particles are aligned, although, for larger separations

between the particles, the effect of the alignment is reduced.

Increasing the separation between the particles causes the photonic hook to be gener-
ated further away from the output surface of the dielectric particles becoming elongated
in the direction of propagation with lower transversal spatial resolutions and less cur-

vature of the photonic hook.

Photonic hooks should be able to be realised experimentally even when used with a
non-transparent substrate although distortions occur, which increase when the substrate
has a higher refractive index.

5.1.2 Chapter 3: Exploiting surfaces plasmons polaritons and classical

electromagnetism for focusing structures.

* The effective properties of the different regions in a plasmonic structure where sur-

face plasmon polaritons propagate can be solved analytically using effective medium

techniques.

* The lens maker equation can be adapted to plasmonics by implementing effective

media into the equation.

* The adapted lens maker equation can be exploited to design different lens profiles for

surface plasmon polaritons including convex-planar and positive-meniscus lenses to
produce a focus.
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* Comparisons of these two geometries when used with surface plasmon polaritons
show the meniscus profile can produce a diffraction-limited focus with higher power
enhancement and smaller depth of focus.

* The performance of the plasmonic meniscus lens can be predicted using the adapted

lens maker equation when used in a broadband setting.

* The plasmonic lenses are shown to produce focus even rotated by 30° with performance
only decreasing significantly after a rotation of 15°.

* The robustness of the plasmonic lenses has been demonstrated with several potential
fabrication errors including vanishing edges and height changes of the dielectric still
generating a focus with a position which can be predicted by the adapted lens maker

equation.

5.1.3 Chapter 4: From classical concepts into plasmonics: Localised

surface plasmons

* Metallic nanostructures consisting of dimers can be designed for use in plasmonics
using the classical concept of the Babinet principle.

» Comparisons of the spectral location and the electric and magnetic fields of com-
plementary plasmonic show good agreement between one another although small
discrepancies occur in the spectral locations due to deviation from the Babinet princi-

ple in terms of structure thickness and wave penetration in the materials.

* Comparisons of numerical and experimental results show the spectral location and

field distributions agree validating the Babinet principle in plasmonics.

* The spectral location of LSP modes is sensitive to changes in the surrounding area near
the structures.

* When a thin film is positioned on the plasmonic structures the calculated position of
the LSP mode can be used to determine dynamic changes of the thin film in terms of

refractive index and thickness.

* The complementary plasmonic structures can be used to sense changes in the refractive

index of a dielectric used as part of the plasmonic structures themselves.

* Changes in the refractive index of a small dielectric particle can be observed in the

spectral location of the excited LSP mode.



104

Conclusions and future work

5.2

The plasmonic apertures perform better when the dielectric analyte is on the surface
of the metal while the plasmonic particles show enhanced performance when the
dielectric is between the dimers.

To normalise the sensitives of the plasmonic structures for the different geometries
of the dielectric analyte the volume sensitivity for each configuration was calculated
which demonstrated that the sensors are effective for small volumes when near the
excited LSP hotspot

The sensitivity of the structures discussed is comparable to other similar sensing
structures in literature.

Deviations in the fabrication process can cause small deviations in the spectral location

on the LSP modes but are robust enough to overcome this.

Further work

To experimental demonstration of photonic hooks using dielectric particles.

To expand photonic hooks into different frequency ranges including the optical and
NIR regimes.

To produce photonic hooks using these dual-dielectric structures in plasmonics.
To exploit photonic hooks for optical trapping/forces.

To exploit plasmonic lenses designed using the adapted lens maker equation to produce

optical forces for use as optical tweezers.

To use plasmonic lenses designed using the adapted lens maker equation to sense small

particles using back-scattering enhancement.

To increase the effective refractive index of the meniscus lens region to increase the

curvature of the output surface of the lens.

To utilise gradient index techniques to make the plasmonic meniscus lens more com-

pact.

To further investigate the validity and limitation of the Babinet principle in plasmonics

due to the finite thickness and finite conductivity.
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* To study the effect of the substrate and fabrication imperfections on the Babinet

principle in plasmonics.
* To expand the use of complementary plasmonic structures in microfluidics.

* To improve the sensing capabilities of the complementary plasmonic structures by

combining them.

* To further expand the library of materials produced and characterised to include
polymers such as ABS, PLA blends and PVA, to name a few.

* To characterise the polymers in a wider broadband spectrum to include an increased

number of useful wavelengths such as 1310 nm.

* To use the characterised materials in more applications such as Bragg mirrors and

lenses

* To fabricate the potential applications using FDM techniques.
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Appendix A

Derivation of the lens maker equation by
Snell’s law

The lens maker equation is a derivation that originates from the concept of geometrical
optics [28]. The basis of geometric optics is to find the path of light rays (energy flowing in

geometric lines) and therefore uses some assumptions:

EM light in homogeneous media will propagate as straight beams of light.

¢ The beams will be reflected and refracted.

Each light beam will propagate without affecting the others.

* Natural light sources are uncorrelated, with the light beams overlapping without

interfering.

As optical wavelengths are relatively short, the first and last assumptions can be proven
experimentally to not hold due to EM waves diffracting with mesoscale features and inter-
fering. However, these principles are still effective at designing lenses, devices which can
control and reshape wave fronts through refraction.

Consider a lens with rotational symmetry around the axis. When the lens is thicker
at the centre than the edges (delaying the wavefront more) with a value of n greater than
the surrounding medium, this will be considered a converging lens. This will increase the
forward bending of the beam. A diverging lens causes the opposite effect. Now, consider two
surfaces with radii of curvature of R; and R», respectively, with the vertices of the surfaces

separated by a distance d. The refractive index of the media which separate the surfaces are
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denoted as ny, ny and n3. The focal lengths of the first surface will be:

nl

Jor =&~ (A.1)

Jin= P1 (A.2)

where P| = % is the magnifying power of the surface and the focal lengths of the second

surface are defined as:

na

Jo2 = P, (A.3)
)
fo= P, (A.4)

where P, = %. These equations are then combined to find the distance between the two

focal points of the total lens:

1 1
dr =d—fij — fon =d — = A5
F fit = Jfo2 nZ(P1+P2> (A.S5)

__PPd
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By then defining the parameter P = , the two surfaces can be combined to produce

the total power:

t
P=P+P——PP (A.6)
nj

and the principle points of the lens (P, and P,) relative to the first surface:

d nl P2
A7
=forg = (A7)
d n3 P
= =———d A8
p2= fzzd P (A.8)

Then for the simplest case when the lens is immersed in a single material (n; = n3):
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Appendix B

Collaborative work

In the realm of my work, I have assisted with other projects. Here, I will briefly describe the

work but more details can be found in their respective publications.

B.1 Exploiting parity-time symmetry with epsilon near zero
media emulated using rectangular waveguides operat-

ing near the cutoff frequency

In this work, an ENZ material is emulated using a rectangular waveguide operating near the
cutoff frequency of its dominant 7E1p mode. However, as explained in Section 1.2.3, there
is a significant impedance mismatch when an EM wave is indicated on an area emulating
an ENZ material. Therefore, a technique which has been used mathematically, known as
Partity-time symmetry, [238] is exploited to achieve asymmetric reflection and enhancement
transmission by positioning the rectangular waveguide between balanced loss and gain
blocks. A comprehensive numerical and analytical study is conducted to find exceptional
points where asymmetric reflection and enhancement transmission are demonstrated while
maintaining the ENZ behaviour of the waveguide [68].

B.2 Generating photonic nanojets with truncated dielectric

particles on optical fibers

This work furthers the discussion of PNJs in Section 2.1, where a high-refractive index
mesoscale dielectric article is used at the end of an optical fibre to produce high-spatial
resolution focusing of telecommunication wavelength (Ay = 1550 nm) EM waves. Here, the
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PNJs are explored in both 2D and 3D with a whole dielectric particle and a truncated particle,
demonstrating the improved performance of the latter by shifting the PNJ towards the output
surface. The transversal resolution of the PNJ is comprehensively analysed demonstrating
sub-diffraction limit values of FWHM [144].



Appendix C

Material characterisation — Implementing
alternative materials for photonics
structures

Photonic devices, using compact and lightweight structures, efficiently control EM waves
across a wide frequency spectrum, making them essential in telecommunications, computing,
biomedicine, and spectroscopy. Advances in photonics predominantly use materials like
metal-oxides, silicon, and germanium for their excellent NIR and visible frequency properties,
such as low losses and high refractive indices, enabling efficient and compact photonic
devices. Recently, polymers like PMMA have emerged as alternative materials.

Additive manufacturing, particularly 3D printing, has evolved from rapid prototyping to a
viable alternative to traditional manufacturing, benefiting many fields, including optical and
photonic applications, primarily at THz frequencies but less so at NIR wavelengths crucial
for telecommunications.

This appendix explores using FDM 3D printing with commercially available polymers to
fabricate structures for photonic applications at telecommunication wavelengths (1520 nm to
1630 nm). Polymers like PLA, rPLA, rPET, and BVOH, chosen for their renewable, recycled,
or water-soluble properties, are printed and characterised to assess their EM properties. An
open-bench photonics setup is used to measure the reflection (R) and transmission (7') spectra,
from which the refractive index (n) and extinction coefficient (k) are derived.

In the 3D printing process, samples are created using a Raise3D Pro2 printer with a nozzle
diameter of 0.2 mm and a glass bed for smooth surfaces. Printed samples are analysed for
thickness consistency and surface quality, confirming solid structure with minimal deviations.

The experimental setup measures R and 7 spectra for each polymer at multiple positions.

The data show that as sample thickness increases, 7" decreases significantly while R slightly
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reduces, indicating higher absorption (A = 1 — R —T) for thicker samples. Calculations of n
and K are performed using normalised R and T spectra, considering the incoherence of re-
flected and transmitted waves due to sample surface imperfections. This methodology allows
evaluating the potential of these polymers in photonic applications at telecommunication
wavelengths.



Appendix D

Surface Plasmon Polariton Derivation

In this appendix, different SPP configurations will be explored. A single insulator-metal
interface will be studied first. Then a more complex configuration of insulator-insulator-
metal-insulator (IIMI) and the effect of the metal and dielectric layer in this configuration.
These studies will use A, B, C, D, E and F constants.

D.1 Insulator-metal (IM)

First, the effective propagation constant will be expressed in an insulator-metal interface. To

start, Maxwell’s assumption is used that the media is free of external charges and currents:

VXE:—%—]:—)—]'(D‘LLH D.1)
VxH:—aa—lt)—>—ja)eE (D.2)

As SPPs are TM waves assuming they propagate in the z-direction then £y, = Hy = H, =0
meaning H, # 0,E) # 0, E; # 0 so the electric field components can determined as:

_J OHy _ | geadte Py <o D.3)
' we 0z Q%Aefikzyefjﬁqy <0) '
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and the magnetic field can be expressed as:
H=H,=Af(y)e (D.5)

where f(y) is the magnetic field dependence considering the interface of both materials

and 8 = k;, — jk,; which is the wave number that is parallel to the insulator-metal interface.

ekly — ey V B2—€1k%;y < 0

_ D.6
f(y) e_kzy — efy1 /ﬁzfszrk%;y > 0 ( )

There is a discontinuity with the Electric field (Ey) perpendicular to the direction of
propagation, z, which results in coupling to the oscillations in the free-electron density at the
metal surface which present as surface waves.

If continuity is then applied on the electric field’s tangential components E (1) = E, ) at
the interface between the insulator and metal (y = 0) which allows the dispersion relation to
be determined as:

—k182 = k2£1 (D.7)

Which can then be used to solve for:
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D.2 Insulator-metal-insulator (IMI)

Next, the case of a metal surrounded by two semi-infinite dielectrics is studied where most
of the same steps can be used as with an insulator-metal interface.
REGION 1: y < —¢

A X A T o2 i
E. — ol _ iBy) = BV B —eiky ,—iBz D.11
Y a)elﬁe ¢ ~Jh3) (08166 ‘ ®D
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REGION 2: y > ¢

E. — iﬁehye—jﬁz _ iﬁe\/ﬁz—&k%e—jﬁz (D.14)
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So if the boundary conditions are applied for the insulator-metal interface at the 2

interfaces:

Ae ft = ekt | pekat (D.20)
_—klAe*"l’ - —QCe*"ﬂ + @De"zf (D.21)
&1 & &
Be k3t — Cef2t  peko! (D.22)
lﬁBe—’@f = —IQCesz + @De—sz (D.23)
& & &

These 4 coupled equations still require H, to fulfil the wave equation in the three regions
by:

K2 = B2 i2e (D.24)



134 Surface Plasmon Polariton Derivation

where i = 1,2,3 of the dielectric, metal and dielectric layers, respectively. By combining this
system of equations through algebra which can be solved, then a transcendental equation is
produced:

ky | ki) (ke | k3
bib)(k+k
& €] & &3

eZkzt 1

ky ki) (ke _k
& €] & &

Which can be numerically solved to determine the propagation constant and thus the

(D.25)

complex effective refractive index:

neff = Bko (D26)

D.3 Insulator-insulator-metal-insulator (IIMI) & Insulator-
Insulator-metal (IIM)

Next, the case of a metal surrounded by two semi-infinite dielectrics with an additional finite
dielectric sandwiched between them is considered, using similar steps to the insulator-metal
case.

REGION 1: y < —t/2

A x A 2 2
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REGION 2: —1/2 <y <1t/2
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Again applying the boundary conditions for the insulator-metal interface at the 2 inter-
faces:
Ae_%klt _ Be_%kzl —1—Ce%k2t (D36)
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Then finally using the boundary conditions at the surface of the dielectric:

Dek3(%t+ly) +E€_k3(%t+ly) = Fg_k4(%t+ly) (D.40)
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Again these two equations can be reduced and rearranged into matrix form which can be
reduced into another transcendental expression:
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where [, tends to O this will become the case for IMI while if the metal layer becomes
semi-infinite then this reduces down to:
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Appendix E

Numerical Methods

In the realm of EM, commercial simulation software works by solving either the integral
or differential forms of Maxwell’s equations discussed in Section 1.1.1. In this thesis, two
commercial software, CST Studio Suite® and COMSOL Multiphysics®, are used which will
be discussed in more detail in the following sections.

E.1 CST Studio Suite®

CST Studio Suite®, is a prominent commercial software renowned for its efficacy in evalu-
ating the EM response of different structures. Within this software, there are various EM
solver products available, including CST Microwave Studio® for high-frequency range, with
a comprehensive array of solver types, such as transient, frequency domain, integral equation,
eigenmode, to name a few, CST EM Studio Suite® for low-frequency analysis, with solvers
for static and low-frequency problems, and CST particle Studio Suite® for simulations where
particle tracking is required. In the course of this thesis, only CST Microwave Studio® was
used which is based on the Finite integration technique (FIT) which solves the integral form
of Maxwell’s equations[239]:

ja{ E-dﬁ:—/a—B-d* (E.1)
d0A A Ot
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0A A t oV
]{ f).d*:/pdv (E.3)
A% \%



138 Numerical Methods

First, the structures are designed using the graphical solid modelling front end of the
software. The structure is then divided into a series of mesh cells by the automatic meshing
procedure contained in the software. The primary mesh can be viewed in the software using
mesh view but a secondary mesh which is not visualised is also applied orthogonally to the
first. Using these two meshes together Maxwell’s equations are spatial discretised. The
type of mesh is designated by the application with three mesh types available: hexahedral,
tetrahedral and surface. The time domain/transient solver, the only solver of CST microwave
Studio® used as part of this thesis, uses a hexahedral mesh, shown in Fig. E.1 as a hexahedral
mesh on the dual dielectric structures discussed in Chapter 2, while a frequency domain
solver will use either hexahedral or tetrahedral.

Fig. E.1 Perspective screenshot from CST microwave studio of the hexahedral mesh used for
the dual-dielectric structures Chapter 2

E.1.1 Transient/time domain solver

The Transient solver of CST Microwave Studio® is a powerful and adaptable time-domain
solver, capable of retrieving the full broadband response of the structures with a single
simulation pass. This simulation solver has been demonstrated to be very effective for many
applications operating at high frequencies such as antennas and transmission lines, among
others. The time domain solver operates by calculating how fields develop at discrete time
and position samples, considering the transmission of energy between ports and/or open
space. However, if the structure under study is electrically much smaller than the smallest
incident wavelength the efficiency of the solver significantly decreases and alternative solvers
should be used, such as a frequency domain solver.
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E.2 COMSOL Multiphysics®

The advanced numerical methods offered in terms of modelling and evaluation of complex
physics-based problems have led to COMSOL Multiphysics® to emerge as a popular general-
purpose software platform. It can even account for multiphysics phenomena with tools
and interfaces for mechanical and chemical applications, coupling them together, with
many different modules available for these wide-ranging applications such as RF, AC/DC,
Semiconductor and Ray optics, among others. This software unlike CST Studio Suite® solves
the differential form of Maxwell’s equations. In the thesis, COMSOL Multiphysics® was
typically used for plasmonic structures employing the RF module due to being a frequency
domain solver so can better mesh and more accurately evaluate the relatively small features

common in plasmonic structures.

E.2.1 RF module

The RF module of COMSOL Multiphysics® is a commonly used tool for designing a variety
of devices working as microwave frequencies and above, such as circuits, waveguides and
antennas, among others. This is due to the properties of these structures that can be determined
such as S-parameters, reflection, transmission, and electromagnetic field distributions by
simulation of the electromagnetic wave propagation and resonances. In terms of the thesis
the frequency domain solver was the only interface used but due to the multiphysics aspect
of COMSOL Multiphysics® other physical effects could have been considered such as
temperature which can change the behaviour of a structure. The frequency-domain solver
again meshes the structure using either semi-automatic, such as free tetrahedral meshing
which can be manually configured, or automatic meshing with meshing sweeps. Typically
for the studies in the thesis, a combination of manual and automatic techniques were used.
An example of the tetrahedral meshing for the plasmonic meniscus lens from Chapter 3 is

shown in Fig. E.2.
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Fig. E.2 Perspective screenshot from COMSOL multiphysics of the tetrahedral mesh used
for the plasmonic meniscus lens Chapter 3
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