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Abstract

Metamaterials can provide many different functionalities and striking optical properties, whereby
the optical control often comes from metallic building blocks which exhibit plasmonic resonances
in the optical and infra-red frequency regimes. However, one of the major obstacles in the use
of metallic elements is the overcoming of the losses in plasmonic structures. In this thesis, we
consider how mode hybridisation can be used to circumvent these losses using cut-wire plasmonic
arrays coupled to photonic slab waveguides. The resulting hybrid modes can have low loss charac-
teristics and we investigate how the geometric parameters of the structure can be used to control
the transmission and dispersion properties. We then investigate finite arrays finding they can sup-
port modes with extremely high quality factors (Q~ 4000), which is highly unusual in plasmonic
systems, and that the individual loss mechanisms can be controlled via the geometry.

In the second part of the thesis we consider another type of surface mode, the spoof SPP. The-
oretical methods for describing spoof SPPs in perfectly conducting materials are well established,
enabling the design of an arbitrary spoof plasma frequency. However, for dispersive materials
there have been a lack of theoretical studies. We begin by considering first how small changes to
the spoof plasmon geometry affect the characteristics of spoof SPP waves, adapting the coupled
mode method to slanted geometries and even right-angled triangular indentations, a structure not
normally associated with spoof SPPs. We then develop a formalism based on the coupled mode
method allowing the dispersion of real metal spoof SPPs to be understood and tuned, thus en-
abling control of the optical spoof SPP characteristics via both the geometry and the incorporated
materials. This method also enables an in depth look at the modal losses which occur once dis-
persive materials are incorporated into the spoof plasmon dispersion relation and vary drastically

with the groove width.
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1 Introduction

Throughout the 20% century the development of the telecommunications industry has caused a
growing interest from the scientific community in electromagnetic (EM) surface waves. The works
of Sommerfeld [1] and Zenneck [2] just over 100 years ago demonstrated the propagation of guided
EM waves along the surface of wires with finite conductivity. Around the same time Wood [3]
demonstrated the appearance of dips in the intensity of the spectra of diffraction gratings (the
Wood’s anomaly) but it was not until 1941 that this phenomenon was connected with the prior
theoretical work of Zenneck and Sommerfeld [4]. In the 1950s, plasma losses in thin metal films,
much increased over the losses in thick metal films, were explained by Ritchie [5] as a consequence
of the excitation of surface waves; which was then confirmed experimentally [6]. At the same time,
the excitation of the Sommerfeld’s surface wave was demonstrated using prism coupling with visible
light [7] and thus the EM phenomena of these works were unified with the description of surface

plasmon polaritons (SPPs) giving birth to the field of plasmonics.

SPPs are surface waves that exist at the interface between a conductor and a dielectric and
have several interesting features. The high confinement of the EM energy to this interface enables
large field enhancements on a sub-wavelength scale, whilst the waves can propagate along the
interface for several hundred wavelengths [8]. Since SPPs arise in conductors due to the collective
oscillations of the free electrons they constitute a hybrid light-matter wave, providing an avenue
to combine both photonic and electronic elements within the same platform. As technology is
advancing, electronic devices are fast approaching the fundamental limits of speed and bandwidth,
and a substantial effort is being made to try and circumnavigate these. One potential solution is
the use of photonic circuitry, whereby propagating EM waves are converted into SPPs, processed
using SPP based logic devices and converted back into EM waves. In other words, SPPs could be

used to provide the functionality of optical circuits through SPP-based photonics [9].
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1. Introduction

Over the last 15 years the study of metamaterials has emerged as a new sub-field of physics.
The metamaterial paradigm asserts that by incorporating structure and design into the arrange-
ment of material building blocks we can create new materials with properties that are unattainable
for the composite parts alone. For instance, the pioneering work of John Pendry in this field has
demonstrated materials with negative magnetic responses [10], and explorations of negative index
devices enabling perfect lensing [11] and cloaking [12]. The creation of metamaterials at opti-
cal and infra-red (IR) frequencies has often involved plasmonic materials as meta-atom building
blocks due to their strong interaction with light. This has directly led to the consideration of struc-
tural design in plasmonic research. As early as 1998 Ebbesen and co-workers demonstrated the
extraordinary optical transmission phenomena through a plasmonic metamaterial [13], leading to a
thorough examination, both theoretical and experimental of the surface modes that were supported
by the 2D array of holes [14]. Amongst other things, the electromagnetic modes of wire arrays [15],
particle arrays [16] and stacked fishnet structures [17] have been explored demonstrating negative
index materials [18] and enhanced electromagnetic fields useful for sensing applications [19, 20].

In this thesis, we continue this exploration of electromagnetic surface modes supported on
structured plasmonic arrays. The thesis is split into three main parts. In the first part (chapter
2) the relevant fundamental concepts of EM theory are reviewed, including Maxwell’s equations,
SPPs and waveguide modes. We also cover some of the methods used throughout the thesis,
including finite element and finite difference time domain numerical methods.

One of the major challenges in plasmonics, particularly for photonic circuitry applications, is
overcoming the losses that accompany surface plasmon modes. One way of overcoming the
losses is the incorporation of gain materials into the system, thereby compensating for the losses
at source [21, 22]. Another way; investigated in the second part of this thesis, is to hybridise the
plasmonic modes with photonic ones, generating a new modes that posses some of the qualities
of both [23]. Firstly, in chapter 3, we, introduce the waveguide plasmon polariton as a specific
example of the mode hybridisation scheme. Then we develop the cut-wire as a plasmonic particle
with a highly tunable resonance before hybridising this structure with a dielectric waveguide and
investigating the narrow transmission bands that can be produced.

In chapter 4, we move onto the dispersion bands of this structure. In particular, we consider

how this structure resembles a coupled resonator optical waveguide and how the geometrical
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parameters can be used to tailor the dispersion relation. Then, our focus shifts to finite arrays of
cut-wires which display Fabry-Perot resonances with highly varying modal losses. We investigate
how the decay to individual loss channels can be systematically designed and the effect of disorder
on the mode properties. Finally, we consider the potential of finite cut-wire array for slow-light
applications.

One of the early examples of the metamaterial paradigm was the demonstration of spoof SPPs,
whereby surface waves that mimic the SPP characteristics are produced in perfectly conducting
metals by periodically structuring the surface [24]. Interestingly, this enables the transfer of SPP
based devices into lower frequency regimes where SPPs are not supported by planar conducting
surfaces. Intriguingly, even local surface plasmon resonances (LSPRs) can be spoofed by texturing
the surface of metallic particles [25]. In the third section of this thesis we investigate these spoof
SPP modes. More specifically, in chapter 5 we briefly review the history of spoof SPPs, explaining
the theoretical methods used to explore them. We then investigate how varying the groove ge-
ometry affects the spoof SPP characteristics by considering both slanted and triangular grooves,
demonstrating that structures with geometries that are extremely different from those traditionally
investigated still support spoof SPPs. It should be noted that the work presented in this chapter
was begun during my masters project and continued during the beginning of my PhD.

Whilst theoretical methods have been developed for spoof SPPs in perfectly conducting struc-
tures, there has been a lack of studies of spoof SPPs in real metals. Although natural SPPs exist
for metals in the IR and optical frequency ranges, it would still be useful to be able to tune these
SPP modes through surface structuring. In chapter 6, we first review the existing studies, using
surface impedance boundary conditions [26] and the effective index technique [27], before de-
veloping our own theoretical technique based on the coupled mode method [14]. We show that,
particularly in the IR and optical regimes, our method provides a much better match to numerical
simulations and enables, for the first time, an analysis of the loss dispersion of spoof SPP modes.
We consider how these losses vary with geometry before finally moving on to discuss the potential
loss compensation of the spoof SPP modes, and the application of our method to extraordinary

optical transmission structures.
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2 Background and methods

2.1 Introduction

Since the dawn of civilisation, electromagnetic phenomena, from St EImo’s fire to the electric
shocks of catfish and eels [28], have excited people and aroused scientific curiosity. For instance,
Thales of Miletus investigated the static electricity effects observed when fur and amber were
rubbed together [29]. Throughout the middle ages and the renaissance period a plethora of sci-
entists contributed to the advancement of electromagnetism, producing, amongst many things, the
dry compass and the electrostatic generator. Perhaps the most crucial developments in electro-
magnetic theory came with the discovery of the relationship between electric and magnetic charges
and their associated fields. The solidification of these relationships into physical law’s by Gauss,
Ampere and Faraday paved the way for Jame’s Clerk Maxwell's seminal paper of 1865 [30] in
which what we now know as Maxwell's equations first appeared. Whilst we have come along way
since then, Maxwell’s equations are still the basis for much of our understanding of the behavior of

electromagnetic systems.

In this chapter we provide an overview of the relevant electromagnetic theory. Firstly we re-
view Maxwell’s equations, both microscopic and macroscopic, considering the inclusion of linear
isotropic media and the continuity equations that must be satisfied at boundaries between different
media. We then move on to consider surface waves at a planar interface including surface plas-
mon polaritons and waveguide modes. Then the localised surface plasmon resonance (LSPR) is
considered before we introduce the coupled dipole approximation to investigate arrays of LSPRs.
Finally, we take a brief look at the finite element and finite difference time domain methods, as tools

for the numerical investigation of electromagnetic phenomena.
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2. Background and methods

2.2 Maxwell’s equations

The formulation of Maxwell’s equations remains one of the crowning achievements of modern
physics. They govern the dynamics of the electric and magnetic fields in media, either due to the
presence of sources (such as charges or currents) or due to incident fields from elsewhere. They
have been used extensively to study light interactions over a whole range of length scales from
the radiation of electrons [31] at one end to the propagation of light through space over cosmo-
logical distances at the other. The world we inhabit is quantum and, in some sense, the classical
theory of electromagnetism has been superseded with the invention of quantum electrodynamics
in the mid 20" century. However, whilst Maxwell's equations cannot accurately predict quantum
phenomena, such as photon squeezing and single photon statistics, in many cases (particularly
at larger length scales) the differences from quantum theory are immeasurably small. They are a

classical approximation to a quantum world and, for our purposes, an extremely good one.

The microscopic Maxwell’s equations determining the dynamics of the electric, E(r, t), mag-

netic, H(r, t), electric displacement, D(r, t), and the magnetic induction, B(r, t), fields are

V-D(r,t) = p,
v B — 2200 g,
ot (2.1)
V- B(r, 1) =0,
oB(r,t)
V< E(r ) + — =0,

where p is the electric charge density and J is the electric current density. These four equations
can be considered to give the fields in all space and time provided that all sources are accounted
for. However, when considering macroscopic media where every atom is a source, solving the
microscopic Maxwell’s equations becomes impractical. Furthermore, we are often much more in-
terested in the variation of the fields over larger length scales than that of the inter-atomic distance.
So, whilst we are not interested in individual atoms we are now interested in the average response
of the medium. The macroscopic fields are of the same form as above except that E and B now

represent the averaged fields with H and D derived from these. For a linear isotropic medium with
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2.2. Maxwell’s equations

no magnetic response we find that

D = cE +P,

) (2.2)
H= B,

1o

where ¢q is the permittivity of free space, 1 is the permeability of free space and P is the polari-
sation response of the medium. In vacuum there is no polarisation response thus equations (2.2)
collapse to D = ¢oE and H = B/, the well known vacuum constitutive relations. Furthermore,
for isotropic linear media, the polarisation response of the material is parallel to the electric field.
Thus, P = ¢gx¢E, where y is the electric susceptibility of the medium. Using this, we can rewrite

Maxwell's equations in terms of only the E and H fields yielding (for a source-free medium)

V - eo(1 + xe)E(r, 1) =0,
OE(r, 1)

V x H—ep(1 + xe) =0,
ot (2.3)
V- uoH(r, ) = 0,
OH(r, 1)

V x E(r, t) + po =0.

ot

Finally we can replace the term 1 + y with ., the relative permittivity of the region. It is possible
to combine the two curl equations, under the assumption that the permittivity is constant in space

(i.e. ,(r) = constant), to reveal the wave equations as

O°E

VZE = M0505I’W: (2-4)
92H

V2H = HO%0%r 50 (2.5)

Importantly, we can use one of these wave equations to solve for either the E or H field within a
region and then utilise equations (2.3) to find the other. For frequency domain numerical electro-
magnetic solvers the time dependence is assumed to be harmonic, such that 9/0t — —iw, and
the wave-equation becomes the well known Helmholtz equation. In contrast, time domain solvers
such as FDTD use Maxwell’s curl equations.

However, most systems involve several different materials with a step-wise ¢, that depends on
the position. In order to solve these we can instead solve the wave equation in each individual

medium and then knit the fields together at the boundaries. That is, despite the fact that any
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2. Background and methods

electromagnetic system is unlikely to be homogeneous, its individual components are. So we can
solve the wave equation within these regions before matching the fields at the interfaces. This
process is known as mode matching and for the majority of the analytical calculations within this

thesis it is the route we will take.

2.2.1 Boundary conditions

In order to stitch together the solutions of Maxwell’s equations in separate regions of space we
need to know how these solutions should match at the interfaces between different media. Using
the divergence theorem and Stoke’s theorem equations (2.1) can be recast into integral form and

from these the continuity of the fields can be derived [31]. They are

(D2 — Dy).n = ps, (2.6a)
(B, —B;).n =0, (2.6b)
(E2 —E{) xn=0, (2.6C)
(Ho — Hy) x n = Js, (2.6d)

where ps and Jg are the surface charge density and the surface current at the interface between
the two regions (1 and 2) and n is the surface normal. Within dielectric media the charge carriers
(electrons and ions) are fixed in position, thus surface charges and currents are absent. In this
case it is possible to deduce the conditions involving the normal components of the D and B fields
from the conditions imposed on the parallel E and H fields. Thus, it is sufficient to consider only that
the parallel magnetic and electric fields must be continuous across the boundary, with the other

conditions being automatically satisfied when this is true.

2.2.2 Maxwell’s equations in 2D

When considering electromagnetic phenomena along interfaces and the modes supported by a
surface it is often possible to simplify Maxwell’s equations. If we are dealing with a structure that is
continuous in one direction, and the modes are not propagating into this direction, then Maxwell’s
equations decouple to form two sets of waves. To see this, let the fields be propagating in either

the x, or the z direction and the medium be continuous in the y direction. From this we can see
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2.3. Metals and dispersive media

that /0y — 0 and the curl equations decouple; meaning that the two uncoupled sets of fields are
the transverse magnetic waves (TM) (Ex, Hy, E;) where the magnetic fields are only perpendicular
to the propagation direction, and the transverse electric waves (TE) (Hx, Ey, H) [32] where the
electric fields are only perpendicular to the propagation direction. This will aid our analysis of

surface and waveguide modes, where the sets of waves can be categorised as TE or TM.

2.3 Metals and dispersive media

As we have already seen, the susceptibility of a medium can be used to link the D and E fields,
allowing Maxwell’s equations to be cast in the form of equations (2.2). Thus, when using these
equations, the important physics of these materials should be captured within the susceptibility.
One of the simplest forms for the susceptibility is the Lorentz-type approach [33] whereby the
electrons of the material are treated as a harmonic oscillator, obeying the equation of motion:

Px(t)  ax(l)
az "M g

+ Kx(1) = —eE(t), (2.7)

where the terms represent the resultant, damping, restoring and driving forces respectively. Fourier
transforming and solving for x(w) before substituting for the dipole moment, as p = —ex, gives P
as a function of E. Finally to link the dipole moment to the polarisation we have

_ne B
m K/m—iyw—w

7 = coxeE(w). (2.8)

As we are interested mainly in plasmonics, and as such deal with noble metals, we can employ
the Drude model, whereby the electrons in the metal are assumed to be free, i.e. there is no restor-
ing force since the electrons are not bound to ions, such that K = 0. Combining our expression for

the susceptibility above, with ¢, = 1 + ¢ yields the Drude permittivity

2
“p

(2.9)

Eprude = 1 — D2t i iy

where the plasma frequency is wp = y/ne?/meq. By using the free and independent electron ap-

proximations the Drude model neglects both the electron-electron interactions and the electron-ion

23



2. Background and methods
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Figure 2.1: Comparison of the Drude model (lines) of the metal permittivity using the param-
eters in table 2.1 and the experimental results (circles) of Johnson Christy [35]. The silver
lines (circles) are for silver and the gold lines (circles) for gold.

interactions, without which many of the properties of metals cannot be even qualitatively under-
stood [34]. Despite this, the Drude model is surprisingly successful in capturing the electromag-

netic response of metals. In general, real metals deviate from the Drude response. In order to

produce accurate results whilst still employing a Drude model, equation (2.9) is modified to

For materials such as gold and silver we can use these parameters (wp, €jnf, ) to fit the experi-

mental data. Table 2.1 shows the parameters used for gold and silver, materials used in this thesis.

€D = €inf —

2
“p

W2 + jwy

(2.10)

A comparison of the complex permittivities to experimental data is shown in figure 2.1.

Table 2.1: The parameters for the Drude like permittivity of gold and silver.
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Silver 4.06 1.36 x 10" 3.31 x 1073
Gold 9.00 1.37 x10'® 1.22x 10




2.4. Surface plasmon polaritons

2.4 Surface plasmon polaritons

We now move on to waves confined to the boundary between two different media. Consider an
interface at z = 0 with dielectric constants ¢1(w) for z > 0 and e»(w) for z < 0. The wavevector is
defined as k = w/v, from the phase velocity of the wave, giving the rate of change of the phase
of the wave as it propagates in space. Solving the wave equation in each medium for a TM mode
gives us fields of the form E; = A, exp[ikyx —k; ;z] where ky and k ; are the wavevectors in the z and
X axes and the index i is either 1 or 2 for the field in medium 1 and 2 respectively. Using equations

(2.6) and (2.3) we can eliminate the expansion coefficients (A;) and, after some rearranging, we

ke = ko, | 12 (2.11)
g1 +¢€2

where ky = w/c is the free space wavevector and c is the speed of light in a vacuum. If we take a

find that

TE solution to the wave equation we find that no surface wave exists.

Inspecting equation (2.11) we can see that ky diverges at the point ey — —e». In other words,
when the dielectric functions have opposite signs and equal magnitude the dispersion relation will
cause the wavevector of the surface wave to be infinite. If we now consider a loss-less Drude
metal (y = 0) we can see that it has a negative permittivity if w < wp. Taking one medium as air,
e1 = 1, and the second medium as a loss-less Drude metal we can solve equation 2.11 to find that

w? = w3 /2 + c?k? £+ | /wd /4 + k*c*, where w is the angular frequency of the surface wave.

This dispersion of the surface plasmon polariton (SPP) is given by the negative square root of
this equation and is shown in figure 2.2 (b) by the red line. From this it is easy to observe its dual
polariton-plasmon type behaviour; at low wavevectors the wave is polariton-like as it stays close to
the light line, for higher wavevectors the solution asymptotically approaches wp/\@, and becomes
plasmon like. The positive square root gives the plasmon (or volume plasmon) [32], and is shown

by the blue line in figure 2.2 (b).

Hence, the interaction of light and matter at the surface between a metal and a dielectric leads
to the SPP, a surface wave confined to the interface between the dielectric and metal, that propa-
gates along the interface and decays perpendicular to it. It is a hybrid light matter wave due to the

interaction between light and the coherent free electron oscillations in a conducting material [8].
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Figure 2.2: (a) A schematic representation of a surface plasmon polariton at a metal dielec-
tric interface, including the decaying field profile perpendicular to the interface. (b) Dispersion
of SPP for the Drude gold, inset showing the associated modal losses.

Schematically, the SPP is shown in figure 2.2 (a), where the oscillating charge of the bulk electrons

gives rise to the interaction with EM fields at the surface.

Amongst the remarkable features of SPP modes are their high field enhancements (at the in-
terface between metal and dielectric) and their subwavelength nature [8]. The high field enhance-
ments close to the metal surface also mean that SPP modes have associated losses, as shown
by figure 2.2 (c). These losses arise from the damped oscillations of the electrons within the metal
surface. The SPP decays exponentially away from the interface in both the dielectric and metal
media (see figure 2.2 (a)) but the length of this tail depends on the frequency of the mode. When
the mode is polariton-like the tail in the dielectric lengthens, thus the field confinement of the mode
decreases. Additionally, the propagation length of the mode increases as the proportion of EM en-
ergy residing in or close to the metal (causing absorption) is decreased. Conversely, plasmon-like
modes are well confined yet experience high losses and low propagation distances as a result.
Thus, the propagation of a SPP depends greatly on the frequency of the mode, whether it is more

plasmon-like or polariton-like, and there is always a trade-off between loss and confinement.

Finally, one should note that the SPP always appears to the right of the light-line in the dis-
persion relation meaning there is a momentum mismatch between the SPP and the plane wave
propagating in the dielectric medium. Thus SPPs do not radiate and in order to be excited by exter-
nal EM fields a momentum mismatch must be overcome. Many matching schemes exist in order to

do this, such as prism coupling, grating coupling and coupling by other surface inhomogeneities.
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2.5 Dielectric slab waveguide modes

Having considered the modes at a single interface the picture can be extended to consider modes
where multiple interfaces are involved. A particularly important example of this is the planar dielec-
tric stack (or slab) waveguide. When considering plasmonics and plasmonic systems for on-chip
applications then silicon-on-insulator (SOI) platforms are usually involved. Thus, it is important to
understand how the photonic modes within these structures behave and propagate. The simplest
of these is a three layer slab with permittivities 1, o and 3, where central layer thickness is a, see

figure 2.3. Assuming a separable solution we find the fields; for TE modes as

Cen? z< —a/2
Ey=e%{ (AeP? 1+ Be ?) —a/2<z<a/2 , (2.12)
De=34 z>a/2

and we can derive Hy, H; from equations (2.1). For TM modes we can substitute H, for E,. We
should note that one can derive that p? + g% = eok3 and 2 — 72 = ¢;k3, where i = 1, 3, from the
Helmholtz equation. Matching the parallel field components at the boundaries in the z-direction

allows us to derive the relation

e2ipa - p + 171 p + I73 (2 13)
p—ivi)\p—iy)’ '

for TE modes. Since p, 1 and 73 are only dependent on the wavevector q, the free space
wavevector ky and the known material permittivities ¢; this gives us an implicit relation for q(kp).
In the case of a symmetric slab, such that ¢y = ¢35 and 71 = 3 = ~, equation 2.13 becomes

explipa] = +(p + iv)/(p — i) which can be rearranged to

I odd solution
tan(pa/2) ={ P : (2.14)

%’ even solution

where odd and even denote the solutions to the + and — equations respectively. Furthermore, the
odd and even designations refer to the constants A and B with A = B for the odd solution and

A = —B for the even. This causes the field in the propagation direction, Hy to be proportional to
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Figure 2.3: The lowest order waveguide modes of a tri-layered dielectric slab. The left shows
the general layout of a symmetric waveguide slab and the two polarisations TM and TE. The
right shows the field distributions (colour plots) and profiles (dashed grey lines) of the modes
TEy and TMy. All the plots are in the same colour scale which ranges from —1 to 1 in arbitrary
units, note that the field amplitudes of the magnetic components have been scaled by a factor
of 100 so that they are visible. The dashed lines indicate the interfaces between the slabs.

sin(pz) in the odd case and cos(pz) in the even.. As the tangent function is a periodic function there
are a set of modes q(kp) that satisfy these equations, the TE waveguide modes of the waveguide
slab.

For the case of TM modes we find a very similar set of modes, except that p — pey and
v — ~veo. As an example, the field profiles of the lowest odd mode solution for both TE and TM
polarisations are shown in detail for a symmetric slab waveguide (s = 4¢¢, and 1 = 1) in figure
2.3. Note that the TE mode profiles are continuous for all three field components whereas the
normal TM component demonstrates discontinuities.

Through the substitution, g — nesko, it is possible to describe the waveguide slab by means
of an effective refractive index. Under this substitution p = ko\/n3 — n2, and v = ko\/n2, — n?. If
we now reconsider our solution again for the symmetric three layered slab, we have at no point
enforced that v is real. In order for a waveguide mode to propagate it is required to be bound to the
structure, i.e. it must decay away in the z-direction within the cladding regions. The larger ~ is, the
faster this decay will be and the greater the field localisation within the central layer. Such modes
are called bound as the electric fields are tightly bound to the central layer.

However, we can see that if the effective index of the stack were to fall below n; then + would
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2.6. Plasmonic arrays

become imaginary, producing waves that propagate away from the central layer in the z-axis. Thus
as ne — Ny from above the evanescent tail of the modes into the top and bottom layers increases
and the modes become less and less bound until eventually they are no longer bound at all. At
this point, the energy in the modes can be quickly radiated out of the waveguide and as such these
modes are described as leaky [36]. Depending on the particular geometry and materials under
consideration ngs(w) is a function of the frequency of light, and so for each mode in general there
will be a frequency at which it changes from a bound to a leaky mode. This is known as the cut-off
frequency. From our definition of v it is possible to derive the cut-off for each mode. At each cut-off
the associated ~ of each mode will become 0. Thus, from equation (2.14) tan(pa/2) = 0 for the

odd modes and tan(pa/2) = oo for the even. As such we find that the cutoffs are:

2mm odd

wep = €4 AV (2.15)

2m+1)w even

where m = 0, 1, 2, ... meaning that there is only one mode which has no lower frequency cut-off,
the m=0 odd mode. For every other mode there is a w¢, above which it is bound and below which

it is leaky.

2.6 Plasmonic arrays

Over the past decade there has been great interest in plasmonic arrays and surfaces of plasmonic
nanoparticles. The discovery of extraordinary optical transmission (EOT) by Ebbesen et al in
1998 [13], whereby the classical diffraction limit of the hole size is overcome and transmission
can approach unity, marked the start of this era. For several years the theoretical nature of this
problem was not understood until it was shown that SPPs are involved in the resonant process
channeling light through the structure [37]. Since this time there have been many investigations
into plasmonic arrays including, amongst others, lasing in strongly coupled arrays [38] and loss-
compensated negative index materials [18, 39].

Many of these consider the interaction of several localised surface plasmon modes. The co-
herent electron oscillations that give rise to the bulk plasmon within a metal, and thus the SPP at

the metal-dielectric interface, still exist in a metallic nanoparticle. In this situation the light-matter
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2. Background and methods

interaction results in the localised surface plasmon resonance (LSPR) of the nanoparticle. In the

following we will derive the LSPR of a spherical metallic nanoparticle.

2.6.1 Local surface plasmons and dipole polarizability

The susceptibility is defined through the relationship P(r) = g x¢E(r) where E(r) is the macroscopic
electric field. In sparse media, where the molecules are relatively spread out, the contributions to
the field at a molecule, m, from the other molecules within the medium is small and the local field
is dominated by the macroscopic field. However, where media are more dense the polarization of
molecules within the vicinity causes an internal field E;(r); i.e. the total field, E,(r), felt by molecule
m is the sum of E(r) and E;(r). To get the correct value for E; we can subtract away the smoothed
macroscopic contribution from the local field m and add in the contribution of molecules close to

m, Epear(r), to give

E/(r) = E(r) + E(r) = E(r) + Enear(r) — Efa/(1). (2.16)

In other words we have artificially created a region of radius r around the molecule m. Within
that region we remove the macroscopic field and instead replace it with the contribution of all
molecules close to m. The macroscopic electric field withing a uniformly polarised sphere is -
P/3=0. In the special case of a lattice with cubic symmetry the microscopic local field inside the
region near to the ion E7(r) vanishes on all lattice points, removing the term from the equation
above and using the fact that P = ¢px¢E the local field at r can be written in terms of the total

macroscopic field
er+2

E/r) = E(N—3

. (2.17)

Finally, we can link the polarisation of the region near the ion to the local field through the dipole
polarizability. The dipole polarizability « links the response of an electric dipole to the electric field
via p(r) = «E(r); and the total polarisation is the sum over all the dipole moments within the region

47t /v > p; so we find that P(r) = 47aE,(r)/v. This gives the polarizability as

: (2.18)
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Figure 2.4: (a) Schematic of the | E| of an excited dipole (or LSPR); also plotted is a snapshot
of the charge distribution and the associated field lines. (b) Example of the dipole absorption
spectrum, as calculated using the dipole polarizability equation (2.18) for a silver nanoparti-
cle.

which is the well known Clausius-Mossotti relation (also sometimes known as the Lorentz-Lorenz
relation)’ relating the atomic polarizability of a material to the useful material parameter ¢, thus
allowing a link between the microscopic and macroscopic regimes [34]. Traditionally this relation
would be used to predict the optical properties of insulators from an « that had already been
calculated from microscopic theory. However, we can turn this situation around and use it to
calculate the dipolar response of a medium given a particular relative permittivity. Considering a
sphere of material with dielectric permittivity ,, and assuming that the electric field is constant
across the sphere the optical response of the nanoparticle can be understood from equation 2.18.
It should be noted that this quasi-static approximation is restrictive, only allowing the dipole modes

and not higher order modes of the system.

An example of the dipolar response of a gold metal nanoparticle is shown in figures 2.4 (a) and

(b). If we take the loss-less Drude model and insert it into equation 2.18 we find that
—
2
o = 4rd> (3“2—1) , (2.19)

which diverges at the point w = wp/v/3. This is the localised surface plasmon resonance (LSPR)

of the nanoparticle.

'For further details on this derivation, see Ashcroft and Mermin [34] chapter 27 Theory of the local field or Jackson
[31] chapter 4.5.
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2.6.2 Coupled dipole approximation

When considering a system of multiple separate plasmonic resonances that have the capacity to
interact the situation becomes more complex. For instance, within a system of two nanoparticles
each one will be affected by the other nanoparticle’s response to the electric field. Thus the polari-
sation of one dipole causes a response from the other particle. The electric field can be modeled

using the Green’s dyadic

1 1 .k rer k? ror\] r
LI | (LU RAS Y ML 2.2
= e K|r3 ’\r><3 P2 “)*rr\ (ﬂ |r2>}e ’ (2.20)

where ¢ is the permittivity of the background medium, k = w./g,eqp0 is the wavevector within the
background medium and 1 is the identity matrix. Thus, the dipole moment induced on the "

nanoparticle within an system of n nanoparticles is

pj(rj) = |: incident r/ ZG - Pi r/)] - (2.21)
i

In other words, this is a system of n coupled equations, where each dipole is dependent on the
fields produced by all the others. In order to solve such an equation we can put it into matrix form

and collect all the dipole terms on the left hand side yielding:
SP =E, (2.22)

where P = {py(r{), p2(r2), ..., Pn(tn)} 7 is a vector of all the 3 dimensional dipole moments, E =
{Eq(rq), Ex(r2), ..., En(rn)} T is a vector of the incident electric fields on each dipole. The matrix S
is composed of 3x3 block matrices where:

Si=a 1,

(2.23)

S,'j = *G_1(I‘,' — I’j).
Importantly, this method effectively decouples the electric dipoles, meaning we can imagine each
of the dipoles as acting independently of the others, with the fact that it now experiences a modified

incident field py = E} = S—'E. It should be noted that the above equation is for a spherical dipole
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Figure 2.5: (a) Schematic of the coupled dipole approximation and the propagation of the
various dipole fields. (b) Example of a magnetic field profile (perpendicular to the oligomer
plane) that can be produced for the sub-resonant mode of a plasmonic heptamer [40] as
calculated using CDA.

polarizability. For non-spherical particles, where the polarizability is no longer isotropic and «
becomes a tensor, the equations still hold except that o~ '1 is replaced with the inverse of the

polarizability tensor. The two standard ways of solving this equation are:

1. Assuming a zero incident field yielding SE = 0 which implies that det[S] = 0, which can be

then be solved through minimisation techniques.

2. Inject an incident field into the system and solve for the dipole moments of each particle and
solving for each dipole moment in the system. Then, the spectral response of the system can

be calculated, for instance, the absorption cross-section C,ps = kglm[a] [33]

Thus, CDA can be used to calculate the effective modes of a system of n dipoles and can give us
a great deal of insight into the properties of plasmonic surfaces.

The simplest structures that can be considered using the CDA are dipole chains or 1D chains
of nanoparticles. For a dipole chain the vector between dipoles is r = di where the unit vector G
is parallel to the chain axis. Analysing equation (2.20) shows that for dipoles orientated along the
axis there is no far-field interaction. Thus, there are two types of mode; longitudinal (L), aligned
along the axis and transverse (T), aligned perpendicular to the axis.

There have been several studies on these modes on the dipole chain [41, 42, 43, 44, 45, 46, 47,
48, 49, 50, 51, 52] and in particular they find that the dispersion relation reveals several features.
Firstly, the two modes, T and L, resolve into two separate dispersion bands. L (T) changes from

the lower (higher) energy symmetric mode to the higher (lower) energy anti-symmetric mode as
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the Brillouin zone is traversed. This is precisely the analogue of the coupling of two individual
resonances, see for example [53]. Secondly, the T mode has a distinctive character in that it
includes the far-field coupling of the particles which leads to a dipping of the mode around the
light-line (for instance, see figure 2 in [47]). It is this far-field coupling of the particles which has led
to the phenomena of extremely narrow absorption peaks in dipole chains [43]. This occurs when
the lattice spacing is equal to a multiple of the free-space wavelength, provided that this falls within
the broad resonance of the plasmonic wires. Note that at these typically large lattice spacing the
particles can be approximated as independent (i.e. that the near-field coupling is negligible) and
essentially the absorption cross-section is a superposition of the individual particle resonances
and that of the lattice resonance.

The coupled dipole approximation has been used to study many plasmonic structures, from
chains to arrays [54] of more complex layouts such as oligomer type structures [55] and also to
investigate the potential of 3D metamaterials with magnetic and electric resonances [56]. In chap-
ter 3 we will consider the CDA to understand the cut-wire resonator and how it can be spectrally

controlled.

2.7 Numerical methods

As well as using theoretical methods we have used numerical methods to investigate the properties
and electromagnetic phenomena of plasmonic surface structures. Numerical methods can be
efficient methods for the design and optimisation of systems or the scientific investigations of new
structures. Typically, they solve Maxwell’s equations on a grid (or mesh) and within this thesis
we make use of both finite element methods (FEM) and the finite difference time domain method

(FDTD).

2.7.1 Finite element method

FEM can be used to find approximate solutions to the boundary value problems of specific partial
differential equations [57]. The system under consideration is sub-divided into a finite number of
elements, and the partial differential equations are applied at each of these elements. One major

advantage of FEM is the subdivision of the system into the finite elements (also known as the mesh)
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which allows for different parts of the system to have a higher number of elements where higher
accuracy is needed. Similarly, this meshing allows more complicated shapes to be simulated as the
mesh can adapt to complicated surfaces. Within this thesis FEM methods are primarily used to find
solutions to two types of problems, eigenvalue problems and scattering problems. The software
package used is COMSOL Multiphysics (www.uk.comsol.com), a commercially available solver.
Finally, we have used the frequency domain solver, whereby a solution of the form exp[—iwf] is

assumed such that 9/0t — —iw in equation (2.4).

The eigenvalue problem considers the system isolated from electromagnetic sources. By as-
suming an initial guess frequency of the mode the partial differential equation becomes an eigen-
value equation. Such a problem can be solved iteratively until the discrete eigenvalues of the
system have converged to within the specified error parameters. For isolated finite systems such
a simulation returns the eigenmodes of the structure. Importantly, we can consider a unit cell of
a structure and enforce periodic boundary conditions that require the fields at each boundary to
be identical except for a pre-determined phase. This phase, ¢, is linked directly to the wavevector
k = ¢/d. Thus by changing the phase from 0 — = and, for each phase, performing an eigen-
mode analysis of the system, the frequency of the mode as a function of wavevector, i.e. the band

structure, can be calculated.

The scattering problem inserts a time harmonic source into the system, which can be anything
from a plane-wave to a dipole source to a waveguide mode, and then calculates the response
of the system. From such simulations transmission, reflection and absorption parameters can be
calculated via the Poynting vector. The Poynting vector S = E x H represents the rate of energy
transfer of the electromagnetic field per unit area. To calculate the time-averaged transfer of energy,

S, through an area, A, we can integrate the Poynting’s flux
S= / Re[E x H*] - dA. (2.24)
A

Calculating the transmission and reflection coefficients is simply a matter of calculating the flux S

due to the scattered fields and dividing it by the flux due to the incident fields.

In chapter 4 the eigenmode solution is used to calculate the individual decay channels of the

mode. This can be done using Poynting’s theorem which states that the rate of change of the
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energy (u) contained within the electromagnetic system is equal to the rate of energy transfer out

of the system, through radiation and absorption. Mathematically we have that

ou
T =V-S+J.E. (2.25)

To calculate the time-averaged individual decay rates from the numerical simulation we need to
integrate over the electric and magnetic fields, in the frequency domain, accounting for the fact that
the metal is a dispersive medium, for full details see appendix A. For these finite sized simulations
the boundary conditions are important and care has to be taken to ensure they don’t impact on the
solution returned by the simulations. In order to avoid back reflections of the fields scattered by the
mode we use scattering boundary conditions which allow out-going electric fields to pass through.

When deciding which method to use where in the thesis it is important to understand how each

method will solve Maxwells equations

e The Eigenmode method will solve Maxwells equations with a complex frequency component.
Thus for either periodic systems (where the phase-vector is ofrced to be real), or isolated

systems the imaginary frequency corresponds to the modal decay.

e The scattering method will force an incident wave upon the system, thereby (in general)
ensuring a real frequency of the incoming wave and thus producing a complex wave-vector,

where the imaginary wave-vector corresponds to the decay of the excited modes in space.

In this Thesis, the eigenmode method is predominantly used in chapters 4, 5 and 6; in particular
in the numerical results of figures 4.3, 4.4, 45, 4.6, 4.7, 4.8, 5.5, 5.8, and 6.4. Whereas the
scattering method is used in chapters 3 and 4; in particular the numerical results of figures 3.3,

3.4,3.5and 4.2.

2.7.2 Finite difference time domain method

Whilst the finite element method, and the theoretical approaches we have covered above, work
in the frequency domain the finite difference time domain method solves the time-dependent
Maxwell's equations. FDTD has several advantages over frequency domain methods such as

FEM. FEM requires solving the linear algebra of the Fourier transformed Maxwell’s equations, and
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as such the computational memory scales quadratically with system size. Within FDTD, the com-
putational memory only scales linearly with system size as it relies on the using the evaluated fields
at time t to calculate the fields at t + §t. Therefore, the computational cost of increasing the number
of grid points (or refining the mesh) is much less for FDTD method than FEM. FDTD also allows the
direct visualisation of the evolving electric and magnetic fields, offering an intuitive and insightful
picture into the underlying physics. Perhaps most importantly, FDTD allows the direct treatment
of non-linear effects as other differential equations (such as those for non-linear media) can be
directly included. This makes FDTD an extremely valuable tool for considering loss-compensated

and lasing plasmonic systems.

In FDTD Maxwell’s equations are discretised on a 3D grid. The derivatives are discretised

using the central difference theorem, whereby the differentials become

dfn _ fn+1 — fn—1

o= Il O(0x?) Tt = ot (2.26)

20X

which is accurate to second order in the discretisation parameter x. However, from Maxwell’s
equations we know that the temporal derivatives of the E (H) fields are dependent on the spatial
derivatives of the H (E) field. Thus, we do not need to evaluate all fields at each grid point. Instead
a staggered grid is used, the so called Yee-cell, as defined by K. S. Yee [58], see figure 2.6. In this,
the electric and magnetic fields are evaluated at subsequent time steps, in order to make full use

of Maxwell’s curl equations. Overall this means that the propagation of fields can be calculated as

i+1/2,j,k i+1/2,j,k ot i+1/2,j+1/2,k i+1/2,j-1/2,k
Exlnet ™ = Bl " 5y eoc| 120K <H2|n+1/2 = Helpi2 )
ot i+1/2,,k+1/2 i+1/2,j,k—1/2
~ saaerare (R = HIRTE) e

1 i+1/2,j.k i+1/2,j,k
b (P )
ij+1/2,k+1/2 ij+1/2,k+1/2 ot ij+1,k+1/2 ij,k+1/2
HX|n+1/2 = HX’nq/z - 5y 1o (EZ n — Ezl5 )
ot 412,k j+1/2,k (2.28)
1,j+ K+ Lj+ ,
e A T R

where e|//K is the permittivity of the medium at the grid point (i, j, k).
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Figure 2.6: Schematic of the Yee cell demonstrating the discretised electric and magnetic
field components.

To take account of the dispersive metallic response in time domain, the equation P(w) =
coXxe(w)E(w) needs to be Fourier transformed into the time domain. For a Lorentz-type material
response (of which the Drude model is an example) ye o (a — ibw — cw?)~'. Fourier transforming
the polarisation recovers a second order differential equation

d°P  dP

c e + bﬁ +aP « E. (2.29)

From Ampere’s law the electric field is driven by the curl of the magnetic field and the time derivative
of the polarisation. To solve this the polarisation is also discritised and solved within the FDTD
formalism, much like equations (2.27) and (2.28). The FDTD method will be used in chapter 6 to

compare theoretical results with numerical ones, in the case of spoof SPPs.

2.8 Note on the theoretical methods used in this thesis

Throughout this thesis we have studied two structures, cut-wire arrays (chapters 3 and 4) and 1D
metallic grooves (chapters 5 and 6). In both of these cases we have considered only the wave-
vector along the arrays (which we will define as the y-axis), ignoring in our analysis the out of plane
wave-vectors (which we will define as the x-axis).

In the case of the 1D metallic grooves, the structure is completely continuous in the x direc-

tion and thus supports no periodic band structure in this direction. Instead, a non-zero k, would
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be expected to have a similar effect as is the case for photonic crystal structures, for instance see
reference [59]. We have ignored it in our analysis as we have been focused on how the array geom-
etry - particular the periodicity and the groove geometry - affect the band structure and in particular
the plasmon-like modes that appear. It would be possible to extend our theory by considering a
transverse wave-vector, for instance by assuming a plane-wave solution for the transverse fields.
For the cut-wire arrays, the structure is periodic in the x direction and so does support a Bloch-
wave solution along this direction. In chapters 3 and 4 we only consider the cut-wire to be excited
along the wire axis - i.e. in the longitudinal mode. It is well known that the band-structure of a
single dipole-chain longitudinal mode varies smoothly from the symmetric to the antisymmetric
mode across the FBZ, e.g. see references [47, 51]. In this thesis we have been only concerned
with the interaction of 1D waveguide modes with the cut wire array - modes which have kx = 0,
and thus assuming the cut-wires to be excited in the symmetric longitudinal mode - where all the
dipoles are in phase. Whilst this is not the total solution of these structures, where kx would be
expected to vary, due to the symmetry of the system modes with different ky, would not couple, and
thus it is valid to consider only a single ky value at a time. Thus, this work can be considered a

starting point towards a general solution with a non-zero k.
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3.1 Introduction

The concept of hybridising plasmonic resonances was first described by Prodan and co-workers
[60] who showed that the complex response of a plasmonic nanostructures can be viewed as the
interaction of the LSPRs of the constituent components, leading to hybridised plasmonic modes.
Importantly, hybridisation of plasmonic modes can lead to interesting and novel optical properties
such as negative magnetic responses [61], plasmonic electromagnetically induced transparency
[62] and extraordinary optical transmission [13, 63]. Using this hybridisation many plasmonic sys-
tems have also been shown to exhibit asymmetric Fano-type resonances [64] with the potential for

applications in sensing and opto-electronic devices.

One of the drawbacks of plasmonic systems is the cripplingly high resonator losses with ac-
company LSPRs and effectively limits their potential. Mode hybridisation is one method by which
these parasitic material losses can be circumvented. Plasmonic and photonic modes have con-
trasting size/loss characteristics. Whilst plasmonic modes offer subwavelength confinement of light
and high material losses, photonic modes are typically much larger (= \) whilst incurring far lower
material losses. One method of hybridisation is utilising photonic modes to mediate the coupling

between plasmonic resonators, for example, through a dielectric waveguide [23].

In this chapter we consider one example of a photonic-plasmonic mode hybridisation scheme,
the so-called waveguide plasmon polariton (WPP). So far, the bulk of the work on WPPs has been
using TM waveguide modes and there has been little interesting in utilising TE waveguide modes.

After describing the origins of the WPP we consider the differences between TM and TE waveguide
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Figure 3.1: (a) Schematic of the typical WPP structure consisting of an array of plasmonic
wires on top of a waveguide slab, where p is the periodicity of the array. (b) Dispersion
realtion of the waveguide slab, including also the energy of the plasmonic-wire mode (grey
line). (c) Example of a typical absorption spectra of the WPP structure when illuminated with
normal incidence TM waves.

modes and the potential benefits that TE modes can offer. Then we discuss the plasmonic cut-
wire resonator and its spectral response before combining the two to analyse TE WPPs. Finally, we
demonstrate how this system can form arbitrary narrow transmission peaks and discuss whether

these can be used for high contrast sensing applications.

3.2 Waveguide plasmon polaritons

What is a WPP? The WPP is a hybrid mode produced by the interaction of plasmonic and waveg-
uide modes in a 1D plasmonic array. It was first considered by Christ et al. in 2003 [15] and the
general structure used to induce WPPs is shown in figure 3.1(a). It consists of a slab waveguide
and a 1D periodic grating. It is generally excited by an incident wave from the top. The periodic
grating produces a back-bending of the waveguide mode as shown in figure 3.1(b), where the en-
ergy of the plasmonic wire mode is also shown. When illuminated from normal incidence with a
TM wave the structure shows two distinct peaks, as shown in figure 3.1(c), corresponding to the
new hybrid WPPs which appear close to the uncoupled plasmonic and waveguide resonances. By
altering the period, p, of the array the wavelength of the waveguide mode is altered. As the two
resonances approach one another the absorption spectra displays anti-crossing behaviour where
the spectral line shape is transferred between resonances, demonstrating the creation of a hybrid
mode which mixes the plasmonic and photonic elements.

In 2009, Zentgraf et al [65] demonstrated that the mechanism which creates the WPP could

also enable the formation of a low-loss mode. Importantly, they showed that the degeneracy of the
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3. Waveguide plasmon polaritons and cut-wires resonators

waveguide modes at the edges of the Brillouin zone causes the creation of a hybrid mode that is
purely photonic, but this is only possible through the interaction of the resonant plasmonic structure.
In effect, at a particular frequency, the electric fields destructively interfere at the locations of the
plasmonic particles. Thus, the plasmonic nanowires are not excited don’t cause system losses.
This is the plasmonic analogue of the electromagnetically induced transparency (EIT) phenomena
[66] first observed in atomic systems. This occurs at the array resonance, where the incident
light is resonantly coupled into the waveguide modes of the structure, at A = 2n.¢4p, producing
constructive interference due to the Bragg condition. However, the WPP structure differs from the
Bragg resonance in that the component that gives rise to the periodic structure (i.e. the plasmonic
nanowire) is optically active causing the creation of the third, high transmission, mode. Whereas,
in a standard Bragg mirror structure the structural component has no optical excitation.

The high transmission modes appear in the frequency gap between the anti-crossing WPP
modes and can be made extremely narrow by tuning the plasmonic resonance close to the waveg-
uide mode cut-off. Such sharp spectral features can be extremely useful for sensing as small shifts
due to surface refractive index changes can cause a relatively large change in the optical prop-
erties. Although the waveguide mode cut-off can be arbitrarily designed through the waveguide
geometry, it would require being able to produce accurate waveguides of variable thickness and
composition. Typically, dielectric waveguides are composed of commercial wafers, and come in
well defined sizes, hence it can be difficult to arbitrarily tune the cut-off frequency of the waveguide
modes. In contrast, the plasmonic nanowires are usually placed on the surface through techniques
which allow for the tailoring of the geometric parameters, for example using electron-beam lithog-
raphy. As the LSPR of the nanowire depends on both the structure and material it is much easier

to tune than the waveguide mode cut-off.

Until now the WPP has been mainly explored using TM waveguide modes. One potential
reason for this is the ease at which metallic nanowires can be created. TE waveguide modes have
their electric field components parallel to the axis of the nanowire, and thus would need to excite
the LSPR along the nanowire. However, nanowires do not exhibit a LSPR along their axis due
to their continuous nature. Hence, in order to utilise TE waveguide modes within the WPP we
would need to consider a different plasmonic resonator. In the next section we consider first the

differences between TE and TM waveguide modes, before considering the cut-wire, a plasmonic
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Figure 3.2: The effect of an additional metallic layer on waveguide modes. The propagation
distance L is plotted as a function of the wavelength A. Both TE (red) and TM (blue) waveg-
uide modes are considered. The inset shows the schematic of the metal-covered waveguide
as well as the modal profiles at A = 1550nm for both TE and TM modes.

resonator that allows LSPRs parallel to the wire axis.

3.3 TE waveguide modes

An important effect of incorporating a metallic nanowire on top of the dielectric slab waveguide is
the introduction of loss into the system. The new waveguide modes of the metal covered dielectric
waveguide have a complex wavevector and thus, an associated propagation length. The propaga-
tion length, L, is defined as L = 1/(2Im[f3]) where 5 is the wavevector of the waveguide mode, in
the direction of propagation.

To consider the effect of the metal layer on both TE and TM waveguide modes, we solve for
the new waveguide modes, as in section 2.5. The test structure can be seen in the inset of figure
3.2. It incorporates 5 layers; the semi-infinite substrate ny, the central waveguiding layer of n, of
width 220nm, a buffer layer ny of width 50nm, a metal layer 5, of width 50nm and a semi-infinite
superstrate composed of air ¢ = 1. The refractive indices of the cladding, n{, and core, no, are
assumed to be 1.5 and 3.5 respectively.

From figure 3.2 we can see how the propagation length alters as the wavelength is changed
from 1um to 2.5um. As the wavelength increases the propagation lengths of both the TM (blue
line) and TE (red line) modes are reduced and throughout this spectral range (and generally) the

TE waveguide mode has a higher propagation distance than the TM waveguide mode’.

'The propagation length is also strongly dependent on the height of the buffer layer, which controls the strength of
the effect of the metal on the waveguide modes.
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3. Waveguide plasmon polaritons and cut-wires resonators

The profile of the waveguide modes is also affected by the presence of the metal layer on top
of the dielectric stack. The inset of figure 3.2 shows the waveguide mode profiles at A = 1550nm.
Comparing to the case of a bare dielectric waveguide (see figure 2.3) the change in the TE mode
profile is relatively small. The mode maximum is no longer exactly in the centre of the central
waveguiding layer, instead it has been pushed down slightly away from the metal surface. In
contrast, the change in the TM mode profile is dramatic. A large amount of energy is concentrated
within the buffer layer, between the central waveguide layer and the metal, contributing to the
increased modal loss.

Finally, we consider the effective indices of the TE and TM modes respectively. By considering
equation (2.14), and replacing the mode wavevectors with the effective index of the TE and TM

modes we have that

2
2, I 2
tan(koa/21/ng — nIM%) = n% tan(koa/21/n3 — nIE"). (3.1)
1

As the core layer has a higher refractive index than the cladding layers we can conclude that
ni¥ < nlE. Thus, the effective wavelength of the TE mode is shorter than that of the TM mode,
allowing structures that rely on TE modes to be contracted compared to their TM counterparts.
Considering these factors, we can see that TE modes can have many appealing advantages
over their TM counterparts, such as increased propagation lengths and less disruption of the modal
profile. Furthermore, the TE mode only interacts with the metal through the evanescent tail of the

mode, and can almost be considered unaffected by the presence of the metal [67].

3.4 Cut-wire resonators

Within this thesis, a cut-wire is defined as a wire with rectangular cross-section that is cut into
segments of length / with gaps of length g in between. This structure repeats periodically with a
total periodicity g+/, see figure 3.3 (a). The cut-wire is similar to the dipole chains considered in the
previous chapter, whereby each segment of wire can be considered as an electric dipole and thus
the whole wire is simply a chain of dipoles. However, the segments within the wire are cuboidal in
shape, in contrast to the nanospheres we had previously considered, and as such the Clausius-

Mosotti relation for the polarizability is no longer valid. Most importantly, the three dimensions of
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3.4. Cut-wire resonators

the oblong are no longer equal, and as such the polarizability is no longer isotropic.
To obtain a simple model for the polarizability of the cut-wire segments we approximate them
as prolate spheroids where the long axis ay is greater than the two other axes ao, as, see figure

3.3 (b). Thus the polarizability tensor becomes

a1 0 O
_ o 47Ta1aga3(€—1)
“=10 a2 0. ¥=3 "8G ) (3.2)
0 0 a3

The geometrical factors Gj, i = 1, 2, 3 are used to calculate the change of the dipole polarizability

due to the relative scales of the 3 principle axes (a1, a», as), where

a1daoas3 adx

G; h ’
2 /0 (& + x)\/(a$ +X)(a5 + x)(& + X)

(3.3)

which can be analytically calculated for prolate spheroids [33]. Figure 3.3 (c) shows how Gy and
Gs and thus the plasmonic response of the spheroid changes as the relative dimensions of the
spheroid are altered. Importantly, exciting the spheroidal particle along the long axis (ay) produces
a red-shifted dipolar resonance whereas exciting it along one of the two shorter axes (a», az)
produces a blue shifted resonance.

Considering the coupled modes of the cut-wire, there is the transverse and longitudinal modes
of a dipole chain. As such, the red shifting of the individual segment element resonance associated
with the lengthening of the segment length / only affects the longitudinal mode, whereas the blue
shifting affects the transverse mode. It is here where the cut-wire differs from a standard un-cut
wire; it allows the presence of a LSPR orientated along the wire axis that can interact with TE
waveguide modes. It's modal frequency can be altered through the geometric parameters / and g.
Whilst the segment length / controls the shifting of the individual segment resonance, g controls the
coupling between individual segments and thus the red-shift of the longitudinal mode away from
the individual segment resonance. Thus, increasing / and decreasing g both lead to a red-shift
of the cut-wire resonance, whilst the opposite is true for a blue-shift in the resonance. In figure
3.3 (d) we have shown this change in the modal frequency with / and g for a silver cut-wire with

cross-section 30 x 50nm. The inset of figure 3.3 (d) demonstrates the typical cut-wire resonance
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Figure 3.3: (a) Schematic of the cut-wire labeling the relevant parameters. (b) Schematic of
a prolate spheroid. (c) Shift in the absorption spectra of a prolate spheroid for an incident
field polarised along a; (red line) or a, (blue line) for the ratio a;/a> = 1.5 (and a; = ap, black
line). The inset shows the change in the geometrical factors G; as the ratio of the axes is
changed. (d) Variation of the resonant frequency of the cut-wire as the parameters / and g
are altered, for a constant cross-section of a x b = 30 x 50nm?.

line shape.
Approximating the cut-wire as a prolate spheroid and using the coupled dipole equations of
section 2.6 means we can calculate the absorption spectra of the cut-wire and fit these to numerical

results to the inset of figure 3.3 (d).

3.5 Arbitrarily narrow transmission

We now move on to the interaction and mode hybridization of a TE waveguide mode with an
array of cut-wires. To do this it is useful to consider a coupling matrix approach. We take a
simpler approach, approximating the cut wire as a Lorentzian resonator with an energy E, and
a linewidth +,. Thus, E, and 4, can be calculated from fitting a lorentzian to the numerically
calculated resonance. Furthermore, we consider only a single propagating TE waveguide mode

being supported by the dielectric waveguide. The introduction of a periodic structure causes a
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3.5. Arbitrarily narrow transmission

reflection of the waveguide mode at the band edge. Thus, within the first Brillouin zone, there are
several branches of this TE waveguide mode, and at the band edges these are degenerate. The
coupling between the branches of the waveguide mode and the LSPR of the cut-wires will only be
significant when the frequencies of these resonances overlap. Thus, we need to consider three
different modes, the two branches of the TE waveguide mode and the localised SP of the cut-wire.

The coupling matrix can be defined as

E; Via Vip (08
HY = Va E> Vop Y2 | (34)

where E; and E, are the energies of the two unperturbed waveguide modes which are assumed
to be loss-less (i.e. bound), E; is the energy of the plasmonic mode, ~, is the damping of the plas-
monic resonance, Vj; represents the coupling of the modes / and j and +; are the individual mode
functions. There is no direct interaction between the two TE waveguide modes of the structure,
i.e. Vi» = Vb1 =0, allowing the matrix to be somewhat simplified. If we now consider the special
case that occurs when the waveguide modes are degenerate (setting E; = E) and coupling to the
plasmonic mode is also symmetric (as occurs at the band edge) then diagonalising and solving for

the eigenvectors (u) and eigenvalues (e) yields

= {¢1=—¢2,0}, e = E1,
2 2
Ei+Ep+i 07+ 8V]
up = {Vip1/(e2 — Eq), Vipo /(€2 — Eq),9p}, € = ! 2p e \/7, (3.5)
2 2
Ei+Ep+1i 07, + 8V,
us = {Vip1/(es — Eq), Vo /(€3 — Ev),¢p},  €3= ! 2" Tp _ \/?,

where 61p = Ep + inp — Eq is the detuning between the waveguide and plasmonic modes. The
modes of the WPP are us and us, as we can see they are centered on the average of the energies
and split by the factor of +, /4612p +2Vj 2. Thus, on resonance, the splitting is determined only by

the coupling between the modes.

Interestingly, the third eigenmode which is only composed of bare TE waveguide modes and

has an energy corresponding to that of a bare TE waveguide mode. This is, in theory, a loss
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Figure 3.4: The transmission spectra of a cut-wire array on top of a waveguide when excited
from the top by a plane wave as a function of wavelength A and array period p, where | =
200nm and g = 40nm. The dashed lines show the position of the WPP modes and the
positions of the original uncoupled waveguide and cut-wire resonances.

free mode, that corresponds to the high transmission seen in between the two WPP resonances

[65, 15].

In figure 3.4 we plot the transmission spectra for an array of cut-wire resonators on top of the
waveguide stack. This is calculated numerically using COMSOL. The dashed lines shows the
energies of the bare cut-wire and waveguide modes, which are calculated and fitted numerically,
as well as the modes from equation 3.5, which are fitted to the spectra by using the unknown

coupling Vi,/41, as a parameter.

The appearance of the WPP is shown in the in the transmission spectra of figure 3.4, where
the cut-wire array is excited at normal incidence via a plane wave with the electric field parallel to
the wire axis. The dips in the transmission spectra indicate the position of the hybridised WPP
resonances (the geometric parameters of the waveguide are the same as used in figure 3.2). Also
plotted are the frequencies of the cut-wire mode and bare-waveguide mode. The WPP resonances
display the typical anti-crossing type behaviour of coupled resonances where the mode transfers
from being plasmon-like to wave-like and vice versa. Finally, we can also see the appearance of a
high transmission peak in between the two hybrid WPP modes, the EIT mode.

Narrow spectral plasmonic feature are potentially useful for sensing applications as small changes
in the background refractive index can cause the transmission or reflection spectra to significantly
alter [68]. Depending on the particular sensing application it can be useful to tune the resonant

spectral features to the appropriate wavelength range. Through the parameters / and g the cut-wire
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Figure 3.5: (a) Change in the transmission spectra with as the buffer height is altered from
20nm to 250nm. (b) Change in the transmission spectra as the refractive index of the area
above the cut-wires is altered slightly from n=1to n=1.05.

resonance can be shifted, whilst through the array periodicity p the TE waveguide mode can also
be altered. Hence, the position of the transmission peak can be shifted over a wide range simply
by the tuning of the geometric parameters. The narrowness of the transmission peak depends on
the damping within the structure. As the cut-wires are only evanescently coupled to the TE waveg-
uide mode the strength of their interaction scales exponentially with the buffer height. Thus, by
tuning the buffer height it should be possible to reduce the strength of the interaction, decreasing
the splitting between the two WPP branches whilst squeezing the transmission peak in between.

In figure 3.5(a) the height of the buffer layer is varied from 20nm to 250nm for an array with
p = 500nm, / = 250nm and g = 50nm. As the buffer height increases strength of the coupling
between the TE waveguide mode and the cut-wires decreases, causing the transmission peak to
narrow and sharpens. In fact, such a mode can be reduced to have almost an arbitrarily narrow
peak with a FWHM less than 1nm. Furthermore, in figure 3.5(b) we see the appearance of a
Fano-type line shape. The Fano resonance occurs when background and a resonant scattering
conditions interact. In this case, the spectrally broad cut-wire resonance acts as the background,
interacting with the sharp Bragg resonance of the array. Thus, as the spectral position of these two
resonances come closer together the shape of the peak shifts from a Fano-type shape towards a
more Lorentzian line-shape. In general, the EIT transmission peak observed in WPP systems is a
Fano-type resonance.

In figure 3.5 (b), the background refractive index of the superstrate layer is increased slightly
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above 1 to analyse the change in the transmission spectrum. We can see that despite a change
in the profile of the peak it's central wavelength does not shift due to the increase in background
refractive index. Reconsidering our analysis of the WPP, the transmission peak comes from a mode
that displays no plasmonic character and is independent of the cut-wire resonance. Therefore,
although the LSPR of the cut-wire will be affected by the changed in background refractive index the
bare waveguide modes are only slightly affected and thus the transmission spectrum only displays
small changes. Slightly off-resonance there is a small change in the transmission peak of ~ 5%
for on = 0.05. However, typically these changes are of the order b = 0.01 or smaller [68], and
shifts based on SPP resonances can be an order of magnitude higher. This suggests that the EIT
transmission peak of WPPs would not be useful for sensing of refractive index changes. However,
recently there has been work [69] suggesting that the correct way to measure the improvement
in sensitivity from the WPP is not to look at the direct change in spectral response. Rather, the
effect of the WPP should be analysed by considering the relative change in the extinction spectra
between a system with and without a WPP. As shown by Zhang and co-workers [69], this brings
the enhancement in sensing of periodic plasmonic nanowire devices much closer to that of SPP
based sensors.

However, recently there has been work suggesting that the correct way to measure the im-
provement in sensitivity from the WPP is not to look at the direct change in spectral response.
Rather, the effect of the WPP should be analysed by considering the relative change in the extinc-
tion spectra between a system with and without a WPP. As shown by Zhang et al. [69], this brings
the enhancement in sensing of periodic plasmonic nanowire devices much closer to that of SPP

based sensors.

3.6 Summary

We have considered the differences between TE and TM waveguide modes with the conclusion
that TE waveguide modes offer higher propagation distances and display changes to their modal
profile whilst TM modes strongly couple to the metal and thus a large proportion of the mode
energy resides in the buffer layer between the waveguide and metal. We have then considered

the cut-wire plasmonic resonator, demonstrating its tunability using a spheroidal dipole modal and
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CDA. Finally, we have shown the WPP is formed from he hybridisation of the plasmonic cut-wire
mode with the TE waveguide mode and investigated the low-loss transmission mode which arises.

There are many other interesting properties of WPPs, such as their ability to slow light [65] and
produce tailored photonic band splitting [70]. In the next section we shall consider this hybridised

plasmonic-photonic mode further in the design of coupled resonator optical waveguides.
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4 Cut-wires arrays as plasmonic CROWs

Cut-wires placed side by side

make a coupled resonator optical waveguide
The modes interact

to produce a band gap,

with the CROW mode resting inside

For arrays of increasing sizes
the quality factor rises

By tweaking this and that

we can make the band flat

and tune for potential devices

4.1 Introduction

Since their inception in 1999 [71] coupled resonator optical waveguides (CROWSs) have emerged
as an exciting technology that have the potential to revolutionise the integrated optics community.
CROWs have the capacity to guide light on-chip and, as they enable dispersion control, have led to
interesting phenomena in slow-light and enhanced light-matter interactions [72, 73, 74, 75, 76]. In
particular, CROW designs have been extensively explored with a view to applications in areas such
as optical switching [77], filters [78], delay lines [79], sensing [80] and wavelength conversion [81].
In general CROWSs have been designed for photonics applications, using dielectric resonators such

as photonic crystals and micro-ring resonators. Such resonances have narrow line-widths allowing
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4. Cut-wires arrays as plasmonic CROWs

prospective CROW losses to be minimised.

In stark contrast to dielectric resonators plasmonic nanoparticles have broad lossy resonances
yet allow the subwavelength confinement of light. When we are considering systems of directly
coupled resonators the resonator loss impedes the waveguiding performance of such structures.
For instance, typical propagation lengths along coupled dipole chains are less than 10 dipoles
[82, 83]. As such, if we were to consider a directly coupled plasmonic CROW we would expect that
the losses could render such a device useless for practical applications. However, not all CROW
designs involve directly coupled resonators; the side-coupled scheme [84, 85, 86, 87], for example,
enables the resonators to be coupled via a separate channel meaning that only a small fraction of
the energy actually enters the resonators and no material losses occur in between resonator sites.
Typically this extra channel is formed by using a waveguide and placing the resonators on top or
to the side of it. In other words, the resonators are hybridised with the underlying waveguiding
structure to produce new hybrid modes.

In this chapter we investigate the possibility of using cut-wire resonators to produce a plasmonic
CROW. The broad lossy resonances of plasmonic nanopatrticles interact strongly with light over a
large frequency range. This strong interaction can be used to allow the tuning of the CROW over
a wide range of frequencies as the cut-wire resonance is brought closer to the sharp waveguide
resonance of the structure. Furthermore, the subwavelength size of plasmonic resonators at optical
and infra-red frequencies would allow for a highly compact CROW design and stops the resonator
size becoming a limiting factor in the design of CROW devices. By utilising the hybrid nature of
the WPP in the side-coupled CROW scheme we expect to be able to minimise the impact of the
plasmonic loss on the devices, in particular through the avoided coupling of the EIT. We then move
on to investigate the resonant modes of a finite CROW structure before looking into how disorder
(of both the resonator dimensions and resonator position) affects the characteristics of these cavity

modes.

4.2 Coupled resonator optical waveguides

The term CROW was coined by Yariv in 1999 [71]. By taking a background material with a nat-

ural photonic band-gap and periodically introducing a resonance that has a frequency residing
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within the band gap a new mode can be realised. The shape and the dispersion of the mode are
dependent only on the resonant frequency of the resonator and the coupling between resonators.

This tunable dispersion has been a key driver in the potential application of CROWSs to photonic
circuitry. In particular, the ability to tune and design the group velocity of light propagating through
a CROW has led to theoretical investigations on the stopping and storing of light coherently [75,
88, 76]. Slow light applications have also been of interest, in particular, optical buffering and delay
lines, whereby the light passing through the CROW is stopped and later released. Moreover,
reducing the group velocity of light can lead to vanishing dispersion [89] and enhanced non-linear
interactions [90].

However, despite the clear interest in CROWSs there are major difficulties when dealing with
slow and stopped light. Disorder induced in the manufacturing process can limit the achievable
slow-light group velocity as well as causing large losses in the propagation of light through the
structures [91]. In particular, disorder can lead to extra extrinsic losses that are not present in ideal
structures, namely scattering out of the slow-light waveguide [92] and field localisation at points
with a local slow-group index [93]. These losses are predicted to increase with the inverse of the
square of the group velocity [92]. It has been proposed that in-line amplification of the disordered
slow-light waveguide could be used to compensate the losses due to the vertical scattering of light
away from the waveguide [94], however, this would also coherently amplify any localised fields.

It is interesting to note that CROWSs have so far generally been investigated using high quality
resonators. As such, the potential benefits that lossy plasmonic resonators can bring to the con-
figuration have been overlooked. There are obvious reasons for this, in systems where loss has
to be carefully managed any intrinsic resonator losses can inhibit the system, and hence would be
dis-regarded at the first instance. However, this ignores the benefits that broad resonances could
bring to a CROW design. The broad spectral width of a plasmonic resonator provides a coupling
constant that is active over a wide spectral range, allowing for a wide range in tunability of the
potential mode dispersion. This has not been an issue for standard CROWs where the central
mode is independent of the others and so can be almost tuned at will, but for side-coupled CROWs
their is no natural band-gap for the resonator to reside and as such this wide range of coupling
can lead to increased tunability. Furthermore, it is possible that broad plasmonic resonators may

render the plasmonic CROW devices less susceptible to potential fabrication imperfections. The
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4. Cut-wires arrays as plasmonic CROWs

Figure 4.1: Schematic of the plasmonic CROW structure. The cut-wires are periodically
spaced a distance d apart, with dimensions defined by g, / and a cross-section of 30 x 50nm.
The slab waveguide has a central layer of height 100nm and index n», encased by two semi-
infinite outer layers of index ny. The cut-wires are situated in the top layer, a distance h
from the central slab. Finally the expected field profile of the plasmoic CROW mode is also
illustrated in the figure with the waveguide field hotspots appearing in between the cut-wires.

broad resonances are active over a wide spectral range and so, if small variations in the waveguide
period occur, the plasmonic resonator will still be active at the corresponding frequency, mitigating

the losses from the structure due to potential disorder.

Figure 4.1 shows the plasmonic CROW system that we have investigated. The cut-wires, with
dimensions given by g and / and a constant cross-section of 50 x 30nm, are spaced periodically
a distance d apart. The slab waveguide consists of a central layer of index n. = 3.47 (for example
Si or GaAs) and height 100nm sandwiched between two semi infinite slabs of index ny = 1.47 (for
example SiO,). The cut-wires are located in the top slab, a distance h from the central layer. The
field profile of the plasmonic CROW mode is also illustrated by figure 4.1 where we expect the
coupling of the cut-wires and waveguide modes to produce the low loss EIT mode that avoids the

cut-wire resonance.

4.3 Mode hybridisation theory

In order to understand the modes supported by the structure we first construct a simple model to
investigate the expected behaviour of the system. If we treat each cut-wire as a harmonic oscillator

that is driven by a time harmonic electric field of a waveguide mode we find that

p+p+whp = gee™", (4.1)

56



4.3. Mode hybridisation theory

where p is the harmonic oscillator, E is the inclident electric field amplitude, wq is central frequency
of the oscillator, ~ is the oscillator decay rate and g gives the coupling strength between the field
and the oscillator. The harmonic oscillator equation is derived from the balancing of the forces
on the oscillator; the total force (first term), the damping force (second term), the restoring force
(third term) and the driving force (right-hand side). By rewriting the electric field as Ee ! =
E:ot — Erag — Eres We can match up the radiated electric field from the dipole E,,4 with the damping

term in the harmonic oscillator equation, i.e. gE..q = —7p.

The excited oscillator can lose energy in any of three ways; either radiating energy away from
the array, emitting directly back into the waveguide modes or dissipating the energy internally
through Ohmic losses within the oscillator. By splitting the loss term v — +/ + k, where « is the
decay rate of the mode back into the waveguide, then the electric field that is scattered back into

the waveguide mode (E;) can be written as

Es=——p. (4.2)

d
g
After solving the harmonic oscillator equation this can be rewritten as

iKw

Es= Ee ™! = rEe~"1, (4.3)

wg — w2 — iyw

This allows us to write the reflection coefficient r in terms of the parameters of the cut-wire.
As the field scattered into the waveguide scatters equally into both directions the transmission
coefficient is t = 1 + r and then the total transmission and reflection can be calculated as T = |t|?
and R = |r|2. To then consider the effect of the whole array we use a simple transfer matrix method

to propagate the modes through each unit cell. Figure 4.2 illustrates how the modes entering a

unit cell of the structure propagate through the period.

Within the transfer matrix formalism we describe the modes incident on the cut wire from either
side of the unit cell. The waveguide modes (A, and B,,1) enter the cell from the left and right before
propagating to the cut-wire, acquiring a phase of exp(ikwgd/2) where ky,q is the wavevector of the
waveguide modes of the slab, kyg = nesw/c. At the center of the cell the modes are incident on

the cut-wire, thus they are reflected, transmitted or absorbed through the losses of the resonator
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Figure 4.2: (a) Schematic of the interaction of the waveguide modes and cut-wire particle
within a unit cell. The waveguide modes A, and B,,4 enter the unit cell from either side and
propagate towards the cut-wire where they couple to it. Part of the energy is reflected, part
transmitted and part absorbed, before the waveguide modes exit the cell as A1 and B,. (b)
Example of the transmission (red) and reflection (blue) spectra of a single cut-wire excited
by a waveguide mode given by the fitted theoretical model (lines) and numerical simulations
(circles).

(7). After this the fields are propagated along the rest of the unit cell, acquiring another phase of

exp(ikwgd/2) before exiting (as Ap,1 and Bp). By writing this as a matrix we have

A t — r2/t)ekwed r/t A A
mi| _ (=D / "ot (4.4)

Bn+1 —I’/t e_IKng/t Bn Bn
It should be noted that this equation is of the same form reported in other works for similar side-
coupled resonator systems [84, 88, 95]. In order to calculate the band structure of the system we
apply the Bloch boundary conditions A, = A,e®9 and B,,1 = B,e*?. From the above equation
it is clear that the eigenvalues of T must be equal to the Bloch vectors e**9. We can simplify T by

defining C = r/(1 + r); solving for the dispersion relation of the structure gives

cos(ky d) = CoS(Kugd) + iC sin(Kugd). (4.5)

Thus we can use such a model to fit our results by varying the harmonic oscillator parame-
ters (wo, v and k). In all that follows (unless otherwise stated) the periodicity of the array is
d = 164nm such that the wavelength of the bare waveguide modes at the band edge is given by
As = 1.0/(2dngs) = 875nm and the buffer height h = 10nm. In general the results are normalised

such that the frequency of the modes is divided by the frequency ws = 2wc/As.

Importantly, to provide a check on the model and our fitted parameters, we can also compare
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Figure 4.3: The dispersion relation for an infinite array of cut-wires with g = 20nm and / =
80nm. (a) The real and (b) imaginary parts of the dispersion band for numerical calculations
(solid lines) and theory (dashed lines). Also shown are the bare slab waveguide modes
(dashed black lines).

the single cut-wire transmission and reflection spectra to numerical simulations, an example of
which is shown in figure 4.2 (b), where the parameters are wg = 0.95ws, v' = 0.1wg and x = 0.05wyq.
From this we can see that whilst the parameters do not produce a perfect match they do reproduce
accurately the features of an individual resonator, only slightly overshooting on the transmission
profile. One of the major reasons for this discrepancy is the inclusion of higher order waveguide
modes in the numerical simulation which are not present in the analytical calculation. For all the
fitted dispersion bands the fitted parameters of the decay rate « and the cut-wire frequency wg vary
only slightly. However, the parameter ~' is an order of magnitude smaller. This is because in the
single wire simulation the scattering of electric fields out of the system is large, whereas in an array
interference effects from the scattering of other wires drastically reduce this parameter. In the next

section we look at the dispersion bands calculated using COMSOL and fitted with our model.

4.4 Dispersion and tunability

The hybridization of the cut-wire array and the slab waveguide results in new modes which are
illustrated by the coloured lines in 4.3 (a), for cut-wire dimensions of / = 80nm and g = 20nm. Both
numerical (solid) and theoretical (dashed) results are shown, whilst the waveguide modes of the
bare slab are also illustrated by the black dashed lines. As expected, the waveguide modes and
the resonators hybridise to produce a band-gap where there is a large splitting due to the strong

inter-mode coupling. Interestingly, a flat central band emerges. At the edge of the FBZ this central
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4. Cut-wires arrays as plasmonic CROWs

(a) ky = vd (b) ky = 0.8vd
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Figure 4.4: The numerically calcuated electric field profile |Ex| of the central CROW mode
(the green line in figure 4.3) at k, = w/d in the y-z (a) and x-y (c) planes and at k, = 0.87/d in
the y-z b) and x-y (d) planes. The colour scale is the same in all panels and it ranges linearly
from 0 to 1 in arbitrary units. In panels (a) and (b) the field plot is taken vertically through

the centre of the cut-wire segment . In panels (c) and (d) it is taken horizontally through the
cut-wire segment.

band is composed entirely of forward and backward propagating waveguide modes with very little
involvement of the cut-wires. This is to be expected as at this point the degeneracy in the forward
and backwards waveguide modes leads to the formation of the WPP mode that is independent of
the plasmonic resonator. It is important to note that this only strictly occurs at the band edge as
elsewhere the waveguide modes are not degenerate.

This is further illustrated by field plots given in figure 4.4 where the magnitude of Ey is plotted in
both the y-z (figures 4.4 (a) and (b)) and x-y (figures 4.4 (c) and (d)) planes for two different points
along the central CROW band. At the band edge, k, = 7/d the cut-wires are not excited as they
sit in field nodes (see figures 4.4 (a) and (c)). However, it should be stressed that the central band
is only present due to the cut-wire resonance enabling the coupling of the waveguide modes.

As the central mode is lacking its plasmonic character this suggests it could be low loss, as
confirmed from the small imaginary part of the dispersion relation 4.3 (b). On the other hand, the
central band only loses its plasmonic character close to the band-edge. At k, = 0.87/d the losses
associated with the central band are much higher as the CROW mode is at this point dominated by
the cut-wire resonance, as demonstrated by the field plots in figures 4.4 (b) and (d). In the following
we are mainly focused on the low-loss mode that appears in the system and as such we will focus
our discussion on the central CROW band in the vicinity of the FBZ.

The simple transfer matrix model developed in the previous section provides a good match to
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4.4. Dispersion and tunability

the dispersion relation as predicted by the rigorous numerical FEM calculations. There are some
discrepancies between the two, notably the theory predicts a completely flat band, whereas, the
"flatness” of the band is limited within the numerical simulations. These small discrepancies arise
from modes that are not considered in the 3-band transfer matrix, namely the higher order waveg-
uide modes. It is well known that a slab like waveguide supports many waveguide modes, and the
higher order modes present in our system perturb the band structure due to their interactions with
the cut-wire resonators. To check that this discrepancy arises from higher order waveguide modes
we can expand the transfer matrix method to include these, as in appendix B, with the result being
that the inclusion of more waveguide modes results in a curved dispersion of the central CROW
mode, like those shown in figure 4.5.

Furthermore, the theory breaks down in its prediction of the loss of the central mode at the
edge of the FBZ, see figure 4.3 (b). The theory predicts rapidly decreasing loss, which will actually
produce a loss free mode at the band edge; in contrast the numerical simulations show that the
band has finite losses. This discrepancy arises from the differing size of the cut-wires in simulation
and theory. In the theory the cut-wires are considered as point-like resonators, whereas, in reality,
the cut-wires have a finite spatial extent. As the mode profile of the fields at the band edge produces
a node at the centre of the cut-wire the theory suggests this mode should be loss-free, but the loss
of this band must be non-zero due to the finite overlap of the fields and cut-wires close to the nodal
point, see figure 4.4 (a). Interestingly, this suggest that the loss of the mode will be sensitive to the
cross-section of the cut-wire resonator, hence it could in principle be further decreased by reducing
the resonator dimensions, whilst maintaining the resonator modal frequency.

A key feature of the central dispersion band is its gradual change in character as ky is varied
from across the FBZ. At k, = 0.87/d the band is predominantly the cut-wire plasmonic mode,
whereas when k, = 7/d it has become solely a combination of waveguide modes, as shown by
the field profiles of figure 4.4. This dramatic change of modal characteristics across the FBZ en-
ables the shape of the mode to be manipulated through the variation of the geometric parameters
controlling the resonance frequencies of the cut-wires and waveguide modes at the edge of the
FBZ. Whilst the position of the band at the edge of the FBZ is fixed by the pitch of the array the
cut-wire resonance determines the dispersion for k, < m/d. Hence, by varying the frequency of

the cut-wire mode wy through the parameters g and / whilst keeping wg constant it is possible to
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Figure 4.5: Change in the dispersion of the central CROW mode as g is changed linearly
from g = 30nm (pink) to g = 20nm (dark blue), for an array with dimension / = 80nm.
Calculated using COMSOL where all waveguide mode orders are present.

tune the shape of the band.

Figure 4.5 demonstrates how the central dispersion band can be altered by varying the cut-wire
resonance wp through the gap-length g over a small range. As we expected, the real part of the
dispersion band changes and notably the sign of the gradient close to the band edge can be shifted
from positive to negative values. This makes it possible to engineer the shape of the band whilst
making it flat over a range of wavevectors. Clearly the ability to engineer this flatness is still limited
as it is only possible to make the band completely flat close to the band edge due to the higher
order waveguide modes that exist in the system and distort the band structure.

However, it is not possible to tune the loss dispersion through the cut-wire resonance (i.e.
the parameters / and g). Considering all the bands in figure 4.5, the corresponding imaginary
components of the dispersion are negligibly altered from the profile shown in figure 4.3 (b). This
is to be expected as the loss of the central mode is due to the cut-wire resonances. The central
mode still transitions from the high-loss cut-wire resonance to the low-loss waveguide modes as
the FBZ is traversed, independently from wy and as such it will always change from a high loss to
a low loss mode.

Despite this, as the loss is mainly determined by the physical overlap of the electric field with
the cut-wires it is possible to engineer the imaginary part of the dispersion by moving the cut-wires
further away from the field hot-spots. In figure 4.6 we steadily increase the height of the buffer

layer between the central waveguide slab and the cut-wires (h), whilst maintaining the condition
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Figure 4.6: Change in the imaginary part of the dispersion relation of the central CROW
mode as h is increased from 5nm (dark blue) to 95nm (pink) in steps of 10nm, for an array
with dimensions / = 80nm and g = 20nm. Calculated using COMSOL where all waveguide
mode orders are present.

that wy ~ ws. As shown, the loss of the mode can be further reduced, but only very close to the
edge of the FBZ where the loss reduces exponentially with h. Counter-intuitively, when we are
away from the band edge the increased buffer height leads directly to an increase in modal loss.
This occurs because when the spacer layer becomes larger we are reducing the coupling between
the plasmonic and waveguide system modes, allowing the central mode to maintain its cut-wire

character further along the FBZ.

4.5 Cavity modes

We now turn our focus towards finite arrays of cut-wires and the modes that result. Considering
the band structure of the plasmonic CROW device, we can see that their will be an impedance
mismatch between the CROW modes and a bare waveguiding structure. Thus, the boundary at
the edge of the CROW will inevitably induce reflections due to this modal mismatch [96]. Despite
the fact that the frequency mismatch between the central CROW mode and the bare waveguide
modes (see figure 4.9 (a)) the differences in band curvature lead to a mismatch in the group
velocity which causes the mode reflection. In other words, the flat nature of the central band, and
its associated slow group velocity, originates from the interference of the two counter-propagating
waveguide modes. This interference pattern cannot be matched to the bare waveguide modes.

These modal reflections at the edge of the array suggest that a finite array of cut-wires coupled to
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4. Cut-wires arrays as plasmonic CROWs

the multilayer waveguide will support Fabry-Perot (FP) modes. Thus, as with all FP resonators, the
modes exist at frequencies which cause an nt phase change from one end of the resonator to the
other (where mis an integer). By defining the start and enf of the finite CROW structure to be the

centre of the first and last cut-wires we find that the expected wavevectors of the modes are

n=1,2ny, —2, (4.6)

where ny, is the number of cut-wires in the array. We can use this to compare the modes of both
the infinite and finite structure, as shown in figure 4.7 (a) where modes n = 18, 17 and 16 (dots)
are compared with an infinite array (solid lines) for n, = 20, / = 80nm and g is 20nm (blue), 25nm
(grey) and 30nm (green). The eigenmodes of the finite structure agree well to the dispersion bands
of the infinite structure using the wavevectors provided from equation 4.6. The electric field profiles
of modes 18, 17 and 16 are shown in figures 4.7 (b), (c) and (d) for g = 30nm, corresponding to
the green dots in figure 4.7 (a). From this we can see that, for the FP resonances of the finite
cut-wire arrays, the avoided coupling of the central dispersion band is retained by the finite modes.
The field hotspots of the modes are located within the central waveguiding layer, in between the
cut-wire resonances. However, due to the nature of the FP resonances, the phase change across
the array means that this avoided coupling is not preserved across the whole array. The array acts
like a closed cavity, with the modes clamped at either end, producing standing wave resonances.
The higher order modes (such as modes 16, 17 and 18) are the modes with the most nodes in their
standing wave envelope, but the standing wave would need 20 nodes in order to to have nodes at
all the cut-wires within the array. Thus, it is not possible for the avoided coupling mode profile of

the infinite CROW central band to be completely preserved in the finite array FP resonances.

There are several loss mechanisms that dissipate energy from the finite CROW cavity mode.
We divide these into three categories; radiation losses to to free-space (v,), Ohmic losses within
the metallic cut-wires (y4) and coupling of the energy into waveguide modes (ywg). For a useful
device is important to understand how these loss mechanisms can be controlled. Whilst the losses
to free-space and metallic dissipation permanently remove energy from out system, losses to the
waveguide modes can be utilised in a potential device. The scattering out of the array and the

Ohmic losses come from the excitation of the cut-wire particles. We note that the finite modes
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Figure 4.7: (a) Comparison of the dispersion relation (lines) and eigenmodes (dots) for
arrays with g = 20nm (blue) g = 25nm (grey) and g = 30nm (green). The eigenmodes are
found for finite arrays with 20 cut-wires. (b), (c) and (d) |Ex| of the three highest order modes
of an array 20 cut-wires with g = 30nm. From Equation 4.6: (b) mode 18, (c) mode 17 and
(d) mode 16. The colour scale ranges from blue (minimum) to red (maximum).

have envelope functions, and the nodes in the envelope functions correspond to excited cut-wires.
The number of nodes in the envelope function corresponds t0 Npoges = Nwires — N, thus the overall
loss rate off the modes will be highly dependent on the mode number n. Interestingly, in the context
of loss compensation, this leads to strong modal discrimination whereby the highest order modes
is favoured due to its decreased loss rate. This could be desirable when designing laser cavities
[97]. The quality factors (Q = Re[w]/2Im[w]) of modes 18, 17 and 16 from figure 4.7 are 544, 242
and 195 respectively, displaying the high dependence of modal loss on the number of nodes in the

envelope function.

Figure 4.8 (a) shows how the highest order mode loss rates are affected by the number of
wires in the array. Perhaps most remarkably, the overal total loss rate decreases with increasing
array sizes. This is despite the fact that silver is a lossy material, which is counter intuitive as
an increased amount of silver does not equal an increased modal loss. Instead, the increased
number of wires causes the highest order mode to be displaced, shifting the field hotspots further
into the centre of the gaps between the cut-wires. Thus, the increased number of wires leads to
a decrease in the overlap between the highest order mode and the cut-wires, reducing the modal
loss. Not only does the dissipative Ohmic loss decrease, but the radiative and waveguide losses
also decrease with an increasing array size. As the array size increases, the position of the highest
order mode along the dispersion band shifts towards the WPP resonance at k, = 7/d. Thus the

mode comes closer to the zero group velocity point, leader to an increasing mismatch between the
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Figure 4.8: Change in the fundamental mode loss rates. The four rates are: I, total losses,
V4, dissipative losses, g, losses into TEq waveguide mode and ~,, other radiative losses,
and Q is the Q-factor. (a) Change in the loss rates with increasing number of wires in the
array; the results shown are for an array of wires with / = 80nm and g = 25nm. (b) Change in
the loss rates with an increasing cut-wire detuning; the results shown are for an array of 20
wires and g = 25nm. The points and error bars represent the mean and standard deviation
of the randomly disordered CROW from table 4.1 with 6, = 2.5nm

highest order mode and those outside the array, causing the decrease in modal loss rates. From
figure 4.8 (a) we can also see the Q-factor of the highest order mode, which for an array of 50
cut-wires is approximately 4000. This is very high for a plasmonic structure, but it is not an upper
limit. As the array size continues to increase so would the modal losses, until they reached the
theoretical minimum displayed in the infinite system’.

Now we focus our attention on tuning the separate loss parameters through the CROW ge-
ometry. For figure 4.8 (a) the dissipative loss dominates and there is very little scattering, either
out of the array or into the waveguide modes. However, the ratio of these losses can be tuned
through the geometry of the system. By slightly detuning the plasmonic resonator away from the
WPP point, i.e. ws # wp, the ratio of the losses can be shifted, as shown in figure 4.8 (b). We
detune the cut-wire by steadily increasing the segment length / whilst keeping fixed g = 20nm
and n,, = 20. As shown in figure 4.8 (b), this detuning can drastically shift the losses away from
the dissipative absorption in the metal to coupling out of the array via waveguide modes. As the

cut-wire resonance is detuned from the WPP point it becomes decreasingly excited by the modes

"The losses in the finite system will always remain higher than in the infinite system because it is only in the finite
CROW where scattering losses out of the array exist. However, even in the case of only 20 wires the loss can be
dominated by the dissipative loss in the metal, and the overall loss of the finite array is very close to that of the infinite
array (at the wavevector given by equation (4.6)).
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Figure 4.9: Schematic of the two types of disorder considered. (a) disorder in the spacing of
the resonators. (b) disorder in the lengths /; and g; leading to a displaced cut-wire resonance.

of the array, thus decreasing the dissipative absorption. At the same time, the slope of the band
is increased, thus decreasing the mismatch in group velocity between the modes of the array and
the free waveguide modes, therby increasing the waveguide loss rate. This enables an increased
outcoupling efficiency to the waveguide modes, at the cost of a decreased Q-factor. Whilst it is de-
sirable to produce low-loss cavities, the ability to tune the individual loss channels is appealing for
certain devices. For instance, if the cavity was used for a laser we would require some method of
extracting the light, whereby the increased loss to the waveguide modes would become a benefit.
Finally we note that Q-factors over 100 can be achieved even when the waveguide losses are as

high as 87% of the total cavity loss.

4.6 The effect of disorder

As previously mentioned, the robustness of the modes and loss rates of the plasmonic CROW
against disorder is of importance when considering its potential uses. There are many possible
forms disorder and imperfection could take in our system and to investigate them all would be
almost impossible. Therefore, in order to give a general idea of the effect of disorder, we have
limited ourselves to considering disorder in two parameters, the spacing of the CROWs d and
the resonant frequency of of the cut-wires (through parameters g and /). We can calculate how
the fundamental mode of the system is altered when random disorder in these two parameters is

incorporated.
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Table 4.1: Effect of disorder on the frequency and decay rates of the fundamental CROW
mode for n = 20 and g = 25nm. All quantities except Q are in units of rads~!. The mode
frequency is not shown as for all / = 80nm simulations it is 2.154 x 10'®rads—2 and for all
| = 88nm simulations it is 2.148 x 10'%rads~".

Im[w][10™] ¢ [10"] 3 [107] g [10™] Q
Jy = 0nm 2.19 2.06 0.07 0.06 782
/=80nm &,=1nm 276040 255+0.35 0.14+£0.05 0.07+£0.01 635=100
dy=2.5nm 3.42+051 3.04+0.39 0.324+0.17 0.05+0.02 513+72
Jy = 0nm 3.94 1.43 0.48 2.03 434
[=88nm &,=1nm 3.95+0.06 1.44+0.01 0.51+£0.03 2.01+0.05 4327
Jy=2.5nm 4.06+0.19 1.47+0.03 0.594+0.08 1.99+0.15 422420

Firstly we consider the random disorder in the resonator spacing. For an array of n, = 20 each
cut-wire would normally be spaced by a distance d. Now each resonator / is moved by a distance
rié where r; is a random number between —1 and 1 and ¢ is a distance to be decided, as shown
by figure 4.9 (a). 10 different random distributions were considered and the mean and standard

deviation loss of the rates and Q factors are shown in table 4.1.

It is well known that the effect of disorder closer is highly dependent on the group velocity of the
mode, and as the mode becomes slower the effects of disorder become much more pronounced
[92]. Thus, as the detuning of the cut-wire from the array resonance alters the curvature of the
band the effect of disorder will also depend on the relative detuning of the cut-wire from the array.
To make sure this is considered, the disorder simulations were conducted for two separate cut-wire
lengths / = 80nm and 88nm. This gives the fundamental frequencies of w ~ ws (/ = 80nm) and a
small detuning of w = 0.997ws (/ = 88nm). From table 4.1 we can see that when the detuning is
small, / = 80nm, the effect of disorder is relatively large, potentially increasing the uncertainty in the
Q-factor of the resonance by roughly 20%, The disorder generally increases the loss rates but has
a significant impact on the radiation loss leading to an increased scattering out of th array, it also
strongly influences the disspipative loss. Interestingly the effect of disorder is drastically reduced
for even small detunings of the frequencies. Even for a relatively large disorder range of +2.5nm
the effect on the Q-factor is minimal and the loss rates are only slightly altered from the values of
the perfectly organised array. The effect of structural disorder on the loss rates is also shown as

error bars in figure 4.8 (a) (/ = 80nm) and figure 4.8 (b) (/ = 88nm).

When considering the disorder in the resonator frequency (i.e. the cut-wire dimensions) we
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Table 4.2: Effect of disorder on the frequency and decay rates of the fundamental CROW
mode for n = 20 and d = 164nm. All quantities except Q are in units of rads~'.

IM][10™]  g[10™] 5 [10"]  ug[10™] Q
[ = 80nm dx = 0nm 2.19 2.06 0.07 0.06 782
- 0x =2.5nm 3.20+£0.71 2254+045 0.68+020 0.23+0.22 560+114
| = 88nm dx = 0nm 3.94 1.43 0.48 2.03 434

ox=25nm 3.95+05 1.47+0.06 0.67+0.17 1.80+0.46 440+58

are slightly limited by the numerical simulations. The cut-wires are simulated only over a single
segment and gap length with periodic boundary conditions. Thus in order to maintain the simulation
size we require that the length /; + g; remains constant for all wires. In order to accommodate for
this, the disorder in the cut-wire resonance, a random length (dxr;), is added to / and also taken
away from g thus maintaining /; + g; = constant. This is shown visually in figure 4.9 (b). For this
disorder we also consider the same two resonator tunings / = 80, 88nm and the results are shown
in table 4.2. Note that this small change g and /, as limited by our simulation, means the effect
of disorder is compounded as the small increase in / (g) causes a decrease in g (/); meaning
the resultant blue-shift or red-shift is greater than what would be caused by a change in / or g
alone. Whilst we would expect disorder in both / and g in our simulations, these two would not be
correlated, and would not, in general, work together in compounding the frequency shift. As such
the simulation setup is likely to overestimate the effect of resonator disorder.

Similar to the case of array disorder, resonator disorder leads to a large change in the overall
loss rates and Q-factor in the case of / = 80nm, causing a drastic increase in radiative (x10)
and waveguide (x 3) losses. Furthermore, we find that for a resonator is has a slight detuning,
a little away from the slow light point in the mode the disorder leads only to a larger range in the
expectation of the losses and Q-factor, not directly to increased losses.

Overall, for both resonator and array disorder, the extrinsic losses due to small fabrication
imperfections do not appear to drastically reduce the performance of the mode. We have seen
that for a mode that is tuned at wg = ws that random disorder or +-2.5 can cause an increase in
overall modal losses of 70 — 100% and reduce the Q-factor by up to a factor of 2. In contrast, for
relatively small detunings, which could also be desirable due to the fact that a larger proportion
of the mode energy is lost to waveguide modes. The losses are only increased by around 10%,

with a correspondingly small decrease in the quality factors of the mode. As such, the high-quality
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Figure 4.10: Schematic of the transfer matrix method for finite cut-wire arrays.

CROW modes of these cavities appear to be reasonably robust against disorder, and particularly

robust for small detunings away from the waveguide resonance.

4.7 Transmission characteristics

Finally, we conclude our analysis of the finite cut-wire CROW structure by considering its appli-
cability for applications. We do this by considering a passive structure, looking at transmission
properties and the potential for use as a delay line or other slow-light device. The point here is not
to provide an overall finished device but to test whether there are any reasons that such a device

should be impractical.

As already stated, so far CROW designs have been suggested for integration as delay lines and
optical buffers. To investigate these kind of applications we can extend the theoretical approach we
used in the previous section to consider finite arrays of N resonators. In this method, the forward
and backward propagating waveguide modes at the left hand side of the structure (A and Byp) are
propagated through the array by subsequent transfer matrices. Hence, the modes Ay and B, are
transferred into the modes Ay and By via the matrix Ty; iterating this process throughout the array

we find that

An Ao Ao
=Tn_1...Th... T = T . (4.7)

Bn Bo Bo
This is process is illustrated graphically in figure 4.10. If we input a waveguide mode of arbitrary
amplitude 1 from the left (Ag = 1) and assume that there is no field incident from the right (By = 0)
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Figure 4.11: Transmission spectra of three different CROW structures; n=30 (blue line), n=
10 (red line) and n=30 adiabatically matched CROW (green line) for two different detunings
wo = 0.95w; (a) and wg = 0.98w; (b).

then we can solve for the reflected (R) and transmitted (T7) amplitudes as

R._ Ttot,21 ,
Ttot,22 (4.8)
Tiot 12 Ttot 21 '
T=Tot11 — ———.

Ttot 22

Note, when constructing the transfer matrix through the array the method can become numerically
unstable, as small transmission coefficients in the denominator cause numerical errors, and lead
to transmission and reflections coefficients of > 1. To overcome this the transfer matrix can be

reformed as the scattering matrix [98].

For use with passive devices the losses of the plasmonic CROW need to small enough such
that a large transmission efficiency can be achieved. When considering the transmission of a
waveguide mode through the CROW there are two important loss channels; the intrinsic CROW
losses and the coupling losses by transferring from a waveguide mode to the low group velocity
CROW mode. To overcome the coupling difficulties encountered it is possible to use adiabatic
coupling methods (whereby the group velocity of the mode is slowly changed) [99, 96] enabling

high coupling into and out of the CROW mode.

Figures 4.11 (a) and (b) show the transmission spectra for two different cut-wire resonances
wo = 0.95, 0.98ws corresponding to theoretical group velocities of v, = 0.05¢, 0.02¢ (as calculated
from the derivative of equation 4.5 at ky = 297/30d). The parameters « and ~' are set at 0.05wq

and 0.01wq respectively (used to fit the infinite array band structure). We consider three different
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4. Cut-wires arrays as plasmonic CROWs

arrays, one of length n = 10 cut-wires (red line), one of length n = 30 and one of length n = 10
but with an adiabatic matching period of n = 10 either side of the array (making a total length of 30
cut-wires). Within the adiabatic matching period the coupling strength « is linearly reduced to zero.
This could be done by steadily increasing the buffer height between the core layer and the cut-wires
in the adiabatic regions. We can see that as the size of the array increases, despite the fact that the
finite modes of the finite array have higher Q-factors, the overall transmission through these modes
decreases (see red and blue lines). In fact, for the small detuning of wy = 0.98ws (figure 4.11 (a))
the transmission efficiency is less than 5% for an array of 30 wires close to the fundamental mode
frequency. This can be increased by the adiabatic tuning of the coupling constant either side of
the CROW to around 12% but it cannot be increased much further. When the detuning is a little
larger (figure 4.11 (b)) the transmission efficiency with and without the adiabatic matching periods

become 38% and 59% respectively.

The delay time of array of 30 cut-wires (without adiabatic matching period), detuned at w =
0.98ws is 79ps, at a wavelength of 875nm, has a transmission of approximately 4%. If we com-
pare this to a recent study [100], tuned to communications wavelength 1550nm, a delay of 90ps is
achieved with a transmission of only 10%, which is very comparable. Similarly the cut-wire CROW
has a comparable bandwidth of 40GHz. From this, it appears that incorporating plasmonic res-
onators into CROW structures does not limit their potential applications for optical delay devices.
However, this it not really a fair comparison as we are comparing theoretical results that do not
include fabrication losses and losses due to array disordering to achieved experimental results.
Thus, in a full experimental comparison where fabrication losses are present we would expect the
performance of the plasmonic CROW to be reduced when compared with the theoretical calcula-
tion. Finally, it should be noted that by using the value of 4/ that fits the band dispersion we have
underestimated the total losses of the array as it neglects the scattering out to radiative modes.
However, as + include both the radiative and dissipative losses, and as the dissipative losses
dominate for the highest order mode (see figures 4.8 (a) and (b)) this should only result in a small

change to the overall transmission of the array.
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4.8 Summary

In this chapter we have investigated the array of cut-wires placed on top of a dielectric waveguide.
Moreover, we have considered this system as a type of CROW and investigated how the dispersion
bands can be tuned easily through the geometric parameters. As in the case of the WPP, the
degeneracy of the bare waveguide modes at the edge of the FBZ enables the creation of a low-
loss hybrid mode. Through the individual cut-wire resonance, we can tune the shape of the real
part of the dispersion band, whilst the model losses are highly dependent on both position in the
dispersion band (i.e. whether the mode is more cut-wire-like or waveguide-like) and also on the
strength of the coupling, controlled through the buffer height.

When looking at finite systems, these arrays form Fabry-Perot type resonances that treat the
ends of the array as mirrors. The modal losses of these cavity modes are not equal, with the
highest order modes producing the lowest loss as they excite the least number of cut-wires. As
the finite size of the array is increased the Q-factor of these modes increases sharply, providing
cavity modes with Q-factors of 4000 and above, highly unusual for plasmonic resonators, and
arising from the hybridised nature of the modes. Furthermore, the individual loss mechanisms of
these finite CROWSs can be tuned directly through the geometry, by changing the detuning between
the cut-wire resonances and the bare waveguide modes at the edge of the FBZ. This allows the
modal losses to be transferred from dissipative absorption to radiative waveguide modes, whilst
also decreasing the Q-factor.

We have also considered briefly the effect of random disorder in both the array period and the
resonator frequency. The modes are heavily affected by disorder, leading to an increase in losses
of around 60% for modes with no detuning. Interestingly, by increasing the detuning slightly the
modes become much more robust against disorder, barely increasing the overall loss rates. Finally,
we have extended the theoretical model to consider whether using plasmonic cut-wire resonators
instead of traditional dielectric resonators within the CROW impedes the performance for slow light

devices.
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5 Spoof plasmon polaritons in slanted geometries

5.1 Introduction

Since the middle of the last century it has been known that waves can propagate along a structured
metallic surface. In 1950, Goubau [101] demonstrated that a cylindrical metal coated by a threaded
dielectric enables a mechanism for the control and enhancement of the surface wave through the
periodic corrugation (threading). Similarly, in 1973, Ulrich showed how a meshed conductor can
support propagating TM surface waves along it’s interface [102]. Despite these and other studies
it wasn’t until the last decade that the formalism of spoof plasmon polaritons was introduced. The
discovery of EOT by Ebbesen in [13] was one of the key drivers here. Originally, EOT was ob-
served at optical frequencies where propagating SPPs could be excited along the metal interface,
and before long it was shown that SPPs play an important role in the resonant enhancement of
light through subwavelength holes in a metal film [63]. However, when EOT was also observed in
frequency regimes where no SPPs would be confined to the metal surface it was necessary to con-
sider what other mechanism was taking over the role of the surface plasmon polariton. It is within
this context that the spoof surface plasmon polariton was born. In 2004 Pendry and co-workers
demonstrated that a periodic array of holes in a perfectly conducting surface would produce surface
waves that mimicked the behaviour of surface plasmon polaritons [24]. It is the plasma frequency of
metals (a predefined material property) that defines the frequency regime where the SPP becomes
plasmon-like. Interestingly, with spoof SPPs an analogous plasma frequency can be defined (the
spoof plasma frequency), one which now depends only on the geometric parameters of the sys-
tem. In other words, here was a system with SPP like behaviour (the spoof SPP) where the spoof

SPP characteristics depended only on the geometry of the surface.

Thus, spoof SPPs became an early example of the metamaterial paradigm, whereby the prop-
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5. Spoof plasmon polaritons in slanted geometries

agation of light is controlled through the geometry. Importantly, the concept of a geometric plasma
frequency means that the plethora of surface plasmon phenomena and physics can be trans-
ferred to perfectly conducting metals who have no natural plasma frequency, or real metals in
frequency ranges far below their natural plasma frequency. Employing the metamaterial paradigm,
the propagation of spoof SPPs on surface structures has been thoroughly explored theoretically for
a range of structures including simple planar structures [103, 104, 105, 106], wires [107, 108], sin-
gle grooves [109], wedges [110], metafilms and surfaces [111, 112]. Furthermore, there have been
many experiments demonstrating the existence of spoof SPPs [113, 114, 115,116,117, 118, 119]
and they have been suggested as a means of achieving slow-light [120], THz circuitry [121], broad-
band transparency [122], directional beaming [123], and non-reciprocal dispersion [124].

The theoretical works cited above have focused almost exclusively on rectangular corrugations
(with the exception being the investigation of cylindrical indentations). Whilst the propagation of
spoof SPPs along different geometries, such as wedges and wire structures, has been considered,
the actual corrugation that leads to the spoof SPP has been altered very little, generally maintaining
a rectangular cross-section that is perpendicular to the surface. Because of this, there remain
questions over how the shape of the corrugation can affect the spoof plasmon characteristics.
So far it has been the groove height, h, that determines the spoof SPP plasma frequency ( with
Ap = 4h) with the justification that the indentations act as a type of cavity, which is closed at the
bottom and open at the top. It remains to be seen whether the quantity h is the relevant quantity
for a groove of arbitrary shape, or if in fact a relevant quantity can even be defined in such a case.

Unfortunately, it is difficult to have a tractable and manageable theoretical solution to the surface
modes of an arbitrarily shaped corrugation. From a theoretical perspective we are constrained to
produce a solution of the wave equation, where the appropriate boundary conditions define our
mode. However, even if we confine ourselves to a function definition such as z = f(x) along the
boundary, using this to find the modes of the general modes of the system is difficult. Thus, instead
of solving for an arbitrary groove shape, in this chapter we start with a simple small change to the
standard spoof geometry to understand how changing the surface indentations affects the spoof
SPP modes. We introduce the parameter 6 which controls the angle at which the rectangular
grooves are inserted into the surface of the metal, thereby adding a simple rotation to the grooves.

By transforming the fields within the grooves we can still exploit the rectangular geometry when
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5.2. Spoof SPPs

Figure 5.1: Schematic of the material layout for (a) mode matching and (b) effective index
methods. In the effective index method the layer of the metal with corrugations is replaced
by a medium with dielectric constant .

deriving the solution to the wave equation, making the problem tractable. Such a set-up should
allow us to probe the effect of changing the groove, and to consider more generally what are the
relevant parameters in defining our spoof SPP plasma frequency. Also, by using a rotation we can
consider the effect of asymmetry on both the spoof SPP dispersion relation and the EM fields of the
modes. Finally, as a limiting case of the new model, we can also consider right-angled triangular
indentations, a groove geometry very different from the standard rectangular shape.

It should be noted that the work presented in this chapter was begun during my masters project
and continued during the beginning of my PhD [125]. In particular, during the masters thesis the
theoretical formalism was developed and numerically solved with some preliminary results. After
the submission of my masters thesis and at the beginning of my PhD this work was continued,
reformulating the method in to the form presented here and gathering of the results which form the

bulk of this chapter.

5.2 Spoof SPPs

To date, the theoretical investigations into spoof SPPs have been mainly focused on two areas,
the effective medium method and the Coupled mode method (CMM). Both methods rely on first
splitting the geometry into separate regions and then solving the Helmholtz equation in each region
independently (as outlined in section 2.2). The basic difference between the two methods lies in
the description of the surface corrugations. In the effective medium method the layer with the
surface corrugations is replaced by a planar slab with refractive index ng¢, whereas in CMM the
corrugation is retained and the fields are expanded as infinite sums over the (i) eigenmodes of the
corrugation inside the groove and (ii) periodic Bloch modes above the grooves, see figures 5.1 (a)

and (b). In the limit that the expanded fields within CMM are truncated at 0" order it recovers the
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5. Spoof plasmon polaritons in slanted geometries

same result for the spoof SPP modes as the effective medium method.

CMM falls into the broader category of modal expansion methods that include, amongst others,
the rigorous coupled wave method [126], the transfer matrix [127] and scattering matrix [128]
methods and the Fourier mode method [129]. These methods typically provide numerical solutions
and have been used since the 1960’s to analyse the transmission and reflection properties of
gratings[130], and more recently plasmonic structures [15] and photonic crystals [131, 132] . An
important difference of CMM is that the Bloch expansion of the fields is confined to the top layer
and the fields within the grooves are expanded over local eigenmodes only. In other words, the
fields within each corrugation are assumed to be independent of the other surface corrugations.
It is this qualification, which separates the CMM method from the more general Bloch expansion
where the fields within each layer are expanded in terms of Bloch waves. Then, by means of
equation (2.6), the fields at each interface are matched, providing a process by which the fields
can be transferred from one side of the interface to the other. This can be done sequentially for
consecutive interfaces, allowing the fields to be calculated throughout the system and providing a
direct way of calculating the transmission and reflection spectra.

Interestingly, Bloch expansion techniques can run into trouble when dealing with plasmonic
systems, particularly when considering TM polarised light [133, 134]. This becomes a particular
problem when there are large discontinuities in the dielectric function of the different regions and
the truncation of the sum leads to spurious effects such as ringing or Gibbs phenomenon. It
is possible to achieve better convergence with reformulated methods, e.g. the consideration of
Laurent’s rule [135, 136], but the accuracy of the reformulation depends on the particular structure
under consideration, and therefore undermines the generality of the scattering matrix approach.

The version of CMM employed here has been used to previously study spoof SPP phenomena,
see [14] and references therein, and considers the groove as a section of an infinite waveguide,
expanding the fields as a sum over these waveguide modes. In contrast to the more general scat-
tering matrix and Fourier mode approaches, CMM typically truncates the sum over eigenmodes
inside the corrugations at 0 order. This can be justified if only the 0" order mode is the only
propagating waveguide mode. The other, higher order, waveguide modes are evanescent within
the corrugations and contribute very little towards the dispersion relation. It is this difference which

makes CMM a powerful theoretical tool as the system of equations can be calculated analytically.
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Figure 5.2: (a) 1D periodic corrugation of grooves. (b) Slice through the x-z plane labeling
the important geometric and material quantities.

Finally, as with the effective index technique, in the subwavelength limit (where the wavelength
is much greater than the period) CMM can provide an analytical dispersion relation. Whilst this
relation is accurate only for a deep-subwavelength structure, it provides a solid qualitative basis for
understanding the physics of the system and the effect of the geometric parameters on the wave

characteristics.

5.2.1 Spoof SPPs in straight grooves

To demonstrate CMM and to illustrate the concept of spoof SPPs, we will look at one of the simplest
structures that support spoof SPPs, the 1D array of rectangular grooves. The period of the corru-
gation is given by d and the height and width of the grooves by h and a respectively, as shown in
figures 5.2 (a) and (b). The space is decomposed into three regions, I: z > h, 11:0 < z < hand lll:
z < 0. The dielectric constants of the system are <5 in region |, 4 inside the groove and e, = —o0
inside the metal, treated as a perfect electric conductor (PEC).

In the region | the EM fields expanded in Bloch modes are given by

E\= 3 ménx)e 9,

e (5.1)
Ho= S Yimbn(x)e 97,

n=—oo

with the mode function ¢, = exp[ik,x]/v/d, the wavevectors along and perpendicular to the inter-

face are kj = kx + 2nm/d and g, = |/ k3 — esk& respectively, the expansion coefficients r, and the
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5. Spoof plasmon polaritons in slanted geometries

admittance Y/ = —iweges/gn. In region Il we expand the fields in terms of PEC waveguide modes.

From the Helmholtz equation a solution of the wave equation can be derived as
Ex = (Aexpligx] + Bexp[—igx])(C explipz] + D exp[—ipZz]), (5.2)

where H, and E; are calculated using equation 2.3. Inside the groove the PEC condition means
that the electrons within the metal react instantaneously to cancel any fields within the metal. This
means that there are no electric fields inside the metal and also that the surface supports an infinite
surface current. When considering the boundary conditions on the fields from equation 2.6 there
are now no conditions on the parallel magnetic fields but all the parallel electric fields at the groove
boundaries must be equal to zero, meaning that the general solution can be expressed as a sum
over the eigenmodes .

EX =) Cnxm(X)sin(pm2),

m=0 (5.3)
Hy = Y3Cmxm(X) cos(pmz),

m=0

with py, = ,/egkg — g3, the expansion coefficients Cp, and the admittance Y/ = —iwegeg/Pm. The
mode function is xm = ©(a/2 — |x|)\/(2 — dmo)/acos(gm(x + a/2)) where ¢ is the Kronecker delta

and ©(x) is the Heaviside function.

Matching the parallel electric and magnetic fields at the boundary between regions | and Il
yields two continuity equations, Ej(x,0) = Ej;(x,0) and Hy(x,0) = H}(x,0). The electric field
continuity equation must hold across the whole interface from —d/2 < x < d/2 whereas the
magnetic field continuity equation only needs to hold across the mouth of the groove, —a/2 <
x < a/2. In order to remove the x-dependence of these equations, the Bloch modes ¢, and the
waveguide modes x,, are projected onto the two continuity equations which results in the following
integrals;

d/2 dj2
/ ¢k (x)EL(x,0)dx = / on”(x)E!(x, 0)dx,

—d/2 —d/2

a/2 aj2
/ X (X)H)(x, 0)dx = / X (X)Hy(x, 0)dx,
—a/2 —a/2
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that can be combined into a set of linear algebraic equations

Z(Gmm’ — €mm)Em = 0. (5.5)

m

This is the master equation from CMM. The unknowns E, = Cp, sin(pmh) can be interpreted as the

amplitudes of the waveguide modes at the boundary between regions | and Il. The term
G = Y Sy Som Y, (5.6)
n

describes the indirect coupling of two different waveguide modes m and m’ through the diffracted
modes. A field within the groove with mode m couples its energy to all the diffracted modes n and
this energy is then collected back into the mode n?. The function S, = S}, = ffgz orxmax gives
the overlap between the waveguide mode m and the diffracted mode n at the interface. Finally, the

term

emm = YN cot(omh) T, (5.7)

describes the direct coupling of two different waveguide modes m and n’. For the case of straight

rectangular indentations, Trm = [*/2

—a/2 X7y XmAX = dmpy. Hence, it is not possible for a mode m to

excite a mode m'. In this case, equation (5.7) only describes the reflection of the waveguide mode

m back onto itself at the interface.

Thus, solving the master equation for ky(kp) yields the dispersion relation for spoof SPPs. It
is also possible to derive an explicit analytic relation for the dispersion by taking the limit that the
surface indentations are deep subwavelength, i.e. that A > a. In this case the sum over the
waveguide modes can be restricted to m = 0 only. The second, and more constricting, assumption
is that the wavelengths under consideration are much longer than the period, A > d, under which
the sum over the diffracted modes can also be truncated to 0" order. Employing these assumptions

enables us to find the planar groove spoof SPP dispersion relation as

2
Ky = @ko\/1 ¥ : (5tan (VEgkoh) ) (5.8)

In the limit kx — oo we find the spoof SPP frequency, which occurs for ,/ggkoh = 7/2. l.e. the
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Figure 5.3: (a) 1D periodic corrugation of grooves indented at an angle 6. (b) Slice through
the x-z plane labeling the important geometric and material. The primed co-ordinates (x/, Z/)
describe the groove geometry in region Il and the unprimed co-ordinates (x, z) describe
region I.

asymptotic frequency of the mode is controlled via the height of the groove, h, and occurs for

A = 4h,/g4. The width of the groove, a, controls the speed at which the asymptote is approached.

5.3 Slanted grooves

Slanted gratings have been used within the photonics community, in particular for conventional
waveguide coupling [137, 138, 139] and even for the excitation of surface plasmon polaritons [140].
However, the spoof plasmon characteristics of slanted gratings and, in particular, the effect of
slant angle has yet to be investigated. To this end we again employ CMM and as before split the

geometry into 2 regions, see figures 5.3 (a) and (b).

For the field expansion in region |, we use the unprimed co-ordinates (x, z), while, in region
[, within the groove we use the primed co-ordinates (x’, z’). Note that the origins of the two co-
ordinate systems do not overlay one another. The transformation from the unprimed to the primed

co-ordinates is given by

X! X 0
y' | = R yl+10]; (5.9)
z z h
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where the rotation matrix R is given by

cos(#) 0O sin(f)
R= 0 0 0 . (5.10)
—sin(f) 0 cos(#)

Here 6 is the angle between the side wall of the groove and the surface normal (see figure 5.3).
Importantly, the transformed Laplace operator, V2, retains the same form for the unprimed and

primed co-ordinates.

In region | the fields are expanded in the same Bloch modes that we used previously (see
equation (5.1)). In region Il the fields are the same as in the previous section except that they are

now expressed using the primed co-ordinates:

Ey =Y Coxm(x') sin(pm2),
m=0

H}',', = Z Y Conxm(x') cos(pmz’), (5.11)
m=0

ED =D nmYmConxm(x) cOS(pmZ') tan(gm(x’ + a/2)),
m=0

where nn, = —igm/ko. At the interface between the fields, z = 0, and, thus, when we match the
parallel electric and magnetic fields, we have in terms of the unprimed co-ordinates:

E!(x,0) = cos 0E', (cos 0x, h — sin 6x) — sin OEY,(cos Ox, h — sin 6x),
(5.12)

H,(x,0) = Hy.(cos 6x, h — sin 6x),
which now includes the z’-component of the electric field within the groove. After the projection

of the Bloch and waveguide modes over the continuity equations we recover the master equation

which is of the same form as before

Z(Gmm’ - €mm’)Em’ =0, (5-13)

m
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except that the important terms are now defined as

G = YSnmlC0S 0 Xy — SN 0.Zpy],
n

v (5.14)

" sin(p,h)

€Emm’ mm’ s

and the definition of E, remains unchanged. Note that the exact definition of the overlap inte-
grals Spm, Xpmy, Znme @nd Ty are given in appendix C. Importantly, we see that the term G,
which governs the coupling the between different waveguide modes and grooves, now includes
contributions from both the x’ and Z’ fields in the groove. The contribution from each component
is weighted by the slant angle 6. Interestingly, Ty, is no longer a Kronecker delta, since the
eigenmodes ym(x’) are not orthogonal when integrated along the x-axis, allowing the coupling of
different modes within the groove. Importantly, in the limit that & — 0 the terms collapse onto those

of the straight groove recovering the standard results reported in section 5.2.1.

In the limit that a, d < A we can find an explicit analytical expression for the dispersion relation

which is of the following form,

2
— a 2
Ky _ko\/1 + (dsinc(koatanH/Z)) tan(koh)2. (5.15)

From this equation we can get an intuitive picture of the effect of the angle 6 on the dispersion re-
lation. The asymptotic frequency of the mode is governed by the argument of the tangent function,
which is independent of 8 (and unchanged from equation (5.8)), and it is the dimension h which
actually determines the spoof SPP behaviour. More precisely, it is not the depth of the indenta-
tion perpendicular to the PEC surface, but the optical length of the indentation that determines the
spoof SPP frequency. This is an important result, as it suggests that it not the groove geometry
itself that is important in defining the spoof SPP frequency, rather it is the optical length of the

waveguide (which depends on the geometry).

Having said that, 6 does change the factor in front of the tangent function. If we define the
effective width of the groove, ag¢ = asinc*1[(k0a/2) tan 6], such that it is brought into the same
from as for straight indentations (see equation (5.15)), we can see that increasing the angle of

the groove increases the effective width. This reflects the fact that the grooves are wider at the
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Figure 5.4: (a) The effect of groove angle on the dispersion relation of spoof SPPs with
a = 0.4d and h = 0.4d for four different orientation angles. (b) Normalised spoof plasmon
wavevector at the band edge (ky = 7/d) as a function of slant angle and groove height for
a=0.4d. (c) Same as before but as a function of groove width with h = 0.44d.

opening than at the bottom and that the spoof SPP characteristics are sensitive to the overall
groove geometry. This sensitivity can also be seen in the overlap integrals with the appearance
of terms of the form h + atan#/2, representing the lengths of the left and right hand sides of
the grooves. Overall, we can see that despite the fact that the modal frequency w(kx — o) is
independent of the slant angle the curvature of the dispersion band is 6§ dependent.

In figure 5.4 (a) we can see how the dispersion relation is shifted with increasing slant angle,
and that the frequency at the band edge is increased. This is anticipated from equation (5.15)
where the increasing angle increases the speed at which the asymptote is approached. In figure
5.4 (b) and (c) we show that this effect is seen consistently over a whole range of geometries,
irrespective the groove dimensions an increasing rotation of the groove with angle 6 causes a
blue shift of the spoof SPP resonance at the edge of the Brillouin zone. Interestingly, this effect
is more pronounced for wider grooves. Taking the expansion of sinc(x) for small x we have that
aerr ~ a(1 + m2a?tan®0/6)2)" according to which the effective width increases with the square of
atan@/\, i.e. wider grooves are more sensitive to changes in 6 than narrower grooves. Conversely,
figures 5.4 (b) and (c) demonstrate that deeper grooves are less sensitive to changes of angle than
shallower grooves. This can be intuitively understood from equation (5.15). For deep indentations,
the term tan(koh) dominates, but for shallower indentations the competition between the effective

width and height effects causes the spoof SPPs to be more sensitive to changes in slant angle.

"Note that this expansion is valid for (a/\)? < 1 (assuming that we do not approach extreme angles) which we have
already assumed in the derivation of equation (5.15).
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Figure 5.5: Convergence of the dispersion relation as the sum over waveguide modes is
truncated at 0" order (solid), 15! order (dashed) and 2" order (dotted) lines for two different
slant angles 10° (green line) and 45°. The crosses are the results from numerical simulations.

To check the validity of the analytical expressions, figure 5.5 compares the analytical results
with the numerical FEM simulations for # = 10° and § = 45°. We calculated the analytical results
by including up to the first 3 waveguide modes. For small angles we can see that the m = 0 ap-
proximation gives very good agreement to the numerical results, and only a very small adjustment
is caused by the inclusion of higher order waveguide modes. However, for larger slant angles,
more waveguide modes are required to achieve a good convergence to the numerical result. The
validity of the m = 0 approximation arises as all the higher order waveguide modes are evanes-
cent, and thus are vastly reduced in amplitude on their round trip up and down the groove, leading
to a very small interaction with the other modes. However, when the grooves are highly slanted
this approximation fails as it can no longer adequately describe the complex fields at the mouth
of the groove, as evident from equations (5.14). Here the indirect interaction of waveguide modes
(through Gy via Xom and Z,;) is modified for large slant angles. The contribution of the E,
field becomes increasingly important at higher angles, and as this field component only arises for
m > 0 it is not surprising that the higher order waveguide modes play an increasing role in the
description of the mode. It also arises in the direct interaction of waveguide mode, €y, which
allows the cross-excitation of previously orthogonal (in the 6 = 0 case) waveguide modes. Despite
these limitations, we can see that using only the first 3 waveguide modes provides an excellent
convergence to the numerical solution.

Figure 5.6 demonstrates the changes to the electric field profile at the edge of the FBZ for
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5.4. Triangular grooves and sawtooth surfaces
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Figure 5.6: |E,| for a system of dimensions a = 0.3d, h = 0.5d and (a) 6§ = 0°, (b) 6 = 30°
and (c) 6 = 45°. Also plotted are the contour lines of constant field in the region |, above the
grooves

different groove angles, with a = 0.3d and h = 0.5d, calculated using mmax = 0. We can see from
the contour lines that as 6 is increased the field above the grooves becomes slightly asymmetric in
the region close to the grooves, skewed towards one-side. It should be noted that as we increase
the groove angle the frequency at the band edge blue-shifts and thus the fields at higher groove
angles are evaluated at higher energies. Figure 5.6 also demonstrates some of the problems that
can occur with these methods. Despite the fact that we have used npax = 10 in the sum over Bloch
modes, that shows a converged solution for the dispersion relation, there are still rippling effects
due to the truncation of this sum that can be seen at the interface between regions | and Il
Furthermore, figure 5.6 also demonstrates the inadequacy of the m = 0 approximation at large
6. The field within the groove only undergoes a rotation as 6 is increased, and the fields become
increasingly mismatched at the interface between regions | and Il, clearly indicating the failure of

the approximation.

5.4 Triangular grooves and sawtooth surfaces

Finally, the model we have developed for slanted grooves can be applicable to one further limiting
case. If the grooves are rotated such that the shortest side vanishes then it forms a triangular

indentation into the metal. This is only possible if the opening of the groove between interfaces |
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5. Spoof plasmon polaritons in slanted geometries

and Il does not exceed the period of the array. Analysing such a system would allow us to consider
the spoof SPP modes supported by right-angled triangular corrugations. The geometry of this
system is substantially different to that of rectangular grooves and should provide us with further

insights as to how differently shaped grooves affect the spoof SPP dispersion relation.

For our analysis it is convenient to define a new parameter b = a cosf. The length of the
shorter groove wall is given by h — atan/2, so, in the limit that the shorter groove side vanishes

we find

f = arctan (2:> . (5.16)

From this we can see that h = bsin#/2, and we are constrained to the case where b < d. The
inset of figure 5.7 (a) demonstrates the geometries investigated and unsurprisingly shows that if
we keep b fixed and alter 0 the grooves modeled will trace out a semi-circle. From a quick analysis
of equation 5.15 we see that using the effective medium approximation (where a, d <« ) the
argument of the tangent function becomes kybsin /2. Thus the spoof plasma wavelength is given
by A\ = 2bsinf. Importantly, for our analysis, we see that A\ gets larger (and thus ky smaller) for
increasing 4, until § = 90°. However, it is quite obvious that this cannot be true. The triangular
grooves are symmetric in 6 around 6 = 45°, and as such the physics of a system with angle 45° + 6
must be identical. One of the reasons for this error is the boundary condition we have used along
the smaller groove wall, where the parallel electric fields are equal to zero. As the smaller groove
wall no longer forms part of region Il our expansion is erroneous, hence, we have to be very
careful in our analysis. Therefore, in order to consider the model where it is most accurate we only
use angles from 8 = 0 — 50°, using mmax = 2, which provides a good convergence to numerical

simulations (with the same accuracy as demonstrated in figure 5.5).

From figure 5.7 (a) we can see that increasing 6 red-shifts the dispersion relation, as the groove
depth perpendicular to the planar PEC interface increases with § when groove width b remains
fixed. In other words, the waveguide modes of the triangular groove penetrate a greater distance
into the corrugated PEC surface and this leads to greater confinement. In figure 5.7 (b) we can see
the spoof SPP mode frequency at the edge of the FBZ over all possible triangular grooves. Again,
for all groves the normalised frequency is decreased as 6 increase. Notably, despite the error in

the method highlighted by the effective index approximation, the minimum modal frequency for a
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Figure 5.7: (a) Dispersion relation for triangular indentations with b = 0.7d for angles of 15°
(blue) 30° (red) and 45° (green). Inset: the schematic of the triangular shaped grooves. (b)
Normalised spoof plasmon wavevector at the band edge (kx = 7/d) as a function of § and b.

Figure 5.8: (a) Dispersion relation for triangular indentations with b = 0.7d for angles of 15°
(blue) 30° (red) and 45° (green). Inset: the schematic of the triangular shaped grooves. (b)
Normalised spoof plasmon wavevector at the band edge (kx = 7/d) as a function of § and b.
Reprinted figure 4 with permission by Wood et al. [141]. Copyright 2012 American Physical
Society.

fixed b is achieved at = 45° as it is at this point that the grooves have the greatest vertical depth
away from the PEC surface.

Finally, by letting b = d we end up with a completely triangular sawtooth-type surface, unlike
those that are normally considered in connection with spoof SPPs. As we can see from figure
5.7(b), these are the spoof SPP modes that have the highest sensitivity to changes in the orien-
tation angle, achieving the minimum \/d, namely 6 = 0.42 at § = 45°. Figure 5.8 (a) shows the
electric field profile at kx = w/d, calculated with the first three waveguide modes and compared to

the numerical simulated result (Figure 5.8 (b)) for # = 45°2. Interestingly, despite the fact that this

2In order the calculate the electric field profile we averaged the fields from the numerical results for § = +45°. Note
that due to the phase shift in the E fields they were averaged asymmetrically.
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5. Spoof plasmon polaritons in slanted geometries

is an extreme case of our theoretical model, and the fact that only the first three waveguide modes
were included, the analytical model was able to capture the majority of features in the electric field
profiles, in particular, the strong field enhancements at the sharp points in the sawtooth surface.
These sawtooth surfaces also show that spoof SPP modes can be supported in non-planar inter-
faces, raising the prospect that any periodic structure could support surface waves. Interestingly,
these triangular indentations can be easier to fabricate, particularly on semi-conductor surfaces
which can also display spoof SPP characteristics [142]. As such, the triangular groove geometry

may be an attractive platform for spoof SPP applications.

5.5 Summary

In summary, we have attempted to consider the effect of the shape of the surface indentations on
spoof SPPs. Firstly, by adapting the CMM, we were able to consider angled indentations. Notably,
we found that, although the long wavelength limit (a, d < A) gives no change in the spoof plasma
frequency, the mode is significantly blue-shifted at the band-edge, an effect that accelerates with
increasing #. We showed that it is not the depth of the orientation that is important, only its op-
tical length, in determining the spoof plasma frequency, and that the spoof SPP fields become
asymmetric about the opening as the orientation angle is increased. Secondly, as a limiting case
of our model, we were able to investigate right-angled triangular indentations, a completely dif-
ferent surface structure than those normally considered. These surfaces still maintain spoof SPP

characteristics, with the surface waves being most confined for 6 = 45°.
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6 Spoof surface plasmon polaritons in real metals

6.1 Introduction

As the focus of the spoof plasmon community has been transferring the subwavelength confine-
ment and highly localised EM fields of SPPs to lower frequencies naturally many of these works
treat the metal as a PEC, a valid approximation at low frequencies. However, whilst metallic losses
can be taken into account in numerical simulations and are intrinsically considered in experimental

works, there have been very few theoretical works considering the effect of loss on spoof SPPs.

One approach to including the metallic losses is to treat the interface between the dielectric and
metal using the surface impedance boundary condition (SIBC), whereby instead of the parallel
electric fields going to zero at the surface of the metal (as in the PEC limit), there is a surface

impedance condition [31] that requires
EH=anXH (61)

Taking the the surface normal n to be parallel to the z-axis this gives Ex = —ZsH, and E, = ZsHy
where Z; is the surface impedance of the metal. The derivation and use of SIBCs is an interesting
and rich topic in of itself [143], with many uses in numerical modeling of EM fields. However, this is
beyond the scope of the work in this thesis, thus, we only state the result of the typical SIBC used
within theoretical spoof SPP and EOT works, Zs = \/m_1 [26, 144, 145]. Within these works,
the SIBCs are enforced at the horizontal interfaces between the metal and the dielectric, but not on
the inner walls of the indentations, treating the waveguide fields inside the grooves as unchanged
from the case of the PEC. Importantly, this neglects any change in the waveguide wavevector due

to the penetration of the waveguide modes into the sidewalls which, as we shall see, can diverge
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6. Spoof surface plasmon polaritons in real metals

significantly from that of the wavevector derived under the PEC condition.

The other approach that has been applied is an effective medium method by Rusina et al.
[27, 146]. In this method they consider the effects of the groove side walls by expressing the field
within the groove using a metal-insulator-metal (MIM) waveguide mode. However, by using an
effective medium approach their results are only valid when the wavelength of light is much greater
than the groove period, i.e. A > d. Furthermore, they fail to consider the effects of the metal at
the bottom of the groove, considering it a PEC matching condition, and only use an approximate

expression for the MIM wave-vector.

Therefore, there does not exist an accurate model of spoof SPPs that straddles both regimes,
from perfectly conducting to lossy metals and from microwave to optical frequencies. Furthermore,
the effect of the geometry on the spoof SPP mode (and on the spoof plasma frequency) is not
fully understood for real metals. Finally, there has been little to no attention paid to the effects of
the geometry on spoof plasmon losses. All in all, it is interesting that at low frequency regimes
(THz and microwave,) where SPPs do not exist, we understand how to design surfaces to gives
us an arbitrary plasma spoof frequency. Whereas, in high frequency regimes (I-R and optical),
where SPPs exist, we do not have such knowledge. In this chapter we develop a theory of spoof
SPPs valid from frequencies close to the plasma frequency and below. We use an extension the
mode matching method outlined in chapter 5. From this we deduce an analytic dispersion relation
that recovers both the SPP and spoof SPP in a PEC in the appropriate limits. We then consider
the modal losses of spoof SPP modes and how these losses are interlinked to both the real part
of the modal frequency and the geometry. Finally, we consider the effect of these lossy SPPs
modes on the phenomenon of EOT in the optical and near I-R spectrum, and also the possibility

of compensating the losses of spoof SPP modes.

6.2 Metal-insulator-metal waveguide modes

In order to utilise the CMM without sacrificing its useful features we need a different way of ac-
counting for the real metal. One way to achieve this is to consider the effect of the metal dispersion

on the guided modes within the grooves. Figure 6.1 (a) demonstrates the geometry of the slab MIM
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6.2. Metal-insulator-metal waveguide modes
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Figure 6.1: (a) Layout of the MIM waveguide. (b) Dispersion relations for a = 400nm, (c)
a=100nm and (d) a = 40nm. TM modes (solid lines), TE modes (dashed lines), odd modes
(red) and even modes (blue) are shown, as are the light line within the groove (black line)
and the SPP (grey line) for the metal dielectric interface.

waveguide. From section 2.5 we know that the TM modes in a slab waveguide obey the equation

agy

g~ odd mode
tan(qa/2) = m , (6.2)
—%m  even mode

agg

where q = (/egkd — p? and a = |/p? — emkE are the wavevectors of the modes parallel to the

x-axis in the groove and metal regions, a is the width of the groove and p is the wavevector of the
MIM mode '.

Figure 6.1 (a) shows the layout of a MIM waveguide, whilst figure 6.1 (b), (c) and (d) show the
modes of the MIM waveguide consisting of gold and air for three different thicknesses; 400, 100nm
and 40nm respectively. Both the TM (solid) and TE (dashed) modes are plotted for both the odd
(red) and even (blue) solutions, whilst the light line in the medium (black) and the SPP for a single
interface (grey) are also plotted. The lowest odd TM mode is the only mode that displays no lower
frequency cut-off, i.e. it is the only mode with a real wavevector p for lower frequencies. Only the
lowest order odd and even TM modes are plasmon-like modes, also known as the “gap-plasmon”
modes, corresponding to the two modes predicted for negative cladding by Prade et al. [147].
These modes tend towards the SPP mode at large wavevectors for all gap sizes. For all groove

widths the TE modes only appear at higher frequencies than there TM counterparts. If we now

consider that for PEC boundary conditions p = y/egk@ — (mm/a)? where m = 0, 1, ..., we see that

"Note that often in textbooks p is denoted as
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6. Spoof surface plasmon polaritons in real metals

the lowest order mode follows the medium light line , /Zgko. As such, for small groove widths where
the MIM TM odd mode diverges significantly from the light line there is expected to be a large

difference between the MIM waveguide mode and the PEC waveguide mode.

Using equation (2.12), the fields of the MIM TM waveguide modes can be re-written in terms of

the modal function y,, as
.1

xim= 5= (€7 + (- 1)mem ) (6:3)

within the groove (—a/2 < x < a/2). We also need to define the mode outside the the groove as

Xiy = xm(@/2)e~"em*=a/2) for x > a/2 (6.4)

and
Xm = Xm(—a/2)emx+a/2) for x < —a/2, (6.5)
where the index m runs from m = 0, 1, ..., co. Assuming that the modes within a single groove

can be considered isolated from the modes within adjacent grooves then we can use the MIM
modes to expand the fields within each groove within CMM. This assumption is valid as long as
the distances between adjacent grooves does not approach the skin depth of the metal and will be

analysed further in section 6.3.3.

6.3 1D array of grooves

The 1D array of grooves geometry is shown again in figure 6.2. We first split the geometry into
three regions, | (z > h), Il (0 < z < h) and Ill (z < 0). As before, in region | the fields are

constructed in terms of diffraction modes
[ee)
Hy= > rn(x)e 9,
N=—

Ev=">" Zumn(x)e 97,

N=—o0

where ¢n(x) = exp(iknx)/V/d, kn = kx+2nm/d, g2 +esk? = k2 and the impedance Z, = igp/weges. In

region Il, the fields are constructed in terms of the MIM waveguide modes. Within the groove(—a/2 <
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6.3. 1D array of grooves

Figure 6.2: The 1D array of grooves, showing the relevant geometric parameters and the
region |, Il and Ill. The permittivities above and inside the grooves are given by €5 and ¢g4.
Also shown is the magnetic field profile H, of the lowest order TM waveguide mode pp,.
Finally, the terms of the master equation ¢,y and G,y are shown.

X < a/2), the fields can be expressed as:
Hy =3 Xm(X)(AneP™ + Bpe~Pm?), (6.7)
m=0

where pZ, + g2, = egkZ. In region llI, the fields are decaying into the surface of the metal (in the
negative z-direction), whilst they still feel the effect of the MIM geometry in region Il. As such, the
modes are propagate along the interface in both regions (Il and Ill) with the same wavevector, but
decaying into the surface of the metal with a different wavevector. Hence, the fields in region llI,
(for —a/2 < x < a/2), are

Hy' =" xm(x)Cre™?, (6.8)
m=0

where By = 1/amk§ — p2,. In the above equations the symbols A, Bm, Cn and r, all represent
unknown expansion coefficients. Matching the fields at the interface between regions Il and lll, at

z = 0, enables the expansion coefficients By, to be written in terms of A, as

Pmem + [Bmeg

Bn=A - 6.9
n= A (6.9)
Therefore, we define the new parameter v, as
1 pmgm + IﬁmEg
= 7' - < 5 3 .1
Ym = Sip" <pmem — iBmeg (6.10)
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6. Spoof surface plasmon polaritons in real metals

such that B, = A exp(2ivmh). This parameter, vy, is one of the major differences in the theoretical
description when considering real metals. Considering the fact that in real metals the fields are
expected to decay into the surface of the metal then we can intuitively anticipate that the height of
the groove that is experienced by the light will be increased compared to a PEC boundary. Thus,
the cavity mode created by the MIM waveguide can be expected to appear at longer wavelengths.
This new parameter v, can be seen as the effective decrease of the wave-vector inside the groove,
due to the fact that we are now dealing with a real metal instead of a PEC, or on the other hand,

an effective increase in the height of the groove.

Using this, the fields in region Il are

Xh(x) forx>a/2
Hy =Y Ancos(pmz — vmh) { ym(x) for —a/2 <x < a/2 . (6.11)

m=0
Xm(x) forx < —a/2

and
oo Xin(X)eg/em for x > a/2
Ex = 2 AnZnSin(omz = vmh) § xm(x) for —a/2<x<a/2, (6.12)

m=0
Xm(X)eg/em forx < —a/2

where Zpy, = ipm/wegeo. Rewriting the fields in this way is a more compact form and expresses the
effects of the real metal on the fields within region I, including both the MIM modes and the effect
lower end of the waveguide. To proceed the fields are matched between the top two regions at
z = h. In contrast to the PEC case, as we now have magnetic and electric fields defined across
the whole unit cell both continuity equations will need to hold for —d/a < x < d/2. This results in

the familiar master equation:

Z Em(Gmm’ - 6mm’) =0 (6-13)
m

As in the PEC case the unknown amplitudes E,, are the amplitudes of the waveguide modes
the interface between regions | and Il. G, is the indirect coupling of the waveguide modes via

the diffraction modes and ¢,y is the direct coupling of the waveguide modes. They are shown
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6.3. 1D array of grooves

schematically in figure 6.2 and defined as

Em = AmZm sin((pm — vm)h), (6.14)
Gy = Z = sﬁms,,m,, (6.15)
1
Emm' = = cot((pm — vm)h) Tmny, (6.16)
m

where the overlap integrals are given as

E £g —a/2 a/2
SEy =9 [ T (bn) x4 / (6n)"xm
emJ_d2 —a/2
Js , (6.17)
+g/ (én) X dx
€m Ja/2
b —a/2 a/2
St = | . dnl) e [ gnlom)” o
— —a
A / , (6.18)
o [ Gnlxty) dx
a/2
—a/2 a/2
T = / Xl / Xl o
o 4/ , (6.19)
+ / ()" O
a/2

and the evaluated expressions are given in appendix C.

6.3.1 Explicit dispersion relation

To produce an explicit dispersion relation we can assume that both the width of the slits and the
period of the array are subwavelength (a,d <« ) allowing us to restrict our analysis to the lowest
order waveguide (m = 0) and diffraction modes (n = 0) only. Furthermore, we assume that the
relevant fields are concentrated inside the groove, and we drop the overlap integrals involving x},

and x,, from our equations. Under these assumptions we find that:

2 2
Ky = \/5>sk0\/1 + = <\/>ko —tan((po — Vo)h)> . (6.20)
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6. Spoof surface plasmon polaritons in real metals

By defining the effective parameters ao¢ and hgs we can transform this into the PEC form of the

equation,
2
kx=,ﬁgsko\/1 = (@tan(wﬁsgkoheffg , (6.21)
eg \ d
where
Po
Qg = ——2—a, 6.22
eff N (6.22)
Po %)
Nt = 1 - —)h, 6.23
o= B (1= ) (629)

and thus we can examine the effects of the real metal on the spoof SPP dispersion. Recall, also,
that the z-component of the lowest order waveguide mode with PEC boundary conditions is , /Zgko.
Thus, the effective width is altered by the ratio of the waveguide mode vectors for the real metal
and PEC cases. As py has no lower frequency cut-off and only appears below the medium light
line we know that py > ¢4ko. In other words, the effect of the real metal is to make the effective

width of the grooves larger.

When considering the effective height, it is increased by the same ratio that affected the ef-
fective width. Importantly, it is hes that ultimately determines the spoof plasma frequency that the
mode tends towards at large wavevectors. As such the increase in the effective height is likely to
have a much larger effect on the mode than the increase in effective width. The second factor that
increases the effective height is the ratio of vy /pg, but it should be noted that in general the factor
of (1 — vp/po) > 1 and it causes an increase in the effective height. In figure 6.3 we can see the
change in this ratio for (a) h = a and (b) h = 3a as the wavelength of the light and the width of
the grooves is altered. Depending on the ratio of the groove height to width the effect of the real
metal at the bottom of the groove can have a small or large effect. For tall grooves, when his much
larger than a, the effect of 1 is decreased and the relative increase in the height is small. For small
grooves, when h is similar to a, this effect is increased. For all groove heights, as the frequency of
light gets closer to the plasma frequency of the metal, the effect of v9/pg on the effective height is
increased as the mode decays further into the metal surface. For instance, for a groove width of
50nm and a groove height of 150nm, at a wavelength of 1um the effect of the real metal groove

bottom is between a 5 and 10% increase in the effective height.
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6.3. 1D array of grooves
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Figure 6.3: Change in the ratio vy /pp for h = a (a) and h = 3a (b) as both the groove width a
and the wavelength of the mode X are altered.

Overall, real metals cause both the effective width and height of the grooves to increase com-
pared with the PEC case. These two effects both cause the dispersion relation to red-shift towards
lower frequencies.

Before we proceed onto an analysis of the numerical dispersion relation and the effects of the
real metal we can check our model by confirming it achieves the appropriate behaviour in limiting
cases. First we consider whether equation (6.20) reproduces the spoof SPP dispersion relation
for PEC boundary conditions if ¢;; — oo. From a quick look at equation (6.10), and recalling that
the parameter 3, is dependent on /e, we see that the left hand terms in the numerator and
denominator within the logarithm depend on ¢, whereas those on the right depend on /e;,. As
such the argument of the logarithm tends to 1 and v, — 0. Now when looking at equation (6.2),

and noting that o, is also dependent on /2, then the mode equation becomes

0 odd modes
tan(gma) = . (6.24)

oo even modes

Thus, in the case of odd modes we have that g = 2mr/a and in the case of even modes we have
g = (2m + 1)7/a. Combining them we find that g = mn/a. These are the modes used within the
expansion for the PEC case, and taking only the mode m = 0 we recover the wavevector of the
lowest order mode py = c4kp. By inserting this directly into equation (6.20) it is obvious that it

exactly reproduces the spoof SPP dispersion relation.
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6. Spoof surface plasmon polaritons in real metals

Secondly, in the case where the area of the grooves — 0 then equation (6.20) should recover
the SPP mode for a single metal dielectric interface. Let us take the limit such that a,d, h — 0. In
terms of aand d, they only appear in ratio within equation (6.20), thus in this limit the ratio a/d — 1.
Taking h — 0 the only term that remains in the argument of the tangent function becomes —ih.

Inserting equation (6.10) we find that tan(—vh) = —Soeg4/Poem, and thus

5358
kx = \/gsko 1 + k2 2> " (625)
0€m

Bolko, q) = /g% — emk& is a function of both the free space wavevector and the x-direction wavevec-

tor in the groove. However, since the groove has vanished we can use the continuity of the mag-

netic fields to calculate g(kx). The continuity of the fields at z = 0 requires that
ro€®X = (A e®X 4+ Bye o). (6.26)

This must hold along the boundary from —co < x < co. Thus, multiplying by e~ and integrating
yields
rod(kx — ky) = Aod(qo — ki) + Bod(qo + ky)- (6.27)

Thus, there is only a non-arbitrary solution when gy = +kx. As such, we can rewrite the function

B2 = k2 — emk. From here the spoof SPP dispersion relation can be rearranged to find

kx = ko\/emes/(em + €s)- (6.28)

Hence, in the limit that the groove area approaches zero the spoof SPP dispersion of equation

(6.20) relation recovers exactly the SPP dispersion relation.

Finally, it should also be mentioned that whilst equation 6.20 is useful for a qualitative under-
standing of the system behaviour the assumptions under which it is valid are very limiting and thus
it should not be used to provide quantitative results or the system. In what follows we analyse the
model using a general Drude-like response with wp = 9eV and + = 0.05eV which are typical for

plasmonic materials.
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Figure 6.4: The real (a) and imaginary (b) parts of the dispersion relation for grooves of
geometry d = 200nm, a = 0.2d and h = d comparing the theory (solid lines) with numerical
simulations (crosses). (c) |H| and (d) |E| field profiles of the lower SPP band (red line) at the
band edge. (e) |H| and (f) |E| field profiles of the upper SPP band (green line) at the band
edge. All the fields are normalised such that the minimum and maximum amplitudes are at

0and 1.

6.3.2 Results

Figures 6.4 (a) and (b) demonstrates the spoof SPP dispersion relations produced from equation
(6.13) for d = 200nm, a = 0.2d and h = d. The sums were truncated with Nnmnax = 10 and Mpax = 0,
the number of modes needed to achieve convergence. Unless otherwise stated, all results in this
section will use the same npyax and mmax. From the real part of the dispersion relation (figure 6.4 (a)
) we can see the comparison of theoretical (solid lines) and numerical results (crosses) for the two
spoof SPP modes present within the spectrum (at wavelengths of 1440nm (red line) and 501nm

(green line)). There is a good agreement between the results, with small discrepancies arising in
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Figure 6.5: The change in the (a) real part of the dispersion relation and (b) the modal
losses, with a = 0.2d and h = d, as d is changed from 200um to 200nm. Also plotted is the
PEC dispersion relation (dashed line) and the light line (solid black line).

the upper mode. Figure 6.4 (b) demonstrates the modal losses (calculated using FDTD) in the two
modes and interestingly the theoretical model appears to overestimate the losses of the modes by
roughly 10 — 15%. This mismatch is consistent over the comparisons we have made with other
geometries too. However, despite this mismatch, it still captures well the qualitative behaviour of
the losses as the spoof SPP moves away from the light line and flattens. Interestingly, the modal
losses are constant over the flattened SPP band.

The lower panels of figure 6.4 (c-f) show the magnitudes electric and magnetic fields, |E| and
|H| of the two modes evaluated at kx = 7/d. The magnetic fields for the lower, (c), and upper,
(e), modes demonstrate the penetration of the fields inside the sidewalls and groove bottom. In
contrast, the penetration of the electric fields into the metal surfaces is very small, with the majority
of the fields still residing in the slits. These field profiles also demonstrate that there are small field
mismatches present in the magnetic field profiles, along the sidewalls for z < 0 and |x| > a/2 in
(c) and (e). The mismatch along the sidewalls is an indication that the theory is not exact at this
point, as demonstrated by the small discrepancy between simulations and fields in the green lines
and crosses. The mismatches at the lower corners of the magnetic field profiles are actually an
error in the model that is considered in more detail in section 6.3.3.

One important consequence of using the PEC boundary condition is that the resulting disper-
sion relations are dependent only on the geometric parameters and the spoof plasma frequency

is scalable to all frequency regimes. Thus, to see the effect of a real metal on the spoof SPP
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Figure 6.6: Comparison of the derived spoof SPP dispersion relation (blue lines) for a groove
geometry of d = 200nm a = 0.4d and h = d with the (a) SIBC approach (red line) [26] in-
cluding numerical simulations (black circles) and with the(b) effective medium MIM approach
(red lines) [146], where both the real ky (solid) and imaginary ky (dotted) lines are shown.

dispersion relation we can keep the ratio of the of h/d and a/d constant and change d over sev-
eral orders of magnitude. Figure 6.5 (a) shows how the dispersion relation changes for a = 0.2d,
h = d and d ranging from 200um to 200nm. As the period d is decreased the modal frequency
at the edge of the first Brillouin zone shifts away from kg = 27/d = 0.23, the frequency of the
PEC spoof plasmon, to lower values. This is consistent with our analysis within effective medium
approximation whereby the effective width and height increase due to the real metal leading to a
red shift of the mode. The shift becomes increasingly significant as we get to smaller and smaller
periods, i.e. the modal frequency becomes closer to the plasma frequency of the metal. This is
as to be expected as when we are closer to the plasma frequency, and as the width of the groove
becomes smaller, the MIM wavevector diverges further from the light line increasing the red-shift

of the mode. Note that for d > 200.m the dispersion is indistinguishable from the PEC case.

In figure 6.5 (b) we can see how the modal losses rise as the metal dispersion becomes in-
creasingly important. For large d where the modal frequency is far from wy, and the metal behaves
similarly to a perfect conductor the losses remain low, but as d decreases the losses increase
drastically in magnitude, as both the modal frequency is increasing and the width of the groove
is narrowing, meaning that the MIM waveguide modes become more lossy (the loss for the PEC

metal case is zero).

We can compare our analytical model to the previous attempts to incorporate the metal dis-

persion into the description of spoof SPPs, as shown in figures 6.6 (a) (where we compare to the
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SIBC approach of Garcia-Vidal et al. [26]) and (b) (where we compare to the MIM mode approach
of Rusina et al. [146]). We do this for d = 200nm, a = 0.4d and h = d. Taking first the comparison
to the SIBC approach (figure 6.6 (a)) we can see that our model (blue line) is a much better ap-
proximation to the numerical simulations (circles) than the SIBC approach (red line). From this we
can see the importance of using the MIM wavevector within the groove, without which the optical
length of the groove cavity mode is grossly underestimated at IR and optical wavelengths.

Secondly, we can compare against the propagation vector from the dispersion relation derived
by Rusina et al. [146], where the effective medium approach is used to consider the propagation
losses of a spoof SPP wave. Thus, in figure 6.6 (b) we compare equation (6.20) to equation (7)
from [146] 2. Comparing the equations we note that the only differences arise from the term vq
and from the low frequency approximation that Rusina and co-workers make for the MIM mode
wavevector. In the low frequency limit our theory exactly reproduces the results shown in paper
[146]. For d =200nm, a = 0.4d and h = d, both models show the mode back-bending, causing the
mode to no longer reach the slow light point, and the losses becoming dominant. Notably, as the
approximation applied by Rusina over-estimates the loss of the MIM mode in the optical regime
(particularly for narrow grooves) it shows a mode that is completely washed out and shows no
spoof plasmon like behaviour, whereas, the including the full MIM wavevector enables the mode
to retain the spoof SPP characteristics, including the backbending of the mode which occurs once
the propagation losses become greater than the wavevector (Im[kx] > Re[kx]). This displays the
same type of behaviour as normal SPPs for complex propagation wavevectors [32].

Until now, as the modal losses of the spoof SPP have not been considered properly it has not
been considered how these losses will vary with specific groove geometry. Firstly let us consider
how the dispersion bands alter with changing height h. It is well established that the asymptotic
frequency of the dispersion band is governed by the argument of the tangent function in equation
(6.20) as the limit where ky — oo occurs for the argument of the tangent — 7 /2. Thus in the PEC
limit we have that ky = w/2h whereas, for the MIM modes we have that py — vy = 7w/2h. Therefore,
we expect the asymptotic mode behaviour to have the same characteristics, red-shifting the modal

frequency for an increase in h. Figure 6.7 (a) shows how the real part of the dispersion relation

2We cannot compare a full Bloch mode approach as Rusina and co-workers have solved for the wavevector kx as a
function of real ko, i.e. a complex wavevector. For the full Bloch expansion kx must be real, otherwise the Bloch theorem
is not satisfied.
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Figure 6.7: Change in the (a) real and (b) imaginary part of the spoof dispersion relation for
d = 200nm and a = 0.2d as the height of the groove is altered from h = 0.5d to h=1.5d.

changes for a = 0.2d, d = 200nm and for a range of heights. As we can see, the spoof SPP still
retains this behaviour for the case of real metals, even if the actually modal resonance is shifted
from X\ = 4h, due to the increase in the effective height.

When looking at how the change in height affects the modal losses, figure 6.7 (b), we can
see that as the height changes so does the curvature of the band, with the transition from low to
high loss representing the transition from polariton to plasmon like states. For smaller grooves,
the cross-over from polariton to plasmon type behaviour comes at a higher ky. As with SPPs, it
is the plasmon-like behaviour, highly confined fields to the metal surface, that causes the modal
losses. Interestingly, the modal losses at the edge of the FBZ remain almost independent of height,
despite the fact that the modes for smaller grooves show less confinement of the fields to the metal.
Therefore, it appears that the modal loss at the band edge is not determined by the height of the
groove and, as such, must come from the MIM wavevector.

Now, considering the changes in the dispersion relation for altering the groove width a. Figure
6.8 (a) shows how the real part of the dispersion changes for h = d = 200nm and a range of groove
widths. In the PEC limit the groove width has little effect on the modal frequency at the band
edge, merely altering the curvature of the band, since the asymptotic frequency is determined
by h. However, that is no longer the case for real metals. Whilst the width still affects the band
curvature, with wider grooves having a steeper dispersion relation, the modal frequency is now
drastically changed once a becomes small. If a is large the MIM wavevector py follows the SPP
dispersion relation, and so is independent of width. However, as a reduces the MIM wavevector

alters, diverging further away from the SPP dispersion relation, see figure 6.1. As such, pg(a) and
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Figure 6.8: Change in the (a) real and (b) imaginary part of the spoof dispersion relation for
d = 200nm and h = d as the width of the groove is altered from a = 0.05d to a = 0.8d.

thus the asymptotic frequency is strongly affected by a. For narrower slits we find that the mode is
red-shifted and flattened out.

The strong dependence of py on a for narrow grooves is also reflected in the modal losses
illustrated in figure 6.8 (b). For wide grooves a small change in the width only slightly increases the
modal loss. However, as the grooves become narrow the increase in modal loss is accelerated,
causing a greater than four fold increase as a goes from 160nm to 10nm. These trends can be
understood from the MIM wavevector. As a decreases py diverges further from the light line, and
the modal losses of the MIM mode increase. In effect the electric field within the waveguide is
being squeezed between two metal plates, causing the fields to penetrate further into the two
metal surfaces and increasing the loss of the mode. When comparing this to figure 6.7 (b) we
can see that the modal losses at the band edge are much more dependent on the groove width
than the groove height. Modal losses also occur due to absorption at the bottom of the groove, as
governed by the parameter v, which is a function of both py and h. As we saw from figure 6.3, the
relative size of v, is drastically increased for narrow grooves. As such, v, compounds the increase
in modal losses observed by narrowing the grooves, and also contributes to the decrease in modal

frequency observed in figure 6.8 (a).

6.3.3 Potential problems with the method

Before we move it is important to consider the potential problems with the method and where
errors can arise. When deriving both the MIM mode equation and the factor v, we assume that

the propagating fields on either side of the interface have the same wavevector. This can be shown
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to be true for an extended interface stretching from —oco to oo (see equation (6.27)), but as the
interfaces used at x = +£a/2 and z = 0, h are not infinite in extent it is no longer true. This error
manifests itself in the discontinuity of the fields in the corner regions for |x| > a/2 and z < 0, see
figures 6.4 (c) and (e). As we have expanded the fields for |x| > a/2, z > 0 and for |x| < a/2,
z < 0 we can (in theory) solve Maxwell’s equations in the corner regions and match the fields at the
boundaries. However, the two boundary conditions cannot be matched simultaneously®, leading
to a mismatch of the fields. In figures 6.4 (c) and (e) we have plotted the average of the two fields
arising from the matching at the two boundaries z = 0 and | x| = a/2. Interestingly, this error seems
to have only a small effect on the numerical accuracy of the dispersion relation. We hypothesise
that this is probably due to the fact that, although the fields are incorrect in this region, the majority
of the fields resides within the groove, and as such this error is only small. From this we would
anticipate the problem becomes worse as the fields penetrate further and deeper into the metal
surfaces.

A second potential source of error in this model is the assumption that the grooves are isolated
and only coupled through the Bloch modes in region I. In essence, this assumes that the grooves
adjacent to groove m cannot be felt directly through the metal walls of the grooves. However, as
the penetration of the fields into the metal increases then so should the effect of other grooves. To
consider this we can calculate the MIM mode wavevector for an alternating M-I-M-I-M-I-M structure
(M - Metal, | - Insulator) thus in effect considering three adjacent grooves. From figure 6.9 we can
see that the wavevector is indistinguishable until d — a, the thickness of the metal layers, becomes
smaller than 30nm. At this point the MIM wavevector of the mode begins to change due to the
presence of adjacent grooves, indicating that the model will break down close to this limit. Note
that the smallest d — a used in our results is 160nm, thus we are far away from this point.

A further point of discussion is the way our model does not account for the creation and exci-
tation of SPPs between the interfaces of regions | and II. Although we recover the SPP dispersion
relation from equation (6.20), this is due to the decaying fields we impose in region Ill. However,
it is quite possible that the MIM waveguide modes could couple to SPPs propagating along the
interface between regions | and Il as well as the diffracted modes incorporated into our model.

We should also consider the validity of the mmnax = 0 approximation we have used throughout

3An error of the method, not of Maxwell’s equations.
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Figure 6.9: Alteration in the real (left) and imaginary (right) parts of the MIMIMIM mode
wavevector p as the distance between adjacent grooves d — a is decreased from 40nm to
10nm, also plotted is the MIM mode wavevector (dashed black). Note that the red (d = 40nm)
and green (d = 30nm) lines overlap.

this section. For the geometries considered it is the only propagating mode within the grooves
and as such dominates the interaction with the diffracted Bloch modes. As all the other modes
are evanescent they die away very quickly when excited and have very little overall contribution to
the confined spoof SPP surface mode. As for considering nmax = 10, this approximation is always
checked to ensure that the mode has converged and an increasing number of Bloch modes does

not alter the solution.

6.4 Extraordinary optical transmission

EOT was one of the drivers behind the discovery of spoof SPPs, given it is still an active area of
research, and surface waves play an important role in the phenomena, our theory of spoof SPPs in
real metals is certainly applicable. It can be used to improve the quantitative match between theory
and numerical simulations/experiments, as well as providing an analysis of the loss mechanisms
and how the structural variation influences these. In the following we provide a quick review of EOT
before extending our CMM to consider the phenomenon, comparing with both previous theoretical
considerations and numerical simulations, before also considering how the geometry affects the

absorption and modal loss characteristics.
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6.4.1 History of EOT

EQT is the the phenomenon whereby a surface containing a periodic array of holes (and which is
otherwise opaque) has a higher transmission than could be expected by considering ray optics or
the transmission of light through single apertures [14]. In the first paper by Ebbesen et al. [13],
holes were milled in an optically thick metal layer (where the thickness is much greater than the
skin depth), and hence the only way light could travel to the far side of the sheet was through the
holes. Surprisingly, for certain wavelengths, they showed that this periodic array of holes transmits
more light than one large hole with an equivalent area as all the small holes put together. Also,
the transmission efficiency (the power transmitted divided by the power received) normalised to
the hole area was sometimes greater than 1. Furthermore, this was doubly surprising as it was
known that the efficiency of a single subwavelength hole was poor due to two factors; the small
coupling between the modes inside and outside the hole [148] and the evanescent decay of the

modes propagating in the hole [149].

The history of EOT is rich and extensive, covering individual one dimensions holes [63] two
dimensional holes [13], holes surrounded by arrays of grooves [150, 151], finite arrays [152], quasi-
periodic arrays [153] and even Penrose tilings [154]. Importantly, it is found that in general there
are two mechanisms for the resonant transmission of light from one side of the film to the other; the
coupling of the SPPs of either interface (either directly coupled if the film is thin or indirectly coupled
via the the holes) and the excitation of resonant Fabry-Perot modes within the hole [14]. Note that
although here we have defined them as two separate mechanisms they are not strictly uncoupled

and as such EOT can be seen as arising from the interplay between of these two effects.

There have several works considering SIBCs [26, 145, 144] to approximate the metallic film
within the EOT process. However, similar to the spoof plasmon case these works only enforce the
SIBCs at the horizontal interfaces and not along the hole walls. As we have seen in the previous
section this can lead to large discrepancies between theory and numerical simulations, as the

propagating wavevector within the grooves is incorrect.
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Figure 6.10: Layout of the 1D array of slits, including schematic depiction of the terms in
equation (7.30).

6.4.2 Theory of EOT in real metals

The general structure of the 1D array of holes is shown in figure 6.10. As we are are dealing with
a system that is under illumination we include an incident field term in the CMM and the magnetic

field in region | (z > h) becomes

Hy = Igoe %7 + 3~ rmn(x)€9. (6.29)
nN=—0o00
Note that now Z, = —gn/weoes, gn = 1/ask§ — k2 and / is the arbitrary constant determining the
incident field amplitude. The magnetic field in region Il (0 < z < h) is expanded over the same
basis of MIM waveguide modes, as before, yielding

Xh(xX) x>a

o0

Hy =3 (AneP? + BnePr?) { yx) —a<x<a - (6.30)
m=0
Xm(X) x< -—a

Finally in region lll (z < 0) the magnetic field is again expanded in Bloch modes as
Hy'= " tagn(x)e 9. (6.31)
N=—

Applying the continuity equations and the matching procedure allows us to find the master equation

for EOT. It is convenient to transform from the unknowns A, and B, into new constants E}, =
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ZmlAmexp(ipmh) — Bmexp(—ipmh)] and E,, = Zn[Am — Bm] which are the amplitudes of the MIM
waveguide mode electric field at the top and bottom of the grooves. Finally, after some algebra, we

find the system equations are

En(Gmm — €mmr) + Z EnFmonm = Iy
m

> Enl
m

> En(Gom — emm) + Y, EpyFrmr =0
m m

: (6.32)

where emny and Gy are defined as before (equations 7.12 and 7.13) except that now there is
an extra factor of —/ included in the Gny term, and we set v, = 0 within the €,y term. The
new terms, Fn,y and Iy, are the coupling of the fields on one side of the groove with the other
through the waveguide modes and the excitation of the waveguide modes via the incident fields

respectively. They are defined as

Zm
sin(pmh)

Iy = le='9" Sk . (6.34)

T s (6.33)

Frm =

Combining equations (6.32) yields a matrix equation and, as with the CDA, there are two ways
to solve the problem; either solving for the modes (ko(kx)) in the absence of an incident field or
imposing a known field (in which case the incident field imposes the phase kx = kpsinf on the
system) and calculating the transmission and reflection coefficients in dependence of the incident
amplitude. To calculate the transmission through an array of slits we can use Poynting’s theorem
and calculate the power flux through an area below the slits across the unit cell, the transmission
= transmitted power/incident power;

! fd,{,§2 Re [E}(x, z;) x (H"(x, z())*] dx

=1 . — (6.35)
3 [ 472 Re [ICogo(x)e~07 x (Igo(x)e~02)"] dx

where the fields are calculated at positions z = z; and z = z;, above and below the slits.
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Figure 6.11: Upper section: comparison of the spectra produced by a 1D array of slits with
dimensions (a) d = 500nm and (b) d = 200nm, where a = 0.2d and h = 1.5d. The solid lines
represent the CMM method derived in this chapter, the dashed lines FDTD simulations and
the dotted line the SIBC method calculated from [26]. The blue lines represent the transmis-
sion spectra and the green lines the absoprtion spectra. Note that, to avoid confusion, only
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the transmission (black-dotted line) calculated from the SIBC method is shown.

Lower section: blue-shifting of the transmission (c) and absorption (d) spectra as a is de-

creased from a = 0.05d to a = 0.5d for d = 500nm and h = 1.5d.
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6.4.3 Resulis

In figures 6.11 (a) and (b) our CMM method (solid lines) can be compared with numerical simu-
lations (dashed lines) and previous methods using SIBCs (dotted black line) [26], showing both
the transmission spectra (blue lines) and absorption spectra (green lines) for a = 0.1d, h = 1.5d
and d = 200nm (figures 6.11 (a)) and d = 500nm (figures 6.11 (b)). For clarity we have omitted
the reflection spectra and only included the transmission spectra from the SIBC method. There
is a marked difference between the CMM with the MIM modes and the SIBCs. The presence of
the MIM modes within the slits causes the wavelength of the cavity resonances (of the slits) to
be significantly red-shifted to longer values. We note that the transmission peak from the SIBC
method in figure 6.11 (a) at around 650nm is red-shifted to wavelengths greater than 1um in the

MIM method.

As the transmission peaks are strongly associated to the coupling of the incident waves to the
cavity resonances it is not surprising that the use of MIM waveguide modes causes a strong red-
shift of the transmission peaks. Importantly, as shown in figures 6.11 (a) and (b), the comparison
between numerical simulations and theory demonstrates that the CMM we have developed in this

chapter is a much better fit than employing SIBCs.

There are discrepancies between the theoretical model and the numerical simulations. Perhaps
most notably the size of the transmission spectrum is slightly overestimated by the theoretical
model, meaning the dips in transmission are not as low. Despite the transmission peaks appearing
at the incorrect spectral positions, the amplitude of the transmission dips is well recovered by
using SIBCs. One major difference that occurs through the use of SIBCs is the potential to excite
SPPs on the interfaces between regions I-Il and II-Ill, something which our CMM model does not
include. It seems likely that the admission of these exira loss channels is one of the reasons
for the mismatches in the amplitude of the transmission spectra. Furthermore, the theory slightly
underestimates the size of the red-shift for the visible transmission peaks, and underestimates the
associated absorption. It seems likely that these effects could be due to the method neglecting the

potential for exciting SPPs along the horizontal interfaces.

As we have already seen from the spoof SPP case, the groove width can have a large effect

on both the modal frequency and the modal losses. In the context of EOT, despite the fact that
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the geometric parameters have been extensively explored, there has been very little consideration
of the effect of the groove width on the spectral response. In figures 6.11 (c) and (d) we consider
the transmission and absorption (A =1 — T — R, where T and R are the total transmission and
reflection from the array) properties for a range of widths (a = 0.05 — 0.5d) with d = 500nm and
h = 1.5d as this will allow us to understand the effect of a on both the spectral position of the peaks
and the system losses. We do this only for the d = 500nm case as this is where there is a very
good match between theory and numerical simulations.

From figure 6.11 (c) we see that the transmission peaks significantly broaden and red-shift due
to the decreasing slit width. Similarly, from figure 6.11 (d) the absorption peaks also red-shift and
increase significantly in height as a is increased. Both of these effects are caused by the MIM
wavevector within the slits. As a decreases, the MIM mode diverges further from the light-line,
whilst also the decay of the waveguide mode Im[pg] increases, causing both the red-shifting of
the modes and the increased absorption. Once again, this highlights that the losses are not only
dependent on the material parameters but also the particular geometry of the system.

The applications of EQOT structures are numerous, including; sensing and spectroscopy [155,
156, 157], enhancement of photo-emitters [158] and detectors [159] and optical control [160, 161,
162]. Within this context the geometry of the holes has only been used to consider the spectral
position (via h and d) and to control the broadness and height of the transmission peak [155]. As
such, the effect that the hole geometry has on both the absorption and spectral position should
be a valuable addition for the transfer of any applications to the small groove geometries that are

necessary in the optical and near-IR regimes.

6.5 Loss compensation of spoof SPPs

As we have explained in the previous sections, one of the main benefits of our method is the ability
to understand the modal loss of spoof SPPs directly through the theoretical model. Importantly,
throughout the method we do not assume anything about the dielectric constant ¢, thus any
metal that can be assigned a dielectric constant (either via a Drude model, an interpolation of
experimental data or other means) can be inserted into equation (6.13) and the modes solved.

We have noted that the losses of spoof SPPs rise rapidly as the wavelengths under consideration
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Figure 6.12: Variation of Im[kQ](kx = 7/d) as the imaginary components of €5 and ¢4 are
altered. The dashed line indicates the point at which the mode becomes fully loss compen-
sated.

enter the IR and optical spectral regimes, and that these losses are highly dependent on the
geometry, in particular on the groove width. To provide a barometer of the effects of these losses
on potential IR/optical spoof SPP applications, in this section, we consider whether these losses

can be efficiently compensated.

One of the avenues by which the losses can be overcome is the direct incorporation of gain
media into the structure to compensate for them at their source. To do this within the frequency
domain CMM we consider a simple linear gain material, incorporated within the grooves and above
them. Thus, the terms ¢4 and s become complex, with a negative imaginary component that leads
to gain within these regions. Although this neglects the particular dynamics of gain materials, in
particular the feedback between the carriers, polarisation and electric fields, what it should provide
is a way to measure the effects of a linear gain media upon the modal losses of the system.
Furthermore, such a study can provide us with estimates to the amount of gain necessary to fully

compensate the losses, and how this can be optimised through the spoof SPP geometry.

Figure 6.12 demonstrates how the losses at the edge of the band (kx = n/d) can be com-
pensated for a structure with parameters d = 200nm, a = 0.2d and h = 1.125d, giving Re[\] =

Re[27/ko(kx = m/d)] = 1.56um. The gain is varied through the imaginary components of ¢4
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and e, with both varying from —1.5 to —3 Im[em(cko(kx = 7/d))]. Interestingly, the loss is more
sensitive to the gain within the grooves than above them. The modal loss occurs due to the ab-
sorptive side walls of the grooves, whilst the electric fields are typically within the groove opening.
Thus, it is at this point where the gain has the largest effect in compensating the modal losses.
The overall modal loss, Im[kg], is linear with Im[eg4] and Im[es], and we can see that doubling
Im[eg] (IM[es]) whilst keeping Im[es] (Im[eg]) constant leads to a shift in Im[kp] of ~ 15 x 107427 /d
(~ 5 x 107427 /d). Therefore, the modal losses are ~ 3 times as sensitive to gain within the

grooves than above them.

The dashed line in figure Figure 6.12 shows the transition of the mode from lossy to loss-
less. We can see that this appears around Im[eg] = Im[es] = 2.25 x 10~3Im[em]. At telecommu-
nications wavelength A ~ 1.55um the material loss of the Drude mode we have considered is
Im[em] = 16.017 giving values for Im[s4] and Im[es] of —0.036. When we compare this to recent
work considering loss compensation of MIM waveguide modes [163] this gives a gain of approxi-
mately 420cm—". Another way to consider the amount of gain required is to consider the losses per
unit time. All our fields are assumed to oscillate o exp(—ikpct). For complex kg, the modal losses
lead to Im[ky] < 0 and thus produce fields that decay over time. If we provide a gain material,
this amplifies the power « exp(GL) where G is the gain of the material per unit length and L is the

distance the mode travels. Combing these together we find that, for loss compensation

2Im[ko]ct + GL = 0. (6.36)

Equating ct with the unit of length L allows us to describe the gain required, G in terms of the
modal loss, Im[kp]. The modal losses for a = 0.2d, h = 1.125d and d = 200nm at the band edge
are —2.92 x 10~3[2x/d] which yields a required gain of 450cm~'. This is of the same order as
the gain coefficient we calculated using [163]. This is well within the range of semiconductor gain
media [164]. This gain will have to be provided per unit time, and, as we have equated ct = 1cm,
this requires an amplification rate of 4.24 x 10'2s~1. Whilst there are certainly multiple challenges
in using gain as an efficient tool to compensate the losses of plasmonic systems [164, 165] these

results suggest that the loss compensation of the spoof SPP is within the realms of possibility.
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6.6. Summary

6.6 Summary

In this chapter we have presented a theory of spoof SPPs that is valid in metals from just below
the plasma frequency to low frequencies where the metal behaves as a perfect conductor. The
incorporation of the material properties into the spoof SPP model results in a new effective width
and height of the groove through the parameters p,, the MIM mode wavevector, and vy, the
reflection of the fields at the bottom of the grooves. Importantly, our model recovers both the spoof
SPP dispersion relation in the limit that the metal behaves as a PEC and the SPP in the limit that
the groove area tends to zero, resulting in a flat interface. After comparison with previous attempts
at modeling the spoof SPPs within a real metal we have found that our method is much more
accurate, especially in the optical and near-IR frequency ranges. Furthermore, our model has
enabled a proper analysis of the spoof SPP modal loss characteristics for the first time. We have
found that the both the modal frequency and the modal losses are intrinsically tied to the geometric
and material parameters and that the groove width a is key in determining the loss characteristics.

We have then extended our model to consider the 1D array of slits, a well know EOT structure.
As in the case of grooves, the effect of the MIM wavevector causes the transmission peaks to
red-shift as the groove width is decreased and also increases the associated modal absorption.
Furthermore, the CMM method is able to reproduce the position of the transmission peaks through
the system to a much higher accuracy than SIBC methods.

Finally we have considered the prospect of using a linear gain medium to compensate the
losses of the spoof SPP modes. We have shown that the grooves have a much higher sensitivity
to gain placed within them, than without, and that gain coefficients in the region of 400cm—1 would

be necessary to fully compensate the spoof plasmon modal losses.
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7 Conclusions

Throughout this thesis we have studied the surface modes of structured plasmonic arrays. In the
first half we have been concerned with the array of cut-wires coupled to a dielectric waveguide. We
have considered the differences between TE and TM modes, noting that TE modes tend to have
lower losses and lead to longer propagation distances when interacting with metallic surfaces.
Considering the coupling, we have found that the hybridisation of the cut-wire modes with those of
the waveguide leads to WPPs, and also a third low-loss EIT type mode. The transmission profile
of incident light through the array is increased via this low-loss mode, and its spectral position and
shape can be tuned through the array spacing and the waveguide buffer layer, enabling extremely

narrow transmission peaks.

We have considered the cut-wire on waveguide array as CROW and investigated how the ge-
ometry can be used to tune the dispersion of the structure. At the edge of the FBZ the degeneracy
of the waveguide modes, which results in the EIT peak, also causes a low-loss mode in the disper-
sion relation, where the interference of the waveguide modes avoids coupling to the cut-wires. This
mode can be tuned directly through the cut-wire parameters and it exhibits extremely low losses
at the edge of the FBZ. Next, we have looked into finite cut-wire arrays, finding that the structure
supports Fabry-Perot type resonances and that the highest order cavity modes retain the avoided
coupling to the cut-wires, causing them to have dramatically reduced losses. As such, Q-factors
of 4000 and above can be created through the hybridisation of the plasmonic cut-wires and the
photonic waveguide. Furthermore, we have demonstrated how the individual loss channels of the
highest order mode can be tuned through the specific geometry of the system, enabling the trans-
fer of losses from dissipative absorption to potentially useful propagating waveguide modes. We
have briefly investigated disorder in the array period and found that through a small detuning of the

cut-wire from the waveguide modes at the edge of the FBZ, the hybrid cavity modes can be made
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to be robust, retaining their Q-factors in the presence of random disorder on the nanometre scale.
Finally, we have considered the cut-wire device as a passive delay line and found that, despite the
use of lossy cut-wire resonators, the side-coupled CROW scheme which enables the formation
of loss low modes means the system has the same order of transmittivity as traditional dielectric
based CROWs.

As for the future development of these ideas, it would be important to incorporate experimental
evidence when analysing the cut-wire arrays. Whilst we have looked into random disorders of the
order 2.5nm, which are within the range of EBL techniques, it is important to validate that these
devices can be produced in the lab. The system is designed to be simple to fabricate, building
metallic particles on industry standard dielectric wafers. There is also the potential to consider
the cavity lasing of a finite CROW. The mode discrimination, due to the steep increase in loss
as the mode order decreases, should lead to a single mode lasing device, which could be easily
incorporated in the SOI platforms and has the additional benefit of emitting directly into waveguide
modes, allowing the light to be funneled for use elsewhere.

In the second half of the thesis we have been concerned with the surface modes produced by
periodically texturing a planar metallic layer. First, we reviewed the spoof SPP and then consid-
ered altering the traditional spoof rectangular indentations to analyse the affect on the spoof SPP
characteristics. We employed the coupled mode method to consider the effect of incorporating a
slant angle into the grooves, with the effect that the spoof SPP modes become less confined to the
surface and blue-shift as the angle increases. Finally, we considered a limiting case of the model to
investigate right-angled triangular indentations, a spoof geometry very different to those normally
considered. Here we found that indentations with the largest perpendicular distance into the metal
surface produced the highest confinement of the modes, and lowers the energy of the spoof SPP
dispersion relation.

The design of the spoof SPP plasma frequency through geometric parameters enables the de-
signer to tune both the position and shape of the dispersion band, tailoring the structure for their
needs. Whilst this freedom of design exists for THz and lower frequency spoof SPPs, the metal dis-
persion at IR and optical frequencies means that existing theoretical descriptions do not accurately
predict the spoof SPP characteristics for higher frequency regimes. In chapter 6, we extended the

CMM to real metals by using MIM waveguide modes within the rectangular grooves. This method
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recovers both; the spoof SPP dispersion relation for PECs in the limit that ¢, — —oco and the SPP
dispersion relation as the groove area — 0, leaving a planar metal dielectric interface, presenting
an accurate method of spoof SPPs for optical frequencies and below. Importantly, this method also
allows an analysis of the modal losses of spoof SPPs and their geometric dependence. We find
that the groove width is an extremely important parameter in smaller structures, as the squeezing
of the MIM model leads to a red-shifting of the mode and an increased modal loss, processes
which accelerate as the width becomes smaller. Despite the good agreement between theory
and simulations, the method is not applicable for very small distances between adjacent grooves
(< 40nm); then the grooves can no longer be considered isolated as the skin depth into the metal
extends from the MIM mode into the grooves either side. Furthermore, the method leads to small
discontinuities in the field profiles due to the treatment of the grooves as semi-infinite MIM waveg-
uides. We have also considered the applicability of MIM modes to the EOT phenomena using
the CMM, finding that MIM modes are necessary to get the required red-shifts of the transmission
spectra at the optical and IR frequencies. However, the method underestimates significantly the
absorption losses as it does not consider the direct excitation of SPPs on the horizontal interfaces.
Finally, we have considered whether the losses of the spoof SPP modes can be overcome with
gain media. Using a simple frequency domain analysis we find that the spoof SPP modes are
much more susceptible to gain within the grooves than above them, and that, at A = 1550nm, the

gain required is well within the range of current semi-conductor materials.

Overall, the theoretical model we have presented means that the design and tuning of structural
metallic surfaces in the IR and optical regime can be done quickly and semi-analytically rather than
relying on intensive numerical calculations. Both our studies on slanted and real metal spoof SPP
modes confirm that it is the optical path length of the surface indentations that is important when
determining the spoof SPP characteristics rather than a specific geometric parameter. Hopefully,
it should also provide an avenue whereby the losses of spoof plasmon devices in the THz and
on the cusp of the IR spectral regions can be considered and even minimised via the geometric
parameters. As for further work on these ideas, the incorporation of MIM modes into the CMM for-
malism means that if should be straightforward to transfer other spoof SPP designs into dispersive
materials. Recently, there has been interest in using defect modes within spoof plasmon structures

to produce novel toroidal resonances that exhibit small mode volumes and high Q-factors through
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the use of a two dimensional groove metal array [166]. Such a defect mode would be highly desir-
able for plasmonic systems which, whilst providing small mode volumes, do not typically have high
Q-factors. However, extending the theory to 2D modes and defects is non-trivial due to the prob-
lems when describing 3D dielectric waveguide modes where exact analytical solutions are rare.
Although methods exist to describe these modes (for instance see Marcatili's method [167]) these
are approximate and do not generally apply to a high index contrast between the cladding and
core, which is the case of MIM waveguides. As such, in these cases, it may be more appropriate
to apply the CMM as a general guide to the expected spoof SPP characteristics before optimising

with numerical tools.
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A Poyntings theorem

When considering the dispersion of the material for Poynting’s theorem we follow the derivation of

Jackson [31]. Poynting’s theorem states that

ou
~5;=V-S+J-E (A.1)

To calculate the energy from the FEM numerical simulation software we use the time-averaged
values. Considering the spatial extent of the modes and fields it is necessary to integrate the fields

over the total modal volume, V, which is bound by the surface S. By using Stoke’s theorem we

_/V<2Ltl>dV=/s<S>-dS+/V(J-E>dV, (A2)

where all the fields are real. u is the energy density and is equal to

arrive at

oD oB

Transforming the fields into the Fourier domain and assuming that we are dealing with linearly

dispersive media we have from the constitutive relations that

D(r,w) = e(w)E(r,w),

(A.4)
B(r,w) = p(w)H(r,w).
Taking the electric part of the energy density we can rewrite
E(r, t) ) 8D(r, t) _ /dwE(r,w)e—iwl‘ . g / dw'E(r,w’)e_i“"t,
ot ot (A5)

= /deW'(iW’)e(w’)E(r, w) - E(r, w')e 1wt
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As E(r, t) = E*(r, 1), i.e. the time-dependent fields (and material functions) are all real, E(r, w)e~ /!
can be replaced with E*(r,w)e™!. Due to the same condition we also have that E*(r, w) = E(r, —w).

Thus the above expression can be altered to

E(r, 1)

= / dwdw' (—iw')e(WE*(r, w) - E(r, w)e~ w1, (A.6)

By splitting the integral in two and letting w, v’ — —w’, —w this can be rearrange further to

;/dwdw/E*(r,w') -E(r,w) [(—iw)e(w) + iwle(w')} . (A.7)

Assuming that the relevant electric field terms are contained in a relatively small frequency range
(around wq), over which =(w) does not vary significantly, we can expand the term jw’s*(w’) via a

Taylor series around the point w yielding that
N / H * / d H * /
iwe(w) = iwe(w) e(w’) + %(lws (W)W —w) (A.8)

And therefore
(—iw)e(w) + iw'e(W') =~ iw(e* (W) — e(w)) —

= 2wlm[e(w)] — i(w — o’

Ultimately this allows the rate of change of the electric component of the energy density to be

re-formulated as:

E(r’ t) : = /dwdw'wlm[e(w)]E*(r, wl) . E*(r, w)e—f(w—w’)t

(A.10)
+§E / dwdw’ { e*(x ))] E*(r,w') - E*(r,w)e @

The first term in the equation is the energy dissipated by the material due to the fact that the
permittivity has an imaginary component. As we are treating the metal as a dielectric there is no
free current and hence J in equation A.1 is equal to zero. However, there is still energy dissi-
pated/absorbed by the material. The second part is our amended rate of change of the electric
energy density for linearly dispersive media. Note that in the limit ¢ is real and dispersion-less it

recovers precisely the standard result of E(r, t) - 9D(r, t)/0t = ¢|E|?/2. Taking the time average
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A. Poyntings theorem

yields

<E(r, - o t)> = wolmi=(ewo)] (E(F, 1) - E(r, ) + ;| Re [W

T L}O (E(r,t)-E(r, 1)), (A.11)

where we have assumed ¢(w) to be the permittivity of a Drude type metal. A similar expression
can be derived for the magnetic term in equation (A.3). Thus, after taking the time averages of the

fields we find that equation (A.2) becomes (for a Drude type metal, with no magnetic response)
U=R+D (A.12)

where U, R and D correspond to the energy stored within the system, the energy radiated from

the system and the energy dissipated by the system respectively. They are defined as

3 nolHP  coRele(wo)l|EP | <olE[® wh(2wo + 1)
U_2Im[w0]/vl P i e sw A K (A.13)
R=- [ P Mas, (A14)
s 2
1E
D = —wp / Imle(o)] g V. (A.15)
v

Finally, the proportion of the energy lost to each decay channel is given by the relevant ratios

Yr= Im[wo]Z, (A.16)
V4 = |m[w0]Z, (A17)
(A.18)

where v, and ~4 are the radiative and dissipative decay rates.
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B Mode hybridisation theory: two waveguide modes

As before, each cut-wire resonator is treated as a harmonic oscillator (p) driven by the a time

harmonic electric field, in this case the sum of two waveguide modes, thus
p+yp+wip=giEie™" + goEre ™!, (B.1)

where g and g» are the coupling of each waveguide mode to the oscillator. Solving for the oscillator

p we find that
_ 9B+ gE i

= :
w§ — w2 — iyw

(B.2)
Now let us split the losses into three channels, v — 4/ + k1 + k2 Where k12 are the decays into
the 1st and 2nd order waveguide modes. As the scattered electric field is related to the oscillator

through gmEs = —xmp we find that the field scattered into each waveguide mode is

ik mw ikpw _i _i
%Em + &%En et = Im(rmmEm + rmnEn)e th, (B.3)
wy — we — Iyw Imwy — w* — Inw

ImEs = 9m (

where m and n are equal to either 1 and 2 or 2 and 1. Thus, rm, is the reflection of waveguide
mode m onto waveguide mode n via the cut wire resonator. As the field is scattered into both
directions equally we find that t,, = 1 + ryy and that t,, = ram. Now that we have all of our scattering
coefficients we can construct the transfer matrix to propagate the fields through the unit cell. The
waveguide modes A, A%, Bf,1+)1 and Bf,2+)1 enter the unit cell from the left and right, where the
A and B depict forwards and backwards propagating modes and the superscripts 1 and 2 list the
order of the waveguide mode. They propagate towards the cut-wire acquiring a phase dependent
on their waveguide mode order, exp(ik.%d/Z) and exp(ikﬁfg?d/Z), where kﬁ,ﬁg = n™w/c and ng;}) is

the effective index of the slab for waveguide mode m. Once they reach the cut-wire the fields are
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B. Mode hybridisation theory: two waveguide modes
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Figure B.1: Comparison of the dispersion relations calculated using (a) two waveguide
modes - equation (B.5) and (b) one waveguide mode - equation (4.5) for a range of dif-
ferent cut-wires resonances, ranging from wg = 0.975ws (dark red line) to wp = 1.025ws (grey
line), at intervals of 0.005wsg

either reflected, transmitted or absorbed within the losses of the resonator. Finally the waveguide
() A@ g

modes acquire anther phase of exp(ik,f,,”;) d/2) before exciting the unit cell as modes A, /,, A"/,, B,

and Bff). Writing this in matrix form we have

AL, (1 —ri1)e? —r —r e’ —rqe' Ay

Bl _1 4 (1+r)e? e @ pe By (B.4)
A$,2+)1 ot —rpe*v —rpe""" (1 —rp)e?v —r A2 | |
52?1 ripe=W=v e Uty) ro2 (1+rp)e? ) \BY

where u = ik&,}gd/z, V= ik‘%d/z and t' = 1 — tj1 — to. Applying the Bloch bound conditions that
A%’H = Af{) exp(ik,d) and 3211 = Bf{) exp(ik,d) allows us to calculate the dispersion relation as:
(cos[kyd] — cos[kZ)d])(coslk,d] — cos[kyyd] + i%} sin[kyd])

- 1" (cos[kyd] - cos[ki)dl) sinlkiZal

(B.5)

where once again we can use this to fit our results by varying the harmonic oscillator parameters.
Interestingly, the coupling terms g, do not appear in the dispersion relation, and although we have

introduced a new rate, ko, this must still remain part of the resonator losses. Importantly this model
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also recovers the previous dispersion in the limit that ko — 0 as the right hand side of equation
(B.5) — 0.

An example of the dispersion relations that can be modeled by this dispersion relation is shown
in figure B.1 (a). For comparison those with only a single waveguide mode are shown in figure B.1
(b). From the figure it is clear that only when the second waveguide modes are included do the
dispersion relations reproduce the proper curvature of the central CROW mode, and importantly it
cannot produce a band that is flat across the whole FBZ. Thus, the theory of mode hybridisation

with two waveguide modes reproduces the bands in the same shape as figure 4.5.
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C Overlap integrals

In this Appendix the explicit overlap integrals that are needed to solve the spoof SPP master
equations are given, as are there approximate form under the assumption that the wavelength is

much greater than the groove width

C.1 Straight grooves

The two overlap integrals from equation (5.5) are S, and T, and they are defined as

a/2 o _ 5m0 a/2 "
Som= [ SHX)xm(X)dx = / & cos(qm(x + a/2))dx,
—a/2 ad J_gp2

_ \/m Ikn [e—ikna/Z _ (_1)meikna/2}
ad K3 - g3 ’

and

a/2
Ty = / oy (X)xm(X)X,
—a/2

- — o) [
- \/ £ 5m0)(22 el / 2 cos(qm(x + a/2)) cos(quy (X + a/2))dx = Smny -
a —a/2

Finally we also have that S,, = S;,,,- Under the assumption that A >> a the overlap integrals
Snm =~ \/a/d, allowing equation (5.5) to be rearranged as the explicit dispersion relation, equation

(5.8).
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C.2. Slanted grooves

C.2 Slanted grooves

The overlap integrals that form equation (5.13), the slanted spoof SPP master equation, are defined

as

asec6/2
Srm = / dn(X)Xm(x cos 6) cos Odx,
—asecf/2

2_4 asec6/2 )
=/ admo cos ¢ o e k"X cos(qm(cos Ox + a/2))dx, (C.3)
—asec
= /2 —asmo — _ICC;):CQOSz - [e—ikn secha/2 (_1)meikn secfa/2 ’
m

1 asecf/2

Xom= ———— sin h —sinfx X cos 6)dx,
m Sm(pmh sy ) Sin(ER )xm(x coS 6)

\/2 oo 3% o ox sin(om(h — sin 0x) c0S(qm(c0s Ox + 2/2))d
= 7 sIN — SIN0X) COS COSOX + a X
sin( th ad /asec9/2 Prm m /

_ /2 —0mo [elk,, secfa/2 ((pm sin 6 — gm cos 0) cos(pmhy) — ikn Sin(Pmhy)
sm(pmh) ad k2 — (PmSinf — qmcos 6)2 (C.4)

N (pmsin 6 + gm cos 6) cos(pmhy) — ikn sin(pmh,)>
— (Pmsin 8 + gm cos 6)2
— (—1)meiknsecoa/2 <(pm sin 6§ — qm cos ¢) cos(Pmhs) — ikn sin(pmhs)
k2 — (pmSin — qmcos 6)2
N (Pm Sin 6 + gm cos 6) cos(pmhs) — ikn Sin(Pmhs) )]
k2 — (pmSin 6 + gm cos 6)2 ’
Nm YII asect/2
sin(pmh /asece/z

Y2 a0 [* o cos(pnh — sinex)sin(an(cos ox + a/2)d
= " CcOS — SINGX)Ssin Cosbox + a X
sin(pmh) ad /asec9/2 Pm m /

_ _im Y j2 —6mo [(_1)meiknsecea/2 <(qm cos 0 — pm sin 0) cos(pmhs) + ikn SiN(pmhs)
sin(pmh) ad k2 — (gmcos 0 — pmsin §)2

. (pm sin 0 + gm cos 0) cos(pmhs) — ikn sin(pmhs)>
— (Pmsin 6 + gm cos 6)2
_ glknseca/2 <(Qm Cos 6 — pm sin #) cos(pmhy) + ikn Sin(pmhy)
— (gmcos  — py, sin §)2
N (pmsin 6 + gm cos 6) cos(pmhs) — ikn sin(pmhs) )}
k2 — (Pm Sin 6 + gm cos 6)2 ’

Znm = dn(X) cos(pm(h — sin 0x))xm(x cos 6) tan(gm(x cos 8 + a/2))dx




C. Overlap integrals

and

asec6/2
Ty = / Xm(X cos 0) cos(p,,(h — sin 6x))x,(x cos 6) cos #dx,

—asec/2

V(2 = 6m0)(2 — o)
a

= CoSsf

asecf/
X / e cos(gm(x cos § + a/2)) cos(p,(h — sin x)) cos(qn (x cos @ + a/2))dx (C.6)

—asec6/2

P i 008 01/(2 = 570)(2 — dr0) (SiN(Par hs) (—1)™™ — sin(py )
) a((gm + gny)2 cOS2 0 — P2, sin® 0)
. (g5 + g3, cos® 0 — pZ, sin® ) |

((9m — Gmr)? c0S2 0 — p2, sin? 6)

where hs and h; are the lengths of the longer and shorter side of the rotated groove respectively.

They are given as

he = h— atzne,
atané (C.7)
h/ =h+ > .

Within the assumption that A >> a the lowest order overlap integrals become Sy ~ \/a/d, Xoo =~
vaj/dsect, Zys = 0 and Typ = sinc[kpatand/2]. Thus equation (5.13) can be transformed into
equation (5.15).

C.3 Real metal grooves

The overlap integrals given by equations (7.17), (7.18) and (7.19) are

/a/2 5 Ym(—a/2) gkna/2 _ giknd/2 g—am(d—a)/2 8)
g Omm®X =g —ikn ’ '
a/2 S = 1 {sin((qm kn)a/2) 4 (1)om sin((gm + kn)a/Z)} (C.9)
n - 3 .
73/2 qm + kn
d/2 J Xm 3/2 e ikna/2 _ e~ /knd/Ze—am(d a)/2 10
a/ ¢nXm X = \/a am + Ikn 3 ( . )
/—a/2 5 —— Xm(a/2 e ikna/2 _ e~ /knd/Ze am(d—a)/2 (C ] 1)
d/2 mxm Vd am + ikn ’ '
d/2 ikna/2 _ aiknd/2 o—am(d—a)/2
omyiiay < XmZ8/2) (e er’ce , (C.12)
a/2 \/a - /kn
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C.3. Real metal grooves

a2 sinllan—a)a/2) | (_ {ymsinllantan)a/2) o _qyment _ 1
/ Xy Xm0X = — am =G (=1) qm+Gy (=1 : (C.13)
—d/2 a | 0, otherwise
a2 L+ 1 — g (am+ayy)(d—a)/2
/ X Xm0X = Xm(—a/2)xnv(a/2) , (C.14)
a/2 am+ Oy
az. B 1 _ e—(am+ay)(d-a)/2
/ X Xm0X = Xin(@/2)xm (—a/2) . (C.15)
73/2 Oém + am/

To find equation (6.20) we assume that the fields are concentrated within the groove and thus
we can ignore the integrals given by equations (C.8), (C.9-12) and (C.14-15). Under the assumption
that A > a, equation (C.9) ~ \/51/7 and equation (C.12) ~ 1. Using this it is possible to rearrange
equation (6.13) to find equation (6.20).
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