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Abstract

Nanoplasmonic surfaces are known to be able to alter the localisation and

propagation characteristics of light owing to the subwavelength interactions

with the metallic elements. The recent improvements of nanolithography and

self-assembly techniques have enabled the design of ever smaller and intric-

ate structures with a high precision, allowing for research into more complex

nanoplasmonic structures that control light on the nano-scale. Up until now,

plasmonic surfaces are mostly operated with out-of-plane excitation which, al-

though well-established and experimentally convenient to perform, has limited

potential for on-chip applications.

The integration of surface plasmonic structures with photonic waveguides

allows for light to be con�ned to a guiding layer while being kept in interaction

along the surface structure without inducing uncontrolled scattering or excessive

dissipative loss. In this work, plasmonic surface structures such as plasmonic

antennas and array structures that are integrated with a CMOS compatible plat-

form are explored. In particular, a new class of plasmonic surfaces, plasmonic

nanogap tilings, are introduced. Remarkably, these simple periodic structures

provide a rich physics characterised by many di�erent regimes of operation,

including subwavelength surface enhancement, hybrid plasmonic-photonic res-

onances, transmission stop-bands, resonant back scattering, coupling to out-of-

plane radiation and asymmetric transmission. The ability of the nanogap tiling

to concentrate the �eld on the surface is studied in detail as it allows for sensing

changes in the dielectric medium on the accessible surface or the inclusion of

nonlinear or gain materials to functionalise the device in an integrated setup.
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Chapter 1

Introduction

Technology is ever pushing towards smaller and faster devices for use within a

wide range of scienti�c applications. Electronic systems alone are fast approach-

ing their fundamental limits of speed and bandwidth and considerable e�ort is

being expended to circumvent these limits. One leading solution is to replace

the use of electrons as the information carrier with electromagnetic waves, via

the use of photonic platforms, as the waves travel at the speed of light. However,

the geometry of photonic devices is limited by the di�raction limit of light [2]: a

constraint in the con�nement of light of the order of around half the wavelength

of the light. Visible light's wavelength, for example, is many times larger than

the smallest geometric size of current electronic components, rendering the use

of optics inadequate for miniaturisation. Shorter light wavelengths may be used,

such as ultra-violet, but these can be damaging to some materials in chemical

or biological applications.

Despite some plasmonic e�ects being seen in the early 1900s [3, 4], it took

until recent years [5] before their origins were su�ciently understood to allow

further research into plasmonics. This research has lead to new methods of

controlling light in the subwavelength [6]; well beyond the di�raction limit. It

was observed that light can be con�ned to interfaces where the permittivity

changes sign, such as that of a metal-dielectric interface when the frequency of
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the light is below the plasma frequency of the metal. Collective oscillations of

the free electrons at the surface of a metal, known as surface plasmons, form

under the in�uence of an incident electric �eld [7]. Under certain conditions,

these surface plasmons are able to couple with light to produce a propagating

wave along the interface [8], known as surface plasmon polaritons. Metallic

particles, due to their small size, limit the propagation of the surface plasmon

polaritons resulting in standing wave resonances within the particle. These

are known as localised surface plasmon resonances [9, 10], and are sensitive

to the size and shape of the particle as well as the dielectric environment in

which it resides [11]. This enables metallic particles to be used for a variety of

di�erent applications, such as scattering antennas [12] and biosensors [13, 14].

The resonances of individual particles are able to interact with neighbouring

particles, providing a means to transfer energy along the structure [15].

With the recent advancement in nanolithography and other technologies

[16], the fabrication of nano-scale metallic structures that resonate with visible

and infra-red light has been possible, renewing interest into plasmonics and

subsequently nanoplasmonics. This allows for the creation of structures whose

only limitation in size is due to the atomic nature of matter itself. Plasmonic

guides are able to channel light [17, 18] and focus it into a single hot-spot [19].

This paves the way for nano-tip detection and excitation devices that are now

widely used [20, 21].

Plasmonic nanostructures, whose structure is smaller than the wavelength of

light, alter the bulk properties of a material in a similar way to photonic crystals

[22]. This behaviour provides the foundation for the vast world of metamater-

ials; designer materials whose properties are de�ned by their structure rather

than the material the device consist of. With the properties of the medium being

controllable by the structure of the device, along with the improving technology

in nano-scale fabrication, it is possible to create metamaterials with proper-

ties that are not found in nature. Such properties include materials capable

of altering the propagation of light [23] and which simultaneously have both a
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negative permittivity and permeability for a given frequency band [24, 25], lead-

ing to e�ects such as perfect lensing [26], cloaking [27, 28] and slow or stopped

light [29] useful for (e.g.) data storage. The abilities of plasmonic structures

and metamaterials to provide such expansive and exciting concepts are rapidly

pushing forward research into the �eld of nanoplasmonics.

Two dimensional metamaterials (or metasurfaces [30]) which consist of sub-

wavelength arrays of plasmonic nanoparticles are frequently studied. Plasmonic

surface structures, such as these metasurfaces, are usually illuminated by out-

of-plane radiation [31], with the transmission and/or re�ection being recorded,

as this method is both numerically and experimentally convenient to perform.

Many plasmonic surface structures have undergone extensive research due to

the wide array of properties and e�ects they have shown, such as extraordin-

ary transmission through holes arrays [32, 33], varying colour resonances [34, 35]

and surface �eld enhancements that are important for sensing applications, such

as surface enhanced Raman scattering [36] and �uorescence [37]. The enhance-

ment of the electromagnetic �eld strength in the nanogaps between plasmonic

particles is known to improve the sensing abilities of devices [38, 39], which can

additionally be improved when arranged in an array [40, 41].

Unfortunately, the use of plasmonics has a major drawback: the Ohmic losses

induced within the metallic components render the structures inherently lossy

when compared to non-metallic optical devices. Therefore, a lot of research is

being directed into methods of overcoming the losses associated with plasmonics,

such as creating active and gain-enhanced structures [42, 43], or integrating

plasmonics with photonics [44, 45] to increase the propagation lengths.

The work of this thesis investigates the latter of these techniques by integ-

rating a patterned metallic surface with a photonic waveguide. The light wave

in the device hybridises between the two systems combining the long-range

propagation of the photonic waveguide with the functionality of the plasmonic

structure. Such hybrid plasmonic-photonic structures are known to signi�cantly

increase propagation lengths [44]. Gain can still be incorporated into hybrid
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systems [46, 47], potentially allowing for both methods to assist in controlling

the loss. Since the surface structure is illuminated by the underlying waveguide

mode, the surface structure is kept in interaction along the entirety of its length.

In addition, the waveguide mode has a phase retardation that can be synchron-

ised with the structure spacing, producing Floquet-Bloch waves which resonate

with the periodic medium.

Integration of plasmonics with photonic platforms lends itself to surface

structures which can be illuminated by the evanescent tail of the waveguide

mode. This indirect coupling can result in strong plasmonic e�ects without

inducing the high losses otherwise associated with plasmonic modes. The polar-

isation of the electromagnetic �elds relative to the surface structure will change

the interaction of the �elds with the plasmonic elements, such as altering the

pro�le of the guided mode or charge separation across the elements.

The following chapter begins by introducing the classical electromagnetic

theory via the use of Maxwell's equations. It continues by describing dielectric

and plasmonic materials before ending with a overview of the simulation method

used in this work.

Chapter 3 introduces the hybrid platform used for the research of this thesis.

It explores the photonic system and its associated modes, and introduces a

simplistic one-dimensional plasmonic surface grating for coupling between the

photonic waveguide and external radiation.

Chapter 4 introduces a particular class of plasmonic surface structures,

nanogap tilings, and discusses in detail the optical properties of one type of

nanogap tiling, triangular nanogap tile structure. To begin, an isolated trimer

molecule is explored on the photonic platform to examine the scattering and �eld

enhancement produced by the nanogap. This exploration is then extended to

cover a dense triangular array of these trimer molecules (the triangular nanogap

tiling), looking in detail at the di�erent regimes of operation available. These

include out-of-plane scattering, resonant backscattering and hybridisation of the

plasmonic mode. The scattering spectra of the device is then compared to the
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same device but with reversed illumination revealing asymmetric transmission

and mode conversion. Finally the surface enhancement ability of the tiling is

explored and applied to the theoretical use of a gain medium to counter the

losses of the system.

Chapter 5 concludes this work and o�ers some examples of further potential

research using the proposed hybrid platform.
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Chapter 2

Electromagnetic Theory

This chapter provides an overview of the interaction of light with matter as

described by Maxwell's equations (section 2.1). When these equations are used

in conjunction with the constitutive relations, the dipole response of matter to

electromagnetic �elds can be described and single-�eld variants can be formed

to describe the interaction of light with matter. These equations can be applied

to planar dielectric systems (section 2.2) and plasmonic systems with the addi-

tion of the Drude model description (section 2.3), yielding modal information

regarding the polarisation of the electromagnetic �elds in relation to the geo-

metry of the system. These mode conditions, along with appropriate boundary

conditions, simplify the system of partial di�erential equations which are solved

computationally (section 2.4) for the geometries studied in this thesis.

2.1 Maxwell's Equations

Maxwell's equations describe the evolution of electromagnetic �elds and are

named after the physicist James Clerk Maxwell who formulated the equations

over 150 years ago [48]. The set of equations are able to accurately describe a

wide range of classical electromagnetic phenomena, from scales of that of the

cosmos down to the nano scale [6].
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Maxwell's equations are used in the context of the present work to describe

the local interaction of light with nano scale metallic particles and dielectric ma-

terials. They accurately describe the evolution of electromagnetic �elds within

a given system.

The electric �eld intensity E(r, t) and magnetic induction B(r, t) can be

described by the set of equations [49]

∇ ·D(r, t) = ρf (r, t) (2.1a)

∇ ·B(r, t) = 0 (2.1b)

∂

∂t
D(r, t) + Jf (r, t) = ∇×H(r, t) (2.1c)

∂

∂t
B(r, t) = −∇×E(r, t). (2.1d)

The set of equations 2.1 are Maxwell's equations in their macroscopic form.

They describe how the electromagnetic �elds evolve through space and over

time. The macroscopic �elds, electric displacement D(r, t) and magnetic �eld

strength H(r, t), are connected to the microscopic charge density ρm(r, t) and

current density Jm(r, t). These describe bound charges and currents on the

scale of atoms or molecules of the system, spatially averaged to obtain the

macroscopic descriptions.

In the absence of free charges (ρf (r, t) = 0) and currents (Jf (r, t) = 0), the

set of equations can be simpli�ed. To relate the macroscopic �elds with the

spatially averaged microscopic �elds, constitutive relations are necessary. The

constitutive relations can be expressed as

D(r, t) = ε0E(r, t) + P(r, t) (2.2a)

B(r, t) = µ0(H(r, t) + M(r, t)), (2.2b)

where P(r, t) = P[E](r, t) and M(r, t) = M[H](r, t) are the electric polarisa-

tion and magnetisation of a material respectively. This describes the dipole
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response of a material to the electromagnetic �elds. The square brackets denote

a functional dependence on the history of the electromagnetic �elds.

In the case of an electromagnetic �eld whose evolution can be expressed as

a frequency-dependent solution (i.e. time-harmonic) in a dispersive and linear

material, the local polarisation and magnetisation can be written in the form

P(r, ω) = ε0χe(r, ω)E(r, ω) (2.3a)

M(r, ω) = χν(r, ω)H(r, ω), (2.3b)

where ε0 and µ0 are the free-space permittivity and permeability, respectively.

The χe(r, ω) and χν(r, ω) terms are the electric and magnetic susceptibilities

of the medium which describe the strength of the response of the material to

the electromagnetic �elds. The susceptibilities are related to the relative per-

mittivity εr(r, ω) = 1 + χe(r, ω) and permeability µr(r, ω) = 1 + χν(r, ω) of the

material.

The constitutive relations can now be combined with Maxwell's equations

to give two time-harmonic di�erential equations for the electric and magnetic

�elds depending on the permittivity and permeability of the material

−iωε0εr(r, ω)E(r, ω) = ∇×H(r, ω) (2.4a)

−iωµ0µr(r, ω)H(r, ω) = −∇×E(r, ω). (2.4b)

It is clear from the above equations that the electric �eld can be determined

from the magnetic �eld and vice versa. This allows for the above equations to be

combined and rewritten in terms of one of the electromagnetic �elds, rendering

the equations independent. This is favourable when solving computationally as

only one of the two �elds needs to be calculated for a given system, yielding

the solutions for both �elds. This substitution provides a Helmholtz equation,

linking the time and space components for the �elds.
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The electric Helmholtz equation is as follows

ω2

c2
E(r, ω) = ε−1

r (r, ω)∇×
[
µ−1

r (r, ω)∇×E(r, ω)
]
, (2.5a)

with the magnetic case

ω2

c2
H(r, ω) = µ−1

r (r, ω)∇×
[
ε−1

r (r, ω)∇×H(r, ω)
]
. (2.5b)

Alternatively, the two equations can be obtained from each other with the

substitutions E→ H, H→ −E and µ↔ ε.

The direction and amplitude of the power �ow of electromagnetic energy is

given by the Poynting vector, and it is calculated as the cross product of the

two electromagnetic �elds

S = E×H. (2.6)

In frequency domain, it is generally useful to know the average power �ow

per unit of time, which can be calculated from treating the electromagnetic

components as complex vectors

〈S〉 =
1

2
Re {E×H∗} . (2.7)

In the next section, equations 2.5 will be solved for basic planar dielectric

systems before discussing the inclusion of plasmonic materials in preparation

for the hybrid plasmonic-photonic platform introduced later in the thesis.

2.2 Planar Dielectric Structures

The Helmholtz equations (2.5) can be applied to planar dielectric systems to

provide the propagation characteristics and polarisations of the electromagnetic

�elds within these systems.

Consider a homogeneous and isotropic dielectric medium with a propagating
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plane wave in the positive z-direction. Such a system supports transverse elec-

tromagnetic (TEM) modes, where there are no �eld components in the propaga-

tion direction (Hz = Ez = 0). Now consider a planar dielectric system with

varying material properties in the y-direction (also known as a stack or slab

material system). With the geometric variation in the y-direction the �eld ori-

entation relative to the stack becomes important, resulting in two fundamental

orientations: when one or the other of the two electromagnetic �elds is tangen-

tial to the planar stack. These are known as the transverse electric (TE) and

transverse magnetic (TM) modes and are depicted in �gure 2.1.

Figure 2.1: TE and TM electromagnetic �eld polarisations for a planar dielectric
stack.

The TE solution has no electric component in the propagation direction

(Ez = 0) and is polarised to oscillate in-plane to the structure (i.e. Ey = 0).

Therefore, the TE solution only has a single electric �eld component and can

be written as

E(r, ω) =


Ex

0

0

 , H(r, ω) =


0

Hy

Hz

 . (2.8)

From this condition, an ansatz can be made for a solution to the electric �eld

since the amplitude and polarisation of the �eld remains continuous along the

z-direction and additionally, due to the continuous planar geometry, the �elds
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also do not depend on x. Therefore, the following solution can be proposed

E(y, z, ω) = E(y)e−iωt+iβz, (2.9)

where the propagation constant of the mode is given by β = neffk0, where neff

is the e�ective refractive index of the mode (n =
√
ε).

Inserting this solution into the Helmholtz equation from section 2.5, the

following eigenvalue equation is found

(
n2ω

2

c2
− β2

)
Ex = µr

∂

∂y
µ−1

r

∂

∂y
Ex. (2.10a)

For a given frequency ω, β is the corresponding eigenvalue of the solved

mode. For a purely dielectric (and therefore non-magnetic) stack, the relative

permeability µr = 1, simplifying the equation further. The di�erential Helm-

holtz equation is solved for given geometry parameters (i.e. the spacial depend-

ence of the permittivity and permeability), providing the solutions to the TE

polarised electromagnetic �elds.

Using the same substitutions as before (E → H, H → −E and µ ↔ ε), the

TM solution is equivalently obtained, directly from the TE Helmholtz equation

(
n2ω

2

c2
− β2

)
Hx = εr

∂

∂y
ε−1

r

∂

∂y
Hx. (2.10b)

At the interface between two dielectrics, any light wave which passes between

the two media will undergo refraction due to the di�erence in permittivities. In

order for the wavevector along the interface between the two dielectric media

to remain constant the speed of the propagating wave must change from one

medium to the other, resulting in a change of the angle of propagation (see

�gure 2.2). The angle from the normal of the interface is greater in a lower

permittivity material after refracting from a higher permittivity material. At

a certain large enough incident angle, known as the critical angle, the refrac-

19



ted wave propagates along the interface. If the incident angle was to increase

further, the light would no longer be transmitted but instead totally internally

re�ects back into the source medium. Note that this cannot happen when going

from a lower permittivity dielectric to a higher permittivity as the wave refracts

towards the normal to the interface. A by-product of total internal re�ection

is the appearance of an evanescent wave at the interface. Essentially, the �eld

penetrates into the second medium, without any transfer of energy. The evanes-

cent wave propagates along the interface, and exponentially attenuates into the

second medium. The wavevector of the evanescent propagation is equivalent to

the projection of the incoming wavevector to the plane of the surface.

Figure 2.2: Refraction (left) and total internal re�ection (right) at the interface
between two dielectrics, where ε2 > ε1. The electric �eld of the re�ected wave
(dashed arrow) is not shown for clarity.

If an additional low-permittivity layer is added around the higher permit-

tivity layer such that a three-layer slab (or planar) waveguide structure is con-

structed, then the light can be con�ned to the higher permittivity waveguide

via total internal re�ection from both interfaces. This e�ectively traps the light

within the higher permittivity layer resulting in an e�ectively bound mode. Due

to the discrete size of the waveguide, the transverse resonance condition states

that only discrete waveguide modes may form due to the interference of the

wavefronts after re�ecting o� both interfaces. These discrete waveguide modes

form harmonics of the system; the fundamental mode being depicted in �gure
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2.3.

Figure 2.3: A bound mode within a dielectric slab waveguide, where ε2 > ε1, ε3.

The bound mode produced by the waveguide stack forms the basis for the

integrated dielectric platform used in this work. The evanescent �eld of the

bound mode is exploited by a plasmonic material, introduced in next section.

2.3 Plasmonic Materials

Plasmonic materials are materials which have a plasma or plasma-like property

that can be in�uenced by external electromagnetic �elds, notably metals with

their free electron density. In the case of metals, an applied electric �eld will

cause a shift in the electron density of the metal, inducing an electric �eld

which counteracts the incident electric �eld within the material. An oscillating

incident �eld will cause the electrons to oscillate within the metal forming a

plasmon. These shifted electrons have a restoring force on them from the lattice

of positive ions of the metal, allowing the electrons to shift back to equilibrium if

the external �eld is removed. This return to equilibrium happens at the plasma

frequency ωp of the metal, given by the free electron model as

ωp =

√
Ne2

m∗ε0
, (2.11)
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where N is the electron number density (concentration) and e is the unit charge.

If the frequency of the external electric �eld is much lower than the plasma

frequency of the metal (ω � ωp), the electron density is able to shift completely

within one oscillation, resulting in the complete compensation of the electric

�eld, nullifying it and causing the wave to be fully re�ected. If the frequency

of the external light becomes greater than the plasma frequency (ω > ωp), the

electron motion cannot fully counteract the �eld allowing the �eld to penetrate

into the metal.

The permittivity of a metal εm can be estimated with the Drude model,

named due to the similarities with the model for electrical conduction in metals

proposed by Paul Drude. The complex permittivity of a Drude metal is written

[50]

εm(ω) = εb −
ω2

p

ω2 + iωγ
, (2.12)

where εb (sometimes written ε∞) is the metal's bulk (background) dielectric

permittivity (often given the value of 1), ωp is the plasma frequency of the

metal, from equation 2.11, and γ is the attenuation constant (i.e. the losses) of

the metal. The attenuation arises due to Ohmic loss from the resistance of the

electron motion from the material, due to, for example, collisions and scattering

of the electrons by the lattice of ions in the metal. At frequencies higher than

the plasma frequency (ω > ωp), the ω2 term becomes dominant, and the losses

of the system become negligible (as γ � ωp). From equation 2.12 it is clear

that for frequencies below the plasma frequency (ω < ωp) the permittivity of

the metal becomes negative. For noble metals, such as gold and silver, this

occurs at ultra-violet frequencies, and therefore the permittivity of these noble

metals is negative at optical wavelengths.

The parameters of the Drude model, εb, ωp and γ, can be tuned to �t ex-

perimental data within a desired range; this provides a �t that can be used to

de�ne the permittivity of the metal for a wide range of frequencies. To globally

�t experimental data on the other hand, additional models would need to be
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included as the free electron model is no longer su�cient to explain the char-

acteristics of experimentally measured data. This can be seen by the deviation

of the imaginary part of the Drude model (blue lines) to the experimental data

of silver (dots) in �gure 2.4 at short wavelengths. However, this is beyond the

range of wavelengths used in this thesis (λ0 ∼ 1550nm) and therefore the Drude

model is su�cient to model the permittivity of the metal.
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Figure 2.4: The Drude model �t (coloured lines) to the complex permittivity
data (dots) for silver (Ag) taken from [51], using the �tting parameters εb =
4.05, ωp = 1.39× 104 THz and γ = 31.4 THz.

At an interface where the permittivity of the media changes sign, such as a

dielectric (with a positive permittivity) and plasmonic metal (below its plasma

frequency, and therefore with a negative permittivity), the formed plasmon is

tightly con�ned to the interface between the metal and dieletric [7] (see �gure

2.5). This surface plasmon (SP) has an electric �eld which decays exponentially

away from the surface into the metal and the dielectric. Due to the SP being

strongly con�ned at the interface, the electric �eld in the dielectric near the

metal surface has a high �eld strength. This makes SPs sensitive to near-�eld

conditions which makes them ideal candidates for applications such as sensing

[14] or with the use of nonlinear materials whose responses are dependent on

the �eld strength.

The surface plasmon is dependent on the plasma frequency of the metal and
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Figure 2.5: The surface charge (left) and electric �eld pro�le (right) for a surface
plasmon at the interface between a metal and a dielectric.

the permittivity of the dielectric at the interface (here assuming εb = 1)

ωsp =
ωp√

1 + εd
. (2.13)

Light can couple with surface plasmons at surface of the metal forming

surface plasmon polaritons (SPPs). These SPPs propagate along the interface

and are generally short ranged due to the evanescent penetration of the �elds

into the lossy metal. It follows from Maxwell's equations that SPPs at the

interface between a metal, characterised by its permittivity εm = εm(ω), and a

dielectric εd = εd(ω) obey the dispersion relation [49]

βspp =
ω

c

√
εmεd

εm + εd
, (2.14)

where c is the speed of light in vacuum.

Figure 2.6 shows two example SPP dispersion graphs for a metal-dielectric

interface where the dielectric is air and silica. For small wavevectors, the SPP

dispersion closely follows that of the light-line of the dielectric medium. With

increasing wavevector, the SPP dispersion drops away from light-line, asymp-

totically approaching the SP frequency of the metal-dielectric interface. For air

(εd = 1), the SP frequency is ωsp = ωp/
√

2. Below the SP frequency, the SPP

wavevector is real and therefore the SPP is bound to the surface. Between the

surface plasmon frequency and the plasma frequency of the metal, βspp becomes

purely imaginary (in the limit of a loss-less material), as no propagating electro-
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Figure 2.6: The surface plasmon polariton dispersion for metal-air and metal-
silica interfaces, highlighting the light-lines for the two dielectrics and their
relative surface plasmon frequencies.

magnetic mode is supported. Above the plasma frequency, the metal becomes

transparent as propagating bulk modes are supported within the metal.

Plasmonic surfaces may be used to guide the SPP by the use of a defect

in the surface, such as a groove or channel [52, 53]. These channels localise

the SPP and guide it, often with high levels of light con�nement [18]. With

this control over the propagation of light, applications such as ultra-compact

waveguiding plasmonic components can be realised [54].

The surface plasmons formed on small metallic particles are unable to propag-

ate far due to the �nite size of the particle. An oscillating electrical �eld across

the particle causes a build up of electric charge at the edges of the particle [55],

peaking when the particle size is resonant with the illuminating wavelength

of light [56, 57]. These localised surface plasmon resonances (LSPRs) concen-

trate the �elds at the particle extremes, even for o�-resonant excitation or sub-

wavelength particles, as explained by the lightning rod e�ect [36]. As su�cient

�eld penetrates the metallic particle, LSPRs are highly lossy, especially when

in resonance with the particle.

The restoring force from the ions in the metal provides the oscillation reson-

ance of the LSPR, which is sensitive to both the size and shape [11, 58] of the
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particle as well as the dielectric environment [11, 59]. This allows LSPRs to be

used with devices that bene�t from high �eld enhancements, such as the sens-

ing of changes in the dielectric environment [13]. Larger particles will support

higher order LSPRs [60].

Nanoparticle LSPRs, with strong �elds at their edges, can couple to particles

in close proximity via near-�eld interactions [61]. This has been well explored for

particle pairs [62], chains of particles [15, 63] and holes [64], and is increasingly

explored in molecule clusters [65, 66] and arrays [67], giving rise to lattice surface

plasmons. Lattice surface plasmons propagate energy along surface structures

[68] given a su�ciently close proximity of the particles. Particles with large

separation distances are unable to couple via their near �elds but may couple

via far �eld interactions allowing them to couple via radiative modes in much

the same way as gratings [69, 70].

The next section will introduce the simulation methods used for the work

of this thesis. The computational method builds upon the models and equa-

tions discussed in this chapter to �nd solutions to electromagnetic problems for

speci�c structures.

2.4 Numerical Methods

Numerical studies of the interaction of electromagnetic �elds with material en-

vironments are performed by computational electromagnetics. Maxwell's equa-

tions are used to provide e�cient and accurate solutions to simulated problems

in order to prepare, test and optimise new ideas and structures without the need

for fabricating samples for experiments.

The simulations in this thesis make use of the �nite element method (FEM)

which �nds approximate solutions to partial di�erential equations; Maxwell's

equations in the case of electromagnetism. The di�erential equations are applied

to small discrete �nite elements of the full geometry. The discretised mesh can

be adaptively re�ned for areas where a higher degree of accuracy is required, or
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where smaller geometric features are present. The FEM is used in this work to

solve two particular problems. The �rst is a mode solver for a given geometry,

the second is a scattering solver of a propagating electromagnetic wave through

a geometry.

In mode solving problems either the magnetic or electric time-harmonic Max-

well's equations (equations 2.1) with geometric properties, such as the permit-

tivity, permeability and sizes of the materials, and appropriate boundary con-

ditions, can be used to �nd the solutions of a system at a given frequency. By

providing the frequency value ω for equations 2.10 the partial di�erential equa-

tion becomes an eigenvalue equation, allowing for multiple eigenvalues, and

therefore discrete solutions, to be calculated for one geometry.

In scattering problems the geometric properties are given for the compu-

tational domain in addition to incident (or source) electromagnetic waves on

the structure. The electromagnetic response of the geometry to the incident

light wave is calculated in terms of re�ection, refraction and di�raction. The

source light can either be a plane wave from a single-material boundary or from

a previously solved mode for the matching geometry stack of the excitation

boundary. Again, the Helmholtz equations are solved for the given geometry

and boundary conditions, providing a steady-state (time harmonic) solution of

the propagating mode in the system.

Two FEM software packages are used for the work of this thesis. JCMwave

(www.jcmwave.com) (where the 'JCM' stands for James Clarke Maxwell) is a

commercially available FEM software used for the majority of the mode solving

and scattering calculations. COMSOL Multiphysics (www.uk.comsol.com) is

also commercially available and is a more widely known FEM software package.

COMSOL is speci�cally used to perform the isolated trimer calculations in sec-

tion 4.1, due to the availability of a two-step process outlined in section A.2, and

the mode-speci�c scattering calculations in section 4.3, due to the availability

of the port boundary condition.

The right hand geometry in �gure 2.7 shows an example simulation setup
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for out-of-plane scattering. The geometry is assumed to be in�nite (or peri-

odic) tangential to the interface, with an external light source impinging on

the structure from an out-of-plane direction. The transmitted energy through

the structure (the transmission, T) and the energy re�ected back towards the

source medium (the re�ection, R) are obtained. Knowing the strength of the

light source (incident energy, I), the absorption within the structure (A) can be

estimated with A = I−T−R, assuming no other scattering channels are present.

Out-of-plane excitation is commonly used to explore structures numerically and

experimentally, as the simulated domains are small (being periodic) and the low

number of scattering channels are relatively easy to measure.

The left hand geometry in �gure 2.7 depicts a more complex example of

an in-plane excitation method. The system consists of a waveguide which re-

quires a previously solved waveguide mode to be injected. The energy from

the waveguide can transmit (T) and re�ect (R) within the plane, and with the

addition of scattering objects, such as a surface structure, the light will addi-

tionally be scattered towards the top (t) and bottom (b) of the system. This

provides additional scattering channels and therefore more information regard-

ing the performance of the structure. As before, there is absorption (A) if lossy

mediums are included. The scattering channel labelling and colours used in

�gure 2.7 will match those of subsequent scattering spectra.

Figure 2.7: A comparison of the in-plane (left) and out-of-plane (right) setups.
Introducing the transmission (T), re�ection (R), top (t; superstrate) and bottom
(b; substrate) scattering channels and the internal absorption (A).
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The de�ning feature of all numerical simulations are the boundary condi-

tions used for the edges of the computational domain. Boundary conditions

greatly a�ect the solutions produced, such as forcing electric �eld polarisations

at certain boundaries. The boundary conditions used for this work are described

below.

The periodic boundary condition (PBC) dictates that the �eld values on one

boundary must match that of the opposite boundary (with an optional phase

shift to the complex �eld). This is useful for simulating in�nitely large, periodic

structures as only a single unit cell of the structure is required to model the

behaviour of the full, in�nite structure.

Perfect electric conductor (PEC) and perfect magnetic conductor (PMC)

boundaries simulate perfect conductors of the electromagnetic �eld (electric or

magnetic). The matching electromagnetic �eld tangential to the boundary in-

terface is forced to be equal to zero. This is because the boundary is forced

to have zero resistance (i.e. has perfect conductance) to the induced electric

charge motion, inducing an identical �eld opposite the tangential �eld compon-

ent completely cancelling the �eld. The PEC or PMC boundary conditions act

as a perfect mirror for the given electromagnetic �eld allowing for a smaller com-

putational domain than a periodic system (half that of the unit cell), assuming

the unit cell has re�ection symmetry. It also will force the particular TE or TM

solution upon the system, depending on the choice of boundary condition used.

Perfectly matched layers (PMLs) are domains which extend the computa-

tional domain to simulate an in�nite extension to a material at the boundary.

PMLs enforce that all energy which passes into the PML will su�ciently ex-

ponentially decay to prevent re�ections back into the computational domain.

It can also be used as an external source under the assumption that the wave

originates on the computational domain boundary and propagates into the com-

putational domain. Therefore the incident light is not a�ected by the properties

of the PML boundary.

Port boundaries are mode-speci�c scattering boundaries which only allow a
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certain (pre-solved) mode to transmit through them, re�ecting all other contri-

butions from other modes. Multiple ports may be applied to the same domain

boundary to allow the transmission of multiple modes through the boundary

and therefore enabling the calculation of mode-speci�c power �ows.

The following two chapters utilise the FEM to explore the optical properties

of the structures designed in this work.
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Chapter 3

Integrated Plasmonic Surface

Structures

This chapter introduces the hybrid dielectric-plasmonic waveguide as the plat-

form for integrated plasmonic surface structures. Waveguide modes for the

metal-covered and uncovered platform are explored, including the e�ects of the

bu�er thickness (and therefore the separation between the photonic waveguide

and plasmonic surface) upon the loss associated with the modes. The study

of a basic surface structure, the plasmonic grating, is presented in section 3.2,

with the primary focus on controlling the coupling between the waveguide and

radiative modes.

Plasmonic surfaces are increasingly being researched for their abilities to con-

trol the localisation [71, 72] and alter the propagation of light [73�75] on scales

which are much shorter than the wavelength of light. The steady progression

in nanolithographic techniques [16] for the fabrication of plasmonic surfaces has

recently reached the levels of precision and accuracy required to create plas-

monic structures with nanogaps towards the nanometre range [6]. This degree

of precision enables surfaces to be made that are capable of subwavelength inter-

action with light that is unmatched by photonics for high-resolution devices [2].
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The unique ability to collate light in the nanogaps between plasmonic particles

[76, 77] and in thin metallic �lms [78, 79] has been extensively researched. As

part of the growing interest in metamaterials, 2D metamaterials, often referred

to as metasurfaces [30, 31], are being explored for their abilities such as being

able to control the phase [80] and propagation direction [81�83] of lattice SPPs,

to slow down light [84], and to create double negative materials [85]. However,

plasmonic materials are inherently lossy; structures relying on plasmonics are

typically characterised by having short operational lengths [86, 87] or require the

addition of gain media [42, 43, 88] to amplify the signals in order to compensate

for the losses.

One of the main aspects of this work is to explore an alternate method of

overcoming the problem of the high losses associated with plasmonic structures

while still maintaining the plasmonic e�ects of the surface structure. This can

be achieved by combining the longer propagation lengths of photonic systems

with the functionalisation of plasmonic nano-devices in an integrated plasmonic-

photonic structure [44, 89]. Low index photonic materials used between a high

index material and a plasmonic material are known to increase propagation

lengths of SPP modes [90�92]. Hybrid structures have been extensively invest-

igated, utilising photonic guiding [93�95], plasmonic guiding [45, 47] and even

guiding provided by both photonic and plasmonic materials [89, 96�98]. Some

hybrid structures have shown to produce slow light [99] or EIT like proper-

ties [100]. Most experimental research relies upon out-of-plane illumination of

plasmonic surface structures or excitation using a SNOM probe [20, 101, 102].

The addition of a photonic waveguide provides a means of exciting a surface

structure from within the structure's plane, for example plasmonic antennas

[103, 104] and resonators/sensors [105, 106]. Such hybrid integrated systems

o�er one possibility to break the interdependency of loss and localisation of

plasmonics, but require careful design to achieve good loss management in ad-

dition to compatibility with established photonic architectures. Using standard

photonic platforms, such as silicon-on-insulator (SOI) or III-V semiconductors,
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it is possible to pattern the surface of the photonic platform with plasmonic ma-

terials which are indirectly (i.e. evanescently) driven by electric �elds from the

underlying photonic waveguide, combining the high propagation lengths of the

photonic waveguide with the �exibility and functionalisation of the plasmonic

surface structure.

The metallic surfaces also lend themselves well to Babinet's principle allow-

ing for inverted designs of plasmonic structures [107, 108]. An inverted structure,

i.e. a metallic surface with a hole array instead of an array of particles, would

change the di�raction spectra of the surface structure. Although surfaces have

been explored via out-of-plane illumination [109, 110] where the transmission

and re�ection features are seen to switch, a similar e�ect would be expected of

the surface structure when illuminated in-plane, in regards to the scattering to

the superstrate. The inverted structure would additionally need to be rotated to

accommodate the electric �eld polarisation of the waveguide mode, as outlined

by Babinet's principle [107].

Section 3.1 will introduce the silicon-on-insulator photonic platform used for

the majority of this work and how the current applications and fabrication tech-

niques help guide the choice of the geometric properties. It will then continue

by charactering the platform in terms of the waveguide modes it can support,

comparing the losses for the di�erent �eld orientations and geometric setups.

This includes the scattering caused when the guided mode impinges on an in-

terface between the open (i.e. uncovered) and closed (i.e. metal-clad) setups

and how the mode pro�les change between the two setups.

Section 3.2 will explore the coupling into and out of the waveguide by the

use of a plasmonic surface grating to phase match between the radiative and

waveguide modes. This introduces the concept of phase matching, which is

relevant to understanding some of the properties of the triangular nanogap tiling

explored in chapter 4. The metallic grating is optimised, revealing some basic

properties of periodic surface structures in the integrated con�guration.

The next section shall introduce the integrated platform and the choice of
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material system and geometric parameters and the e�ects of some of the para-

meters on the waveguide modes.

3.1 Hybrid Photonic-Plasmonic Platform

For the integrated platform, a silicon-on-insulator (SOI) stack is considered as it

is already an existing and extensively used platform for silicon-based electronics

(e.g. CMOS), meaning that the fabrication of the silicon wafers is cheap and

that they can be produced to a high degree of accuracy [111]. It is also commonly

used in optical photonics as the compounds of silicon (i.e. silicon and silicon

oxide) have a large refractive index di�erence, allowing for stronger electromag-

netic wave con�nement leading to smaller devices. Silicon and its compounds

are highly transparent at the telecommunication wavelength (1550 nm) used by,

for example, optical �bres. This makes SOI an ideal candidate for the photonic

platform of the integrated device at this desired wavelength.

The SOI platform used in this work consists of a w = 220 nm silicon (nSi =

3.48) waveguide, a thickness commonly used in silicon photonics allowing the

device to be compatible with many other SOI photonic devices. The waveguide

is thin enough to only support the fundamental TE and TM modes across its

height. The silicon waveguide sits upon a semi-in�nite silica substrate and is

topped with a b = 50 nm layer of silica (nSiO2
= 1.44) to act as a bu�er layer

to separate the waveguide from the plasmonic cover. The bu�er layer needs

to be thin to allow the evanescent �eld from the mode in the waveguide to

be su�ciently strong to interact with the metallic surface. A thin m = 30 nm

layer of silver is applied on top of the bu�er. The permittivity of the silver is

approximated using the Drude model with the �tting parameters as previously

shown in �gure 2.4 and at λ0 = 1550 nm it takes on the value εAg = −126.8 +

i3.38.

To characterise the properties of the integrated device, two possible stacks

are explored: the �rst structure is the photonic waveguide stack without metal
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deposited on top, hereafter referred to as the open system, and the second

structure is the integrated platform with a metallic cover, referred to as the

closed system. These two setups are shown in �gure 3.1, along with the material

and geometric properties. There is inherent loss within the closed system due to

the inclusion of a plasmonic material (neglecting the much smaller loss within

the silicon layers). The geometry of the platform and its guided modes are

explored in order to tune and control the loss of the system.

Figure 3.1: The silicon-on-insulator waveguide stack in the open (left) and closed
(right) con�gurations.

The supported fundamental TE and TM waveguide modes for the open sys-

tem are shown in �gure 3.2. The TE mode has the electric �eld polarised in the

x-direction, whereas the TM mode electric �eld is polarised in the y-direction.

Due to this di�erence in the electric �eld polarisation, the interaction of the

electric �eld with a given metallic surface will alter the attenuation received by

the modes. Further analysis of the attenuation of the modes can be made to

identify the mode with the least loss.

The pro�le of the electric �eld di�ers between the open and closed geomet-

ries. As the electric �eld for the TE mode is polarised in the plane of the

waveguide, an electric �eld in the metal will be induced which counteracts the

incident electric �eld at the surface (E|| ≈ 0). This creates a node at the plas-

monic interface [45] (see �gure 3.3), therefore causing the mode shape to be
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Figure 3.2: Comparison of the electromagnetic �elds for the TE (left) and TM
(right) waveguide modes for the open geometry.

a�ected by the proximity of the metallic layer; pushing the peak of the �eld

away from the centre of the waveguide. The electric �eld of TM mode, on the

other hand, is normal to the plasmonic surface. This allows it to hybridise with

the surface plasmons [112], resulting in a proportion of the �eld energy being

pulled into the bu�er layer which lowers the e�ective index of the mode and

increases the losses of the system as more of the �eld penetrates into the metal.

Therefore, for the closed system, the TM mode is expected to have higher losses.
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Figure 3.3: The x component of the electromagnetic �elds of the TE and TM
modes for both the open and closed geometries.

Additionally, since the �elds either side of the waveguide layer are evan-
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escent, the distance between the waveguide and the plasmonic cover will also

greatly in�uence the loss of the system. Since the bu�er layer separates the

lossy plasmonic surface structure from the waveguide, the bu�er layer thickness

will a�ect the propagation length of the system. The propagation length is cal-

culated with `p = 1/α where α = 4πn
′′

eff/λ0 is the attenuation of the modal

electromagnetic �elds, which is proportional to the imaginary component of the

e�ective refractive index of the given mode. The e�ect of the bu�er layer thick-

ness on the TE and TM fundamental modes for the open and closed systems

can be seen in �gure 3.4.
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Figure 3.4: Model indices (top) and propagation length `p (bottom) for the
open (dashed) and closed (solid) geometries for both the TE (blue) and TM
(red) fundamental modes.

It is apparent from �gure 3.4 that the e�ective index for both modes in

the open setup (dashed lines) are only in�uenced to a small degree by the

varying bu�er layer thickness. As the thickness of bu�er layer decreases, the

proportion of modal �elds in the air superstrate increases and, since air has a

lower index than the bu�er layer, the resultant e�ective index is reduced for

both modes. However, with the closed system, the introduction of the metal
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cladding signi�cantly impacts the modes. The TM mode, with its electric �eld

component perpendicular to the metallic surface, has a substantially reduced

propagation length in comparison to the TE mode due to the higher overlap of

the electric �eld with the lossy plasmonic medium. This e�ect is stronger for a

very small bu�er layer thickness. The open system propagation lengths are not

shown in �gure 3.4 as they are much larger than that of the closed system.

How the mode scatters as it traverses from one system (e.g. the open sys-

tem) to another (e.g. the closed system) is of speci�c interest as the scattering

will di�er for the two mode polarisations. As the TM mode hybridises with the

plasmonic surface, the modal indices of the TM modes strongly di�er between

the open and closed systems. A strong impedance mismatch between the two

waveguide systems for a given mode will have increased scattering (including

re�ection) of the energy at the interface between them. Speci�cally, the di�er-

ence in mode index ∆n for the TE case (at a bu�er layer thickness of 50 nm)

is −0.1, whereas for the TM case a much larger value of +0.45 is found (taken

from �gure 3.4).

The coupling e�ciency of the modes between the open and closed systems

can be obtained by the overlap integral of the modes between the systems,

assuming both modes are well con�ned [113]. Figure 3.3 shows the x �eld

component pro�les for both the TE and TM modes, for the open and closed

system. It is clear that there is a better overlap between the TE polarised mode

than the TM polarised mode. Therefore, the TE mode is expected to have a

higher coupling e�ciency and less scattering at the interface between the two

systems.

The re�ection of the wave as it impinges the interface between two media

of di�erent impedances (for a non-magnetic material (i.e. µ = 1)), can be

calculated from Fresnel's equations, resulting in

Γ12 =
Z2 − Z1

Z2 + Z1
, (3.1)
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where Z =
√
µ/ε = 1/neff for a non-magnetic dielectric. For the interface

between the open and closed geometries, the re�ection for the TE and TM

modes can be estimated using equation 3.1 from the e�ective indices of the two

systems. This comes to around 1.7% for the TE case, and 10.5% for the TM

case, at a bu�er thickness of 50 nm. Since this assumes the two waveguide stacks

as e�ective bulk dielectrics (i.e. it does not take into account the full geometric

properties), the true scattering ratios and angles are not accurately determined.

However, it strongly suggests that the TM mode will re�ect/scatter far more

than the TE mode at the interface between open and closed systems, simply

by the change in e�ective index alone. This will have a large impact on the

ability of the integrated system to contain the waveguide mode of the system

when more complex structures (i.e. that repeatedly change between an open

and closed system) on the surface are present.

The surface of the photonic platform can be patterned with metallic elements

[16] to create an evanescently driven structure. The most common method

to create metallic structures on a surface is nanolithography, encompassing a

wide range of fabrication techniques, including direct deposition of the metal

through a mask or stencil [114, 115] or etching out the shapes from a resist

material before depositing the metal [116, 117]. These methods allow for the

selective deposition of the metal with relatively high precision, down to the

nanometer scale [6]. Electron beam lithography is suitable for research and

development, but is considered less suitable for mass production due to its low

throughput. Alternative methods include nano-imprint lithography [118, 119],

which uses a mechanical stamp to imprint a pattern into the resist material with

the ability to scale the structure [120] for higher or lower density lattices, self-

assembly techniques [65, 121] using a self-assembled mask to de�ne the pattern

or manipulation of individual atoms [122].

Ideally metallic structures would have well de�ned features such as sharp

corners or nanogaps between elements. However, due to fabrication tolerances,

there is always some rounding or smearing of these corners and edges. Thicker
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layers of metal deposited on the surface would cause fabrication techniques,

such as e-beam lithography, to produce poorer edges, reducing resolution and

increasing deformations. It is therefore preferable to have thin layers of metal

for the surface structure to allow for well de�ned features.

Metallic particles on the surface of the platform will be evanescently driven

by the �eld from the waveguide mode. The evanescent �eld will cause a charge

separation in the metal particles along the direction of the electric �eld, exciting

LSPR modes. These modes are able to couple between neighbouring particles if

the particles are su�ciently close [63]. The electric �eld of the TE mode excites

an in-plane mode in the nanoparticle which will be able to directly couple with

the in-plane particles [123]. The electric �eld of the TM mode, however, excites

an out-of-plane mode which is still able to couple between particles but at a

reduced strength due to the LSPR being normal to the surface structure [63].

As the waveguide mode propagates in-plane to the surface structure, the phase

of the waveguide mode changes along the structure. This phase retardation

along the lattice can be exploited by tuning the distance between particles in

the longitudinal direction (i.e. the pitch of the structure).

The excitation of LSPRs in the plane of the surface structure by the TE mode

is best suited for the plasmonic surfaces studied in this work. The attenuation

of the TE mode is signi�cantly lower than that of the TM mode and the modal

index is a�ected less by the proximity of the metallic cover. The scattering of

the TE mode when transferring between the open and closed systems is much

smaller than that of the TM mode due to the higher overlap of the pro�le of

the TE mode between the two systems and better impedance matching. The

TE mode also allows for strong lateral charge separation within the metallic

nanoparticles on the surface, which can be exploited to form spoof SPP modes

which traverse the surface structures [124].

In the next section, the experimentally common coupling from an external

light source to the waveguide is explored. This in-coupling is commonly done

via the use of surface gratings. A plasmonic surface grating integrated to the
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waveguide platform introduced in this section is explored and optimised as a

coupling mechanism between radiative modes and the waveguide modes.

3.2 Plasmonic Surface Grating

Thus far only the propagation of �elds that are already present within the

waveguide have been considered. In this section, the insertion of �elds into (and

equivalently scattering out of) the system are explored.

There are three primary methods of coupling to/from a photonic waveguide.

The �rst is known as end-�re or butt-coupling and consists of direct coupling

between the ends of one waveguide to another, such as an optical �bre and

waveguide, or between plasmonic and photonic waveguides [125, 126]. For the

hybrid device, this would mean positioning the end of an optical �bre on the

side of the waveguide structure. This would potentially have an extremely poor

e�ciency due to the high mismatch of waveguide shapes (e.g. the circular �bre

core to a slab waveguide, often smaller in width than the �bre diameter) and the

gap between the two waveguides causing re�ection and scattering. Additionally,

this method would require access to the side of the device, making it less suitable

for on-chip applications.

The second common method is via the use of a prism, altering the interface

between the superstrate and the device, and allowing for refracted waves to

couple to the waveguide with little scattering. This method is commonly used

to excite SPPs by phase-matching the radiative light with the SPP [8].

The third method achieves in-coupling via the use of a grating. Gratings

have been extensively studied since the 1900s due to their di�raction abilities

which were seen to produce anomalies [127, 128] and other interesting e�ects

such as energy gaps [129, 130], slow light [131] and transmissive resonances [132].

They are known to provide additional momentum to an incoming light wave,

allowing it to couple to modes with e�ective indices larger than free space, such

as that of a waveguide. Additional back re�ectors may be used within the SOI
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wafer, allowing for higher coupling e�ciencies [133].

Photonic gratings, etched into the waveguide itself [134, 135], are one type

of grating which can be used to couple light from a �bre to the waveguide [136].

Alternatively, plasmonic gratings [137, 138] and particles [139] can be used.

The hybrid device described in the previous section utilises metallic surface

structures, making metallic surface gratings an ideal method for external light

coupling for the hybrid device.

Through the introduction of the periodic structure to the surface of the

integrated device, a photon incident on the structure can scatter with an addi-

tional phase which is equal to multiples of the grating period. This can be seen

from the momentum transfer equation

ks sin θs = β sin θi ±mkg, (3.2)

where the scattered wavevector ks at an angle θs can be calculated by the

propagation constant of the incident wave β at an angle θi to the normal of

the grating, with an integer multiple m of the momentum kg added by the grat-

ing. For a grating of period (or pitch) Λ, the momentum given to the incident

wave is the reciprocal of the lattice vector, kg = 2π/Λ.

It is important to note that the k-matching condition works both ways: i.e. it

can be used to calculate the coupling of a waveguide mode to a radiative mode,

and also coupling to the waveguide from a radiative mode. For example, an

optical �bre end �ring onto the top of the grating at a slight angle would require a

speci�c grating period to couple the wavevector of the mode from the �bre to the

propagation constant of the waveguide. It is necessary for the �bre to be at an

angle to the surface in order to get the coupling to one propagation direction of

the waveguide, as the forward and backward propagating modes require di�erent

phase matching and therefore couple at di�erent periods. Coupling directly to

the normal of the structure θs = 0◦ would equally couple to both the forward

and backward modes of the waveguide as they would couple for the same period.
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The integrated platform can be fabricated with a plasmonic grating on top

of the SOI structure (�gure 3.5), separated from the waveguide by the bu�er

layer. The guided mode cannot directly interact with the grating due to the

con�nement from the waveguide, however the evanescent �eld of the mode will

be in�uenced by the plasmonic surface grating.

Figure 3.5: The integrated plasmonic surface grating, illuminated by the in-
plane fundamental TE mode.

Since a surface grating would extend for many wavelengths in the x-direction,

it can be assumed to be in�nite in this direction, allowing for the grating geo-

metry to be represented in two dimensions (the yz-plane). Normally, the per-

formance of a single grating is explored for a range of frequencies of the incoming

light. This method explores the ratio between the wavelength of the light in

the waveguide and the longitudinal geometry of the grating. However, changing

the frequency (and therefore the wavelength) of the incident light would result

in di�erent modal indices of the waveguide mode, thereby changing the overall

con�nement of the guided mode and the interaction with the surface structure.

To explore the grating without a change in the con�nement of the waveguide,

the frequency is held constant and a geometric scan of the longitudinal period

(the pitch, Λ) is numerically studied. This allows for the exploration of the ra-

tios of the wavelength of the guided wave (λeff = λ0/neff) to structural features

(e.g. Λ) without a�ecting the con�nement of the mode within the waveguide.

Full details of the simulation setup can be found in the A.1 methods section.
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With this in mind, the geometric parameters of the grating can be optim-

ised to improve the ability of the grating to couple between the waveguide and

external radiation modes (i.e. to/from an optical �bre above the grating) [136].

The ratio between the width of the metallic element and the period of the grat-

ing (known as the element's �lling factor, f) is explored. A very small �lling

factor would mean very little metal is present on the surface, similar to the open

system, whereas a high �lling factor would make the grating appear closer to

that of the closed system. Using previous iterations of optimised geometries

to determine the values for the other geometric parameters, the �lling factor is

explored in the top image of �gure 3.6 at a pitch of Λ = 500 nm (before the dip

in out of plane scattering). Clearly seen is a broad peak in the out-of-plane scat-

tering, both to the substrate (green) and superstrate (yellow), centring around

the �lling factor f = 1/3. Next the number of elements that make up the grat-

ing is explored, shown in the lower right graph of �gure 3.6, as this relates to

the overall length of the grating. The ability of the grating to couple energy to

the free-space modes clearly increases with the number of elements. However,

out-of-plane scattering is reduced by adding additional elements to the grating

as there is less energy available to be scattered due to attenuation and scattering

by previous elements. Finally, to show the tunability of the integrated structure,

the bu�er layer separating the plasmonic surface from the waveguide is varied

to explore the evanescent coupling between the two structures. It is clear that a

thicker bu�er layer weakens the ability of the plasmonic grating to scatter light

from the waveguide due to the weaker evanescent tail of the waveguide at larger

distances.

Using the optimised values for the geometric parameters, the e�ect of the

pitch of the grating is explored. Keeping the �lling factor of the elements con-

stant (f = 1/3) and setting the bu�er to the relatively thin b = 50 nm, for

N = 20 elements in length, the scattering and absorption of the grating is ex-

plored between the pitch ranges of Λ = 200 nm to 1000 nm, and is shown in

�gure 3.7.
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Figure 3.6: Optimising the �lling factor f (top) of the integrated surface plas-
monic grating and exploration of the bu�er layer thickness b (bottom left) and
number of elements N (bottom right) parameters.

There are distinct spectral features relating to a variety of responses. Firstly,

there is a broad band between 400 nm and 900 nm where out-of-plane scattering

(green and yellow lines) is prominent, in addition to distinctive re�ection peaks.

Taking the k-matching condition 3.2, for the speci�c case of the integrated

structure, the incident light on the structure is the mode propagating within the

waveguide β = neffk0, at an angle of θi = −90◦ to the normal of the surface of

the platform (i.e. within the waveguide). Knowing that k0 = 2π/λ0, equation

3.2 may be re-written in the form

Λ = ±m λ0

ns sin θs − neff
, (3.3)

which provides the means to estimate the grating period required to scatter the

guided light into material ns at an angle θs. Using this equation, the range of dif-

fraction from the platform can be estimated: Taking the superstrate (air) as an

example (ns = 1.0), the limits for the out-of-plane scatter (θs = [−90◦, 0◦, 90◦])
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Figure 3.7: The transmission (T), re�ection (R), top (t) and bottom(b) scatter-
ing and absorption (A) spectra for the integrated surface plasmonic grating.

for the TE mode of the open waveguide (neff = 2.845, taken from �gure 3.4) at

λ0 = 1550 nm can be estimated as Λ = [403.1 nm, 544.8 nm, 840.1 nm].

There is a small di�erence between the values estimated above and the out-

of-plane scattering spectra, as is most noticeable by a small deviation of the

characteristic dip in transmission near the 0◦ location. This is because the

e�ective index of the open system has been used, whereas the (unknown) ef-

fective index of the grating is required to accurately describe the full system

using this equation. Using the location of the perpendicular out-of-plane scat-

tering (θs = 0◦) as a guide along with equation 3.3, the e�ective index of the

grating can be estimated to be neff = 2.815. Using this grating e�ective in-

dex, the limits for scattering can be estimated again, and are shown as dotted

lines in �gure 3.8, along with similar calculations for the substrate scattering

(ns = 1.44). The pitch values (θs = [−90◦, 90◦]) are Λ = [406.3 nm, 854.0 nm]

for air and Λ = [364.3 nm, 1127.3 nm] for silica (plotted as dashed lines in �gure

3.8). These values match very well with the onset of out-of-plane scattering to

both the top and bottom interfaces and the reduction in bottom scattering due

to the onset of top scattering at Λ = 406.3 nm. Outside of the limits, the energy

is unable to match the phase with the radiation modes, resulting in a near zero

out-of-plane scattering.
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Figure 3.8: The top (t) and bottom (b) scattering spectra for the integrated
surface plasmonic grating highlighting the out-of-plane coupling angles from
equation 3.3 marked with dashed lines.

Using the e�ective index estimation of the grating in equation 3.3 with

λ0 = 1550 nm, the scattering of the grating at any angle between ±90◦ can

be given for the substrate or superstrate. To visualize the �elds within the

system, the electric �eld component Ex for the scattering angles θs = ±45◦ in

air are plotted in �gure 3.9. The coupling to both a forward and backward

direction are possible by simply changing the grating pitch. The pitches for the

+45◦ and −45◦ scattering angles in the air superstrate are around 440 nm and

735 nm respectively. Since the number of elements is held constant at N = 20,

the total length of the structure varies signi�cantly between the two pitches.

Figure 3.9: The x component of the electric �eld of the integrated plasmonic
surface at the pitches required to couple the waveguide mode with the 45◦

radiation modes.

It was noted that there are distinct re�ection peaks in �gure 3.7. The grating
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e�ectively alternates between the open and closed geometries, with each part

having a di�erent e�ective index. At each e�ective interface between the altern-

ating geometries, the propagating light will be partially re�ected (as described

by the Fresnel Equations). When the wavelength of the propagating light is

in resonance with the period of the alternating layers, the partial re�ections

will constructively interfere, resulting in a strong resonant back-scattering into

the waveguide. As a result, a transmission stop-band forms. This occurs as a

special case of the k-matching equation when the pitch is equal to multiples of

the half-wavelength [140], known as the Bragg condition. Such Bragg re�ections

manifest as transmission stop-bands in such structures, and are seen in many

di�erent waveguide setups [141].

Using equation 3.3, but setting the scattering medium to the e�ective index

of the waveguide ns = neff , at an angle of θs = −90◦ (i.e. re�ection), the

equation can be reduced to

Λ =
mλ0

2neff
. (3.4)

Using this equation and the e�ective index of the grating, the period of

the grating where the �rst Bragg re�ection occurs (m = 1) can be estimated

to be at Λ = 275.3 nm, which matches the re�ection peak in the scattering

spectrum of the grating (see �gure 3.7). Since the resonant back-scattering

occurs every time the maxima of the re�ective waves constructively interfere,

a re�ection peak should occur every m multiple of the Bragg period calculated

above. The pitch locations for the m = [1, 2, 3] Bragg resonances are Λ =

[275.3 nm, 550.6 nm, 825.9 nm]. These are additionally plotted in �gure 3.10.

The calculated values match very well with the observed spectrum, identifying

the re�ection peaks as resonant back-scattering due to the Bragg condition.

The m = 2 Bragg re�ection peak (B2) coincides with the θs = 0◦ out-of-

plane scattering, for at this angle the ns sin θs term is reduced to zero, rendering

the permittivity of the scattering medium redundant. The k-matching equation

then reduces to the Bragg equation, providing the characteristic dip in the out-
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Figure 3.10: The transmission (T) and re�ection (R) scattering spectra for
the integrated surface plasmonic grating highlighting the Bragg re�ections from
equation 3.4 marked with dashed lines.

of-place scattering spectra as a large portion of the energy of the propagating

mode is coupled back into the waveguide instead being of scattered out-of-plane.

It is also possible to observe this e�ect in a purely dielectric stack of altern-

ating layers using the e�ective indices of the open and closed waveguide as the

two alternating dielectric media. This correctly recreates the resonant re�ection

peak positions as seen in spectrum of �gure 3.11.
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Figure 3.11: The geometries (left) of the integrated surface plasmonic grating
(top) and e�ective dielectric stack (bottom), with a comparison of the re�ection
(R) scattering spectra (right). The re�ection data are rescaled for comparison.

The grating provides a workable means of coupling an external electromag-
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netic source (e.g. from an optical �bre) to the photonic platform, which is im-

portant for the experimental realisation of the integrated device. The ability of

the grating to scatter the electromagnetic �eld from the waveguide to radiation

modes was optimised by tuning the parameters of the grating geometry. The

k-matching condition to calculate the momentum required to phase-match the

waveguide and radiation modes was tested against the numerical simulations,

where it was found to provide a good agreement.

The designed photonic platform in this chapter will be used as the plat-

form for integrated plasmonic surface structures introduced in the next chapter.

Some of the features seen in the spectrum of the plasmonic surface grating are

also present in the spectra of the introduced surface structures. Therefore the

exploration of the grating, and the physics associated with it, provides a basis

to readily identify these spectral features.
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Chapter 4

Plasmonic Nanogap Tilings

This chapter introduces and studies a particular class of surface structure: plas-

monic nanogap tilings (NGTs). Plasmonic nanogap tilings are regular peri-

odic patterns of metal patches which can be fabricated on the surface of the

photonic waveguide stack introduced in previous chapters. NGTs can be com-

pared to plasmonic crystals, which in turn are similar to photonic crystals,

both of which have been investigated for their optical properties such as slow

light [142], scattering [143] and �eld enhancement useful for nonlinear processes

and Raman scattering [144, 145]. Additionally, as the element size approaches

subwavelength scales, the surface NGT structure becomes a metasurface [30], a

2D metamaterial. Metamaterials and plasmonic structures are being extensively

research for their abilities to provide the double-negative index required for neg-

ative refraction [26], to slow and stop light [142], and for their band structures

[146]. NGT structures are of particular interest due to the close arrangement of

the metallic nanopatches on the surface resulting in a dense lattice of nanogaps

between the elements [147]. The nanogaps allow for light to concentrate between

the plasmonic elements [148], resulting in strong surface �eld enhancement and

con�nement; a property highly desirable for use with intensity-sensitive applica-

tions such as the inclusion of gain [43], sensing [14, 41] and the use of non-linear

materials [144].
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Figure 4.1: Examples of nanogap tilings: a) circular patches on a square lattice,
b) square patches on a square lattice, c) diamond patches on a square lattice,
d) circular patches on a triangular lattice, e) triangular patches on a triangular
lattice, f) triangular patches on a hexagonal lattice. Primary lattices are solid
lines, with dotted lines as alternate lattices.

A major function of the NGTs are their capacity to enhance light �elds in

the nanogaps between the plasmonic elements. Due to the physics outlined in

section 2.3, this is heavily dependent on �eld polarisation, element shape and the

structural lattice, allowing for the properties of the structures to be engineered

[149].

To study the properties of NGTs, the triangular nanogap tiling (�gure 4.1e)

is explored in detail. The choice of a �xed triangular patch arranged in a

triangular lattice is governed by the motivation to focus light into a dense array

of nanogaps as well as the ability of the triangle patch to enhance �elds while

maintaining a relatively small e�ective size [150]. For comparison, the C4v

diamond tiling (�gure 4.1c) has four axes of symmetry, and for a given electric

�eld polarisation, i.e. a horizontal polarisation, only half of the nanogaps are

excited: those with a horizontal separation. The C3v triangular tiling (�gure

4.1e) has fewer axes of symmetry than the diamond tiling and, for the same

electric �eld polarisation, all the nanogaps are excited due to each having a
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component of horizontal separation. Therefore, the TE polarised light of the

underlying waveguide can excite all the nanogaps of the triangular NGT, leading

to a denser array of hot-spots in comparison to the diamond tiling. In addition,

the triangular shape of the elements e�ectively acts as a taper that focuses light

into the nanogaps [151] when orientated with the point of the triangles against

the direction of wave propagation.

As a �rst step to characterising the triangular nanogap tiling, the scattering

and hot-spot response of an isolated trimer molecule is explored in the following

section, before continuing to study the full arrangement of the triangular NGT.

4.1 Isolated Trimer Molecule

The trimer molecule (�gure 4.2) is the fundamental molecule of the triangular

NGT. In a dense arrangement, the triangular NGT can be seen as a collection

of strongly-coupled individual trimer molecules. Therefore studying the optical

properties of the isolated trimer molecule would assist in understanding the op-

tical properties of the integrated triangular NGT. The trimer molecule is driven

by the evanescent �elds from the underlying waveguide. The �elds concentrate

at the focal point of the nanogap via evanescent interaction of the plasmonic

trimer molecule with the TE polarised waveguide mode.

Figure 4.2: The backwards orientated trimer molecule with the pitch Λ, corner
rounding diameter D and gap size G, where D = G = Λ/10, additionally
showing the expected focusing e�ect.

Each triangular element, and the trimer molecule, has a C3v symmetry. Set-

ting the propagation of the driving photonic mode to one of the symmetry axes
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will result in two directions of excitation. These shall be refereed to as the

forward and backward orientations or propagation directions. To clarify these

directions, the forward direction is declared as the mode propagating with the

point of the triangle (denoted as β+) and backwards is declared as propagat-

ing against the point of the triangle (denoted as β−). These two propagation

modes can be used to excite the LSPR modes of the triangular patch [152] and

trimer molecule [153]. The ability of the trimer to focus light into the nanogap

is a�ected by the orientation of the triangles. In the backwards propagation

orientation, the evanescent energy of the waveguide mode is e�ectively tapered

into the nanogap [151]. This is expected to increase the light concentrating

ability of the trimer and therefore this orientation will be primarily explored to

maximise the e�ective nanogap enhancement.

To characterise the trimer molecule a pitch length Λ is de�ned, which is the

length of the unit cell of a single triangular element along the axis of propaga-

tion. The actual height of the triangular element (tip-to-base length) will be

smaller than this pitch length due to the nanogaps. The nanogaps between the

elements are given by a circular distance with diameter G (see �gure 4.2). The

pointed tips of the triangular elements allow for high �eld strengths to build up

due to the lightning rod e�ect [36]. However, sharp features are often di�cult

to fabricate due to manufacturing tolerances, resulting in a softening or round-

ing of the corners and edges. To model this fabrication feature and to reduce

computational errors around very sharp features, the triangular elements are

given a corner rounding of diameter D. Both the corner rounding and nanogap

distance are set to scale proportional to the pitch (G = D = Λ/10), providing

a simple model in which to scale the structure by.

The trimer molecule is integrated with the previously introduced photonic

platform (�gure 4.3). The thickness of the metal layer which forms the trimer

molecule is set to the thin thickness of 30 nm. The trimer is separated from

the 220 nm silicon waveguide by a 50 nm bu�er layer of silica. The waveguide

is placed on a silica substrate, and the trimer is exposed to air. Details of the
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simulation process to obtain the scattering data of the trimer molecule can be

found in the A.2 methods section.

Figure 4.3: The integrated plasmonic trimer molecule, illuminated by the in-
plane fundamental TE mode.

The timer molecule is illuminated by the waveguide mode at the telecom-

munication wavelength λ0 = 1550 nm. The e�ect of the changing molecule size

(i.e. its pitch Λ) in relation to this wavelength is explored, similar to the grating

setup before. This keeps the con�nement of the waveguide mode constant.

The trimer molecule will absorb and scatter energy from the underlying

waveguide mode into various in-plane and out-of-plane scattering channels for

the di�erent boundaries of the geometry. The normalised scattering cross section

and absorption is shown in �gure 4.4.
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Figure 4.4: The normalised transmission (T), re�ection (R), top (t), bottom (b)
and side (S) scattering and absorption (A) cross sections of the isolated trimer
in both the forward (left) and backward (right) excitations.
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The scattering spectra for the trimer molecule indicates a clear dipole res-

onance at around Λ ≈ 350 nm. The top scattering is relatively weaker than the

other scattering channels due to the larger mismatch in impedance between the

e�ective index of the waveguide and the air superstrate. The absorption channel

is weak in comparison to the scattering as the molecule cannot be considered

small compared to the e�ective wavelength of the waveguide mode. There is a

slight shoulder in the scattering spectra of the top and bottom scattering chan-

nels at Λ & 450 nm. This feature is more prominent in the backwards orientated

trimer, and suggests the presence of another radiative resonance or the onset of

out-of-plane scattering due to the resonance with the molecule spacing.

To quantify the ability of the trimer molecule to concentrate the evanescent

�elds, the average electric �eld of a small volume at the corners of the trimer

molecule are normalised against the �eld amplitude of the same position if the

trimer was not present, i.e. η(E) = |E(r)|/|E0|, where E(r) is the surface �eld

amplitude at the given corner.
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Figure 4.5: The normalised corner �eld enhancement of the integrated plasmonic
trimer molecule (diagram inset) for both the forward (left graph) and backward
(right graph) excitations.

The corner enhancements of the trimer molecule are shown in �gure 4.5.

The relative enhancements of the electric �eld are largely independent of the

bu�er thickness as the waveguide mode is not signi�cantly perturbed due to the

evanescent interaction. The backward excited trimer molecule has a stronger
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�eld enhancement at the central nanogap A, con�rming the focusing e�ect of

the triangular shape. With the increasing pitch of the molecule, the plasmonic

trimer resonates with the waveguide mode at Λ ≈ 338 nm and the relative �eld

enhancement of the central point increasing to ηA ≈ 20 for backwards excita-

tion. For longer pitch lengths, the size of the molecule becomes larger than the

e�ective wavelength of the waveguide mode and wave retardation e�ects become

apparent, such as additional nodal planes appearing across the molecule and the

excitation of higher order modes. This retardation e�ect leads to the illumina-

tion of the otherwise dark corner D, and causes a decrease of the enhancement

in the centre nanogap as the lateral resonance weakens.

The trimer molecule has a strong dipole resonance at a pitch length Λ ≈

350 nm, with simultaneously high �eld strengths in the primary focal point in

the centre of the molecule. The evanescent �eld is e�ectively funnelled into the

primary nanogap by the triangular shape of the elements. The strong �elds at

the outer corners of the molecule, corners B and C, allow for the trimer molecule

to capacitively couple with neighbouring molecules if placed in a dense array

such as the triangular nanogap tiling, forming larger lattice resonances.

In the next section the trimer molecule, as de�ned above, is placed in a dense

arrangement on the photonic platform, resulting in a triangular nanogap tiling

surface structure. The response of the nanogap tiling is explored in detail by

characterising the scattered �elds and the �eld enhancement e�ect.

4.2 Triangular Nanogap Tiling Spectra

Having established the scattering, absorption and light concentrating ability of

the surface mounted isolated trimer molecule, the additional e�ects of the close

proximity within the triangular nanogap tiling (NGT) can be characterised.

The triangular NGT is of particular interest due to the dense arrangement of

hot-spots associated with this tiling.

The trimer molecules are arranged in a triangular lattice with lattice vectors
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−→a1 and −→a2, as seen in �gure 4.6, which can be related to the pitch Λ of the

structure by Λ = |−→a |
√

3/2. As with the trimer, the nanogaps and corner

rounding of the triangular NGT are chosen to scale with the pitch of the tiling

pattern.

Figure 4.6: The backwards orientated triangular NGT with the lattice vectors
−→a1,
−→a2, pitch Λ = |−→a |

√
3/2, corner rounding diameter D and gap size G, where

D = G = Λ/10.

The triangular NGT is placed on top of the photonic platform (see �gure

4.7). The waveguide is a 220 nm layer of silicon and guides the λ0 = 1550 nm TE

mode, with a 50 nm silica bu�er layer separating the waveguide from the surface

structure. Further details for the simulation setup, including the scattered �elds

calculation, can be found in the A.1 methods section.

The triangular NGT is evanescently illuminated by the TE waveguide mode.

The full geometry has 25 triangular backwards orientated patches in the propaga-

tion direction. The e�ects of the pitch Λ of the surface structure on the abilities

of the structure are studied.

Figure 4.7: The integrated plasmonic triangular NGT, illuminated by the in-
plane fundamental TE mode.

The full scattering and absorption spectrum (�gure 4.8) reveals multiple
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resonances relating to photonic, plasmonic and radiative e�ects. Each of these

e�ects will be discussed individually in the following paragraphs.
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Figure 4.8: The transmission (T), re�ection (R), top (t) and bottom(b) scat-
tering and absorption (A) spectra for the triangular NGT consisting of N = 25
elements in length.

The triangular NGT features two strong peaks in the re�ection spectrum

(see �gure 4.9) due to the Bragg re�ections of the system, similar to those seen

before in the surface grating. These photonic resonances are due to the surface

structure changing the e�ective index of the waveguide modes and occur when

the phase retarded waveguide mode matches multiples of half the pitch. Using

the Bragg equation with the estimated e�ective index of the triangular NGT

structure taken from the second re�ection peak centre (neff = 2.82), the Bragg

peaks for the m = 1, 2 conditions are expected to be located at a pitch of

ΛB1 = 274.8 nm and ΛB2 = 549.6 nm, as marked in �gure 4.9.

Similar to the process performed for the metallic grating, an e�ective index

dielectric stack structure can be used to explore the principles of Bragg re�ec-

tion. However, the comparison of the triangular NGT structure di�ers from

that of the grating (where the e�ective index of the structure changes periodic-
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Figure 4.9: The transmission (T) and re�ection (R) spectra for the integrated
triangular NGT structure highlighting the Bragg re�ections B1 and B2 with
dashed lines.

ally between the open and closed e�ective indices of the waveguide) due to the

triangular NGT being structured along the propagation direction. The e�ective

index of the triangular NGT gradually varies from the open e�ective index at

the very tip of the triangle point to the (nearly) fully covered (closed) e�ective

index at the base of the triangular element. This forms a sawtooth-like variation

in the e�ective index. Along the sloped edge of the saw-tooth oscillation, a con-

tinuous partial re�ection can be assumed. There is still a well-de�ned interface

where there is a sudden change from one e�ective index to the other, providing

a boundary at which stronger resonant re�ection takes place.

Like the isolated trimer, the triangular NGT has a plasmonic resonance.

However, unlike the trimer, the resonance appears as two substantial absorption

peaks P1 and P2 (shown in �gure 4.10), which mark the edges of a transmission

stop-band where the transmission through the waveguide is completely inhib-

ited. Transmission stop-bands are seen in many periodic surface structures,

including both photonic crystals [154] and plasmonic crystals [146, 155], and

are well understood for the basic lattice structures such as the triangular lattice

[156].

The integrated triangular NGT is driven by the evanescent �eld of the un-

derlying waveguide mode (right panel of �gure 4.11). To gain an insight into the
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Figure 4.10: The transmission (T) and absorption (A) spectra for the integrated
triangular NGT structure highlighting the plasmonic resonances P1 and P2 with
dashed lines.

plasmonic resonance of the tiling and to explore the origin of the two absorption

peaks, the surface structure can be illuminated under out-of-plane excitation

(left panel of �gure 4.11). This technique uses total internal re�ection to pro-

duce an evanescent wave, which interacts with the surface structure in a similar

way to the in-plane setup. The wavevector of the evanescent wave generated

from the total internal re�ection needs to match the wavevector of the in-plane

waveguide mode to ensure the same plasmonic resonance is induced at the given

frequency.

Since the wavevector of the surface plasmon polariton (SPP) of a metal-

dielectric interface is below the light line of the dielectric medium, a plane wave

impinging the dielectric is unable to directly couple to the SPP. Instead, a dielec-

tric prism of a higher permittivity can be used to provide the larger wavevector

needed. Removing the silica substrate and making the silicon waveguide semi-

in�nite allows the use of the silicon as the higher index prism. Since the light

from the silicon substrate will have a larger wavevector than that of the SPP for

the metal-silica interface, the wave is able to couple to the SPP when correctly

phase matched.

The phase of the out-of-plane wave can be phase matched with the waveguide

mode by altering the incident angle. The wavevector of the waveguide mode is
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Figure 4.11: A comparison of an out-of-plane (left panel) and in-plane (right
panel) illuminated surface structure highlighting the evanescent �elds (red lines).

β = neffk0, where neff is the e�ective index of the waveguide and k0 = 2π/λ0.

For an external out-of-plane wave incident from a prism with refractive index ni,

under the Otto con�guration [8] (see left panel of �gure 4.11), the wavevector of

the evanescent wave β′ = nik0 sin θi is a projection of the incoming wave vector

from the dielectric prism at the incident angle θi from the interface normal.

The incident angle required to match β′ with β can be calculated by setting

the equations equal to each other and rearranging, giving a ratio of the refractive

and e�ective indices

θi = arcsin(
neff

ni
). (4.1)

An incident angle of θi = 54.8◦ is required to phase match the wavevector of

the out-of-plane plane wave to that of the waveguide mode. Since this angle is

larger than the critical angle of the silicon-silica interface (θc = 24.4◦), the wave

will undergo total internal re�ection on the silicon-silica interface, resulting in an

evanescent wave with a propagation wavevector matching that of the waveguide

mode of the integrated platform. To reduce the in�uence of the silicon layer

upon the plasmonic resonance, a larger bu�er layer thickness of 150 nm is used

separating the plasmonic structure from the silicon.

The absorption spectra for out-of-plane illumination of the triangular NGT

is depicted in �gure 4.12. The absorption peak is a single broad LSPR reson-

ance of the triangular NGT lattice centred around Λ ≈ 325 nm. The plasmonic

resonance is located between the two absorption peaks of the integrated struc-
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Figure 4.12: One unit cell of the integrated plasmonic triangular NGT (left),
illuminated by an out-of-plane TE mode. A comparison of the absorption (A)
spectrum (right) for the in-plane (solid) and out-of-plane (dashed) illumination.

ture under in-plane illumination. As a side e�ect of the increased bu�er height,

the interacting evanescent wave is exponentially weaker due to the increased

distance to the plasmonic structure, resulting in a weaker resonance. However,

the position of the resonance is closer to that of the pure metal-silica LSPR, as

the in�uence of the silicon layer is reduced. A thinner bu�er would bring the

higher-indexed silicon closer to the plasmonic surface, reducing the wavelength

of the LSPR and therefore resulting in a resonance shift towards shorter pitches.

It is clear that the presence of the waveguide in the integrated (in-plane)

setup e�ects the plasmonic resonance. The LSPR resonance splits into two

strong absorption peaks which mark the edges of a transmission stop-band.

The presence of the waveguide provides an additional photonic mode to the

system which hybridises with the SPP mode of the surface structure, forming a

waveguide plasmon polariton.

Waveguide plasmon polaritons (WPPs) [157�161] arise from the coupling

between a plasmon polariton, for example the LSPR of a nanoparticle, with a

photonic mode [162], such as that of a nearby waveguide. The periodic structur-

ing of the NGTs can manipulate the optical properties of the waveguide, similar

to that of photonic crystals [159]. As the elements of the NGT are coupled in a

dense array, the LSPRs strongly couple to a plasmonic band that supports the
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propagation of a SPP along a chain of the nanoparticles [163]. The coupling

between this SPP propagation and the waveguide mode forms the quasi-particle

waveguide plasmon polariton [157].

The strong coupling present in the integrated triangular NGT between the

plasmonic and photonic modes allows for strong hybridisation, resulting in the

two modes to anti-cross at the point where the wavevectors and frequencies

match (described in �gure 4.13).

Figure 4.13: An illustration of a ω−k dispersion diagram for a structure with a
photonic and plasmonic mode highlighting the e�ects of hybridisation strengths
on the resonance position. Weak hybridisation may cause the resonance peaks
to overlap resulting in the inability to distinguish the two resonances.

This hybridisation can be explored by varying the distance between the two

structures via the thickness of the bu�er layer. A thinner bu�er layer will bring

the two system closer together resulting in a higher overlap of the modal �elds

and therefore stronger coupling and hybridisation. This e�ect can be seen in

�gure 4.14.

Figure 4.14 shows that as the bu�er thickness decreases, the hybridisation

strengthens resulting in the separation of the absorption resonances. This anti-

crossing behaviour of the hybridisation between a photonic waveguide mode

and a plasmonic surface mode is well known [157]. The transmission stop-band

between the two absorption peaks is a characteristic feature of metallic arrays

where the plasmonic resonance prevents the propagation of energy [30, 140].

The sharp change in transmission at the edge of the stop-band is potentially a
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Figure 4.14: The absorption spectra for the integrated triangular NGT for a
range of bu�er heights (b) (denoted in the labels). The dashed red lines are
estimations of the peak locations, showing an anti-crossing behaviour. Each
individual spectra is shifted by an additional 50% absorption.

good candidate for sensing applications. Metallic nanoparticle arrays have been

used for sensing purposes [61, 164] due to the collective high �eld strengths at

the edges of the nanoparticles. Since the resonances of the nanoparticles are

sensitive to changes in the dielectric environment in which they reside, a shift

in the spectral features of the device can be expected. Sharp spectral features,

such as at the edge of the transmission stop-band for the triangular NGT, can

be used to detect a change in the dielectric environment at the surface as the

spectral shift may be strong enough to allow the device to change from a non-

transmitting state to a state of transmission.

The triangular NGT surface is exposed to air meaning it can be used to

detect a liquid or gas which �ows over the surface between the surface elements.

Figure 4.15 shows the response of the triangular NGT when the material between

the metallic elements is changed from having a refractive index of n = 1.00 (air)

to an arbitrary medium of a higher refractive index, n = 1.05. The sharper

feature at the end of the transmission stop-band (P2) will be used to detect the

shift in the transmission caused by the change of dielectric environment.

To quantify the strength of the sensing ability of the NGT, a �gure of merit
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Figure 4.15: The shift of the P2 edge of the transmission stop-band when the
surface is exposed to a ∆n = 0.05 change in the dielectric environment.

(FOM) taking into account the peak size (the full-width half-maximum, which

is twice the half-width half-maximum taken from �gure 4.15), the shift in the

resonance ∆Λ and the change in dielectric constant ∆n. The ratio of the shift

in the spectral peak (in nm) relative to the change in dielectric constant (in

refractive index units, RIU) provides the sensitivity of the device. Taking the

sensitivity against the peak's full-width half-maximum (also in nm) provides a

quantity on the performance of the resonance structure [164]

FOM =
∆Λ/∆n [nm /RIU]

FWHM [nm]
. (4.2)

The FOM for the triangular NGT comes to 3.71 RUI−1. It is interesting that

the triangular NGT shows this property despite not being speci�cally designed

for this purpose. Other NGT structures could be designed to provide sharper

spectral features and a stronger sensitivity to the dielectric environment.

In addition to the plasmonic resonance, the triangular NGT has an out-of-

plane scattering regime at larger pitch lengths. This feature is due to the peri-

odic structuring in the propagation direction, leading to the ability to provide

additional momentum to the underlying waveguide mode and therefore coup-

ling to radiative modes; similar to that of the grating. The triangle array has

a greater in�uence the TE mode of the waveguide due to the strong interac-
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tion with the dipole mode of the triangular elements which do not exist in

the case of the grating. The characteristic out-of-plane scattering dip, caused

by the Bragg re�ection when the pitch of the structure matches that of the

wavelength of the waveguide mode, coincides with the out-of-plane scattering

where θs = 0◦. Using this and equation 3.3, an estimation for the e�ective

index of the nanogap tiling can be made (see section 3.2), and is found to be

neff = 2.82. The θs = −90◦ scattering angle for both the superstrate (ns = 1.0)

and substrate (ns = 1.44) scattering can now be estimated at 405.8 nm and

367.8 nm respectively, as marked on �gure 4.16.
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Figure 4.16: The top (t) and bottom (b) spectra for the integrated triangular
NGT structure highlighting the out-of-plane coupling angles from equation 3.3
with dashed lines.

The θs = −90◦ scattering limits for both the superstrate and substrate match

very well with the onset of out-of-plane scattering as seen in �gure 4.16 for the

NGT structure. The drop in the scattering to the substrate (green line) at the

onset of the superstrate out-of-plane scattering (yellow line) can also be clearly

seen, creating a shoulder in the substrate scattering spectrum.

The scattering spectra of the triangular NGT revealed photonic resonances

in the form of Bragg re�ections, an anti-crossing behaviour from the hybrid-

ised plasmonic resonance and out-of-plane scattering. The sharp transmission

change at the edge of the plasmonic resonance is a good candidate for sensing

the changes in the dielectric environment of the surface structure.
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The triangular NGT has been studied in this section in the backwards ori-

entation. This orientation was chosen due to potentially having a stronger focal

spot �eld enhancement as the shape of the triangles results in a focusing of the

evanescent �eld into the nanogaps, increasing the surface �eld enhancement.

The triangular NGT in the forward orientation is explored in the following sec-

tion.

4.3 Asymmetric Transmission

The triangular NGT has a geometric asymmetry along the waveguide propaga-

tion direction due to the triangular shape of the metallic elements. Exploring

the integrated triangular NGT system with the triangles in the forward orient-

ation, a di�erence in the scattering spectra is observed in comparison with the

backwards orientated triangles around the second Bragg peak (B2), as shown

in �gure 4.17.

�4

��������	

������	

�
�
�


	
�
�	
	
��


a�
d
�

]

4]

8]

P]

h]

0]]

�����ao�Ta�
��

0]] 4]] 6]] 8]] 1]] P]] t]]

"a�a5a41d

�
�
�


	
�
�	
	
��


a�
d
�

]

0]

4]

6]

8]

1]

�����ao�Ta�
��

1]] 14] 18] 1P] 1h] P]]

Figure 4.17: A comparison of the full (top) and expanded (bottom) transmission
spectra for the integrated triangular NGT structure with N = 25 elements un-
der forward and backward illumination highlighting the maximum transmission
di�erence (∆T).
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The transmission spectra between the forward and backward triangle ori-

entations are similar except in the region where the e�ective wavelength of the

waveguide mode becomes resonant with the pitch of the system (Λ ≈ λeff). A

closer inspection of this region (bottom panel of �gure 4.17) reveals a large trans-

mission di�erence of around 25% at Λ ≈ 545 nm. Evidently, this transmission

di�erence must come from asymmetry of the triangular elements [165].

The transmission measured is the total �ux of energy across the end bound-

ary of the system. The observed di�erence in transmitted energy between the

two orientations should be apparent in the other scattering or loss channels

(shown in �gure 4.18).
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Figure 4.18: The absolute di�erence between the transmission (∆T), re�ection
(∆R), top (∆t) and bottom (∆b) scattering, and the absorption (∆A) between
the forward and backward orientated elements.

Looking at the di�erence in the scattered energy through all the domain

boundaries between the forward and backward orientations (�gure 4.18) shows

that the largest di�erence in energy transfer is in the re�ected and out-of-plane

scattering channels. This suggests that, for the forward orientated triangles, the

energy in the waveguide is scattered to a higher degree than in the backward

orientation. For the backward orientated triangles the evanescent �eld of the

waveguide mode interacts with the point of the triangle �rst and is gradually

tapered into the nanogap, reducing the scattered energy. However, no gradual

tapering occurs for the forward orientation because the evanescent �eld interacts
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with the base of the triangle �rst, resulting in higher scattered energy.

The energy �ux through the various scattering channels does not itself

provide a full description of the performance of the triangular NGT, especially

for the structuring of the �elds inside the device. At λ0 = 1550 nm, the 220 nm

silicon waveguide supports the fundamental TE and TM modes across its height.

However, it can support higher order modes within the plane of the waveguide

(i.e. the x-direction). For one unit cell width, an antisymmetric mode may

exist. The x-component of the electric �eld of the fundamental mode and the

�rst asymmetric mode for one unit cell width are depicted in �gure 4.19.

Figure 4.19: A comparison of the electric �eld |Ex| of the fundamental and the
�rst asymmetric TE waveguide modes for the open geometry.

As previously discussed, the triangular NGT is able to provide momentum

to the waveguide mode due to its periodic structuring in the direction of wave

propagation. This o�ers the potential to provide coupling between di�erent

waveguide modes. For example, mode conversion is known to occur in both

photonic crystals [166] and waveguides [167, 168].

The Ex component of the electric �elds for the triangular NGT consisting of

25 elements in length is displayed in �gure 4.20 for the forward and backward

orientations. The fundamental TE mode in injected into both structures. The

electric �elds are seen to undertake a mode transformation, in both orietnations,

to the antisymmetric mode due to the structuring of the metallic surface (the

width of the image is two unit-cells). There is a clear di�erence in the rate of
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the mode conversion between the two orientations as the �elds are seen to have

di�erent structuring. To explore this mode conversion for both orientation in

more detail, a four port scattering matrix of the device is determined.

Figure 4.20: A comparison of the Ex �elds for the forward (top) and backward
(bottom) orientated triangles in the centre of the waveguide. The numbers
indicate the approximate locations of the elements. The 5th element has been
drawn to show the orientation.

The scattering matrix for a system consisting of 4 ports can be written



b1

b2

b3

b4


= S



a1

a2

a3

a4


, S =



S11 S12 S13 S14

S21 S22 S23 S24

S31 S32 S33 S34

S41 S42 S43 S44


, (4.3)

where the scattering parameter Snm is found by dividing the outgoing power

�ow through port n by the incident power �ow on port m, bn/am. Since these

parameters are amplitudes, taking the modulus squared provides the energy

transfer, |Snm|2.

Port boundaries, solved to the fundamental and �rst asymmetric modes

at both ends of the structure (�gure 4.21), are used to determine the mode-

speci�c energy �ux across the boundaries, and therefore provide the scattering

parameters of the system.

The scattering parameters for the triangular NGT, with a pitch equal to the

maximum transmission di�erence found in �gure 4.18 (Λ = 545 nm), are shown

in �gure 4.22.

From the scattering parameters in the left panel of �gure 4.22, it is clear
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Figure 4.21: The 4-port boundary setup for the triangular NGT system. Ports
1 and 2 are solved for the fundamental mode, while ports 3 and 4 are solved for
the �rst asymmetric mode. The coloured arrows through the device represent
the transmissive scattering parameters between the ports in either direction.

that Snm = Smn. This is a signature of a symmetric scattering matrix and is

expected for a linear and passive system. The triangular NGT continuously

converts between the two modes. However, the rate of conversion is di�erent for

each mode and for each propagation direction, leading to a asymmetry mode

conversion. With no surface elements, the injected mode is fully transmitted,

as shown by the blue (S12 and S21) and red (S34 and S43) lines at N = 0. As

the number of elements on the device increases, the structure starts to convert

the waveguide modes. With only a few elements (N ≈ 16) the injected mode is

highly converted and back-conversion starts to dominate. The loss of the system

becomes signi�cant with many plasmonic elements, resulting in the sum of the

scattering parameters being much less than unity.

The graphs on the right hand side of �gure 4.22 show the proportion of each

transmission mode relative to the total transmissive energy �ux of the system.

It is clear from these graphs that the backwards propagating fundamental mode

gets nearly fully converted at around N = 19 elements. For comparison, the

forward propagating mode at N = 19 only partially converts between the modes

(∼ 54%) before back-conversion begins to dominate.

Using this data it is possible to optimise the NGT structure depending on the

required property. For example, if total conversion from the fundamental mode

to the �rst asymmetric mode is wanted the backwards triangles with N = 19

elements can be used, as mentioned. If a maximum transmission di�erence is
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Figure 4.22: The scattering parameters (left) for the triangular NGT and the
relative mode proportion of the transmission for the forward (top right) and
backward (bottom right) orientated triangles.

desired, irrelevant of modal content, then the largest di�erence between the

transmissive scattering parameters can be used. This occurs for the backwards

propagating fundamental mode at N = 16 elements, where a large di�erence

in transmission of ∼ 54% is obtained (�gure 4.23). This can be compared to

the ∼ 25% di�erence in transmission of the original N = 25 simulation (�gure

4.17).

Considering the large di�erence in transmission between the forward and

backward propagation directions, the device could be seen as a step towards an

optical diode. With a given transmission threshold, the device would exceed the

threshold in the higher transmission direction (de�ned as passed) but be below

the threshold in the lower transmission direction (de�ned as blocked).

With the emergence of silicon nanophotonics, research into optical diodes

and isolators is being heavily pursued with the aim of fabricating an on-chip

optical isolator being highly sought after. The current leading methods involve

active breaking of time-reversal [169] techniques such as magnetic [170, 171]
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Figure 4.23: Optimised maximum di�erence in transmission (∆T) for the tri-
angular NGT with N = 16 elements.

or electric modulation [172, 173]. However, these techniques are often bulky

or involve external devices or �elds which may interferer with nearby devices.

There have also been many attempts to realise passive silicon diodes and isolat-

ors based on photonic crystals [174�177], modulated refractive index waveguides

[178�180] and ring resonators [168, 181]. However, it is very important to un-

derstand the de�nition of an optical isolator [182, 183]. Optical isolators must

have asymmetry for all modes traversing the device, not just for a particular

ensemble of modes, and therefore must have an asymmetric scattering matrix.

The integrated triangular NGT device does not include the use of active

components and is completely linear, as seen by the symmetric scattering mat-

rix (�gure 4.22). The device cannot break Lorentz reciprocity in its current form

and therefore cannot be used as an optical isolator, despite showing asymmetric

mode conversion [184]. However, since the metallic structure is accessible from

the surface, it can easily be combined with active components, such as elec-

trical contacts, or with nonlinear materials [185, 186] in order to break Lorentz

reciprocity. Silicon is known to have nonlinear properties [187], but the plat-

form could equally be made out of other material systems (e.g. group III-V

semiconductors) which have a wider availability of nonlinear materials.

The integrated triangular NGT has asymmetric transmission around the

second Bragg peak due to the di�ering conversions of the TE modes from the
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triangle orientation. This e�ect was optimised to �nd a setup of complete modal

conversion and another setup for a maximum di�erence in transmission of ∼

54%, which, in conjunction with active or nonlinear components, may pave the

way for an integrated on-chip optical isolator.

Some nonlinear materials are sensitive to the strength of the electric �elds

within them. If such a nonlinear material could be deposited between the surface

elements of the NGT, the nonlinear material would bene�t from the strong �elds

in the nanogaps. In the next section, the e�ective surface enhancement of the

evanescent �elds, caused by the surface triangular NGT, is explored in order to

boost a nonlinear response.

4.4 E�ective Surface Field Enhancement

Nanoplasmonic surfaces are increasingly being explored for their abilities to

concentrate light into hot-spots, providing a large enhancement to the strength

of the electromagnetic �elds. High �eld strengths are useful for applications

such as nonlinear optics [188] (for example, the Kerr e�ect in silicon [187])

and sensing [41] due to their increased interaction with stronger �elds. The

integrated NGTs not only o�er the ability to use a wide range of nonlinear

materials, due to the �exibility with the choice of material systems they can

be made from, but they also provide an accessible surface in an integrated, on-

chip design. As NGTs feature dense arrays of nanoparticles the high density

of nanogaps can potentially provide a strong surface �eld enhancement (�gure

4.24), for use in such applications.

To obtain the e�ective surface �eld enhancement provided by the structure,

the strength of the electric �eld at the surface and in the waveguide are com-

pared. The surface �eld strength, taken at the mid point of the metallic layer

ys, and the waveguide �eld strength, taken at the centre of the waveguide ywg,

are normalise by dividing by the averaged electric �eld strength of the open

platform (i.e. without any surface structure) E0(y), which is invariant in the
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Figure 4.24: A graphical interpretation of the hot-spots for the integrated plas-
monic triangular NGT, illuminated by the in-plane fundamental TE mode.

x and z directions. This yields the normalised electric �eld intensities at the

surface (y = ys) and the mid-point of the waveguide (y = ywg)

E2
s =
|E(x, ys, z)|2

|E0(ys)|2
(4.4a)

E2
wg =

|E(x, ywg, z)|2

|E0(ywg)|2
. (4.4b)

These normalised electric �eld intensities (laterally averaged across the x-

direction) are plotted in �gure 4.25 to display how the �eld evolves as it propag-

ates through the structure. The x-axis of the colour plots displays the structure

length normalised against the pitch (i.e. the element number, as N = z/Λ). The

average normalised intensities along the length of the structure in the propaga-

tion direction are displayed in the right hand panels.

The transmission stop-band of the SPP resonance can be clearly seen in

�gure 4.25 as a dark band in both the surface and waveguide �elds (at Λ ≈

325 nm). The energy in the waveguide (bottom panel) is seen to diminish before

the surface energy (top panel), suggesting the transition of energy from the

photonic waveguide to the plasmonic structure. Additional transmission stop-

bands can be seen at the locations of the Bragg re�ections (ΛB1 ≈ 275 nm and

ΛB2 ≈ 550 nm). The apparent vertically striped nature of the surface �eld is

due to the higher �eld intensities of the hot-spots formed in the nanogaps of the

triangular elements.
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Figure 4.25: The laterally averaged normalised electric �eld intensities for the
triangular NGT at ys (top panels) and ywg (bottom panels) along the propaga-
tion direction (left panels) and averaged along the propagation direction (right
panels).

In order to quantify the potential to functionalise the triangular NGT sur-

face, the e�ective enhancement of the linear and nonlinear susceptibilities of a

material deposited onto the surface needs to be determined. To �nd the e�ect-

ive surface enhancement of the triangular NGT, the normalised surface �eld is

taken relative to the normalised waveguide �eld. This has the added bene�t

of accounting for wave propagation e�ects, such as propagation attenuation,

back re�ection and standing wave formation. For example, the e�ective surface
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intensity enhancement η(I)
eff for a χ2 susceptibility is de�ned

η
(I)
eff =

E2
s

E2
wg

. (4.5)

The overall loss of the system due to scattering and absorption can be ex-

pressed in terms of the attenuation coe�cient α = − ln(T)/(NΛ), where T is

the transmission of the device and N is the number of elements of pitch length

Λ. A more useful quantity is the propagation length of the �elds within the

device `P = 1/α.

The e�ective surface �eld enhancement and propagation length of the integ-

rated triangular NGT are shown in �gure 4.26.
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Figure 4.26: The e�ective surface intensity enhancement η
(I)
eff (blue) and

propagation length normalised by the pitch `p/Λ (red) of the integrated tri-
angular NGT structure.

From these results it is clear that the e�ective surface enhancement peaks at

the plasmon resonance (Λ ≈ 325 nm) due to the LSPR of the surface structure

in comparison to the energy of the waveguide mode. However, in this region

of highly enhanced �elds, the propagation length of the structure is greatly re-

duced, as the excited plasmonic modes are lossy. A high enhancement can also

be seen at the �rst Bragg peak, but here the high attenuation is due to the back

re�ection of the energy. The propagation length of the device increases as the

element sizes reduce into the subwavelength region (Λ . 250 nm), yet the e�ect-

ive enhancement of the surface levels out to a value of ∼ 10. This o�-resonant
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enhancement can be attributed to the lightning rod e�ect [36] which concen-

trates the energy of the �elds to the edges of the elements without inducing

high plasmonic losses. The e�ective enhancement of the out-of-plane scattering

regime (Λ > 400 nm) is much lower than that of the subwavelength regime due

to the onset of out-of-plane scattering, reducing the overall energy available in

the system.

This e�ective surface �eld enhancement is a good measure of how much of the

electric �eld concentrates at the surface relative to the waveguide. Although the

achieved intensity enhancement of the subwavelength regime is comparatively

low, the photonic waveguide mode remains in interaction with the nanogap

tiling along the length of the structure due to the low loss and low scattering.

To quantify the trade o� between the surface enhancement and the propagation

loss, a �gure of merit value is introduced which can be thought of as an e�ective

cross section of the device

σeff = η
(I)
eff `pΛ. (4.6)

This cross section (speci�cally for second order nonlinearities) combines the

e�ective surface enhancement and propagation length to produce a description

of the performance of the device. A high surface enhancement and a long

propagation length are both bene�cial for the performance of the structure, and

will both increase the cross section value. Using this, the e�ective cross section

for the triangular NGT is shown in �gure 4.27.

The e�ective cross section is near constant in both the subwavelength and

radiative regimes, where the ability of the NGT to concentrate the energy on

the surface of the structure can be seen to be proportional to the density of

hot-spots (∼ 1/Λ2) and the normalised attenuation ((`p/Λ)−1)

η
(I)
eff = const.× 1

Λ2

(
`p
Λ

)−1

. (4.7)

As an example application of the device, an active gain material is used in

conjunction with the SOI platform [47]. To take advantage of the concentrated
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Figure 4.27: The e�ective cross section σeff of the triangular NGT, showing the
near constant subwavelength and radiative regimes.

electric �eld of the NGT, the gain medium is assumed to deposited onto the

surface between the metallic elements, and of the same thickness as the metal

(30 nm). The con�nement factor of the gain medium layer can be calculated by

integrating the proportion of the evanescent �eld of the electric �eld intensity

in the gain medium layer and dividing it by the total integrated �eld, for the

open geometry, as described by the equation

Γ =

´ +∞
−∞ Θ(y)

∣∣E0(y)
∣∣2 dy´ +∞

−∞ |E0(y)|2 dy
, (4.8)

where Θ(y) is unity for the gain-�lled layer, and zero elsewhere (see �gure 4.28).

For the given device, the con�nement factor is found to be Γ ≈ 0.0143.

To fully compensate the dissipative and radiative losses within the system,

an equivalent gain gequiv from the material would be required. The equivalent

gain required to fully compensate the total losses of the system can be written

as

gequiv =
1

η
(I)
eff `pΓ

. (4.9)

The equivalent gain for the integrated triangular NGT device is shown in

�gure 4.29.

The subwavelength regime of the device shows a realistically low equivalent

gain needed to fully compensate the losses. This is due to the high surface
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Figure 4.28: An illustration of the proportion (red) of the evanescent tail of the
TE waveguide mode in the gain-�lled medium.

�eld enhancement of the triangular NGT and low losses within this region. At

the �rst Bragg peak (Λ ∼ 260 nm), the equivalent gain required to compensate

the loss is higher due to the onset of resonant back re�ection, reducing the

available energy which can interact with the gain. At the plasmonic resonance

(Λ ∼ 340 nm), the equivalent gain required is surprisingly low despite the high

losses induced. However, this is also where the surface �eld concentration is

at its strongest between the plasmonic elements, increasing the e�ectiveness

of the gain medium. Beyond the plasmonic resonance out-of-plane scattering

dominates, resulting in a high equivalent gain value of ∼ 104 cm−1 necessary to

compensate for the increased losses.

The triangular NGT structure is found to deliver a high surface �eld enhance-

ment in conjunction with relatively low losses for the subwavelength regime. A

surface-deposited gain material with realistically achievable e�ective gain could

be used to compensate for the losses of the device. The strong surface �eld

enhancement of the NGT could also be used to enhance the nonlinear response

of a nonlinear material when deposited on the surface.
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Figure 4.29: The equivalent gain required to compensate the losses of the integ-
rated triangular NGT as calculated from equation 4.9.
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Chapter 5

Summary and Outlook

The aim of the project, guided by the increasing interest in plasmonic surfaces,

was to integrate plasmonic surface structures to a photonic waveguide platform

to address the issue of high losses associated with plasmonic structures. A

silicon-on-insulator waveguide platform based on existing CMOS technology was

modelled, employing a transverse electric (TE ) mode which was observed to

have lower losses in comparison to the transverse magnetic mode when in the

proximity of a metallic cover. The TE mode provided a better impedance match

between the open (uncovered) and closed (metal covered) waveguide systems.

The evanescent �eld of the waveguide mode is in interaction with the plasmonic

structure along the entirety of its length. A bu�er layer of tunable thickness

is introduced between the waveguide and plasmonic surface to provide a way

to tune the coupling strength between the waveguide mode and the plasmonic

surface structure, and therefore the associated losses.

A coupling mechanism between radiation modes and the waveguide was in-

troduced in the form of a metallic surface grating. The geometry of the grating

was optimised to provide high coupling e�ciencies between the waveguide and

radiation modes, allowing for an experimentally convenient way to couple ex-

ternal �elds to the waveguide. This allows for the excitation of waveguide modes

within the platform which may then be used to interact with surface structures.
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A particular class of surface structures, nanogap tilings (NGTs) was intro-

duced. NGTs, as the name suggests, are regular tiling patterns of metallic

patches consisting of nanogaps between the elements where light can be fo-

cused into hot-spots and the �elds enhanced. One particular tiling pattern, the

�xed triangular patches arranged on a triangular lattice, was explored in detail.

Due to the triangular shape of the elements, the light propagating towards the

point of the triangles is e�ciently tapered into the nanogaps, increasing the �eld

strength. The triangular NGT is an e�ective surface �eld enhancer because all

nanogaps are in the direction of the electric �eld, allowing for complete hot-spot

illumination. In comparison, for example, diamond patches in a square lattice

only has half the nanogaps orientated along the electric �eld, resulting in the

illumination of only half the nanogaps and therefore reducing the density of

hot-spots. The triangular NGT provided insight to a variety of di�erent e�ects

simply by scaling the surface structure in relation to the e�ective wavelength of

the waveguide mode. From this, multiple regions of operation were identi�ed,

each with interesting potential prospects.

Due to the strong periodic nature of the NGT in the direction of wave

propagation, the lattice provides phase matching of the propagating mode to

radiative modes, including resonant backscattering into the waveguide (Bragg

re�ections) and out-of-plane scattering to the substrate and superstrate. These

features are described by the k-matching equation. Bragg re�ection occurs when

the pitch matches every half-wavelength of the e�ective waveguide mode, while

the out-of-plane resonance is a broad region around the second Bragg peak,

where the e�ective wavelength of the waveguide mode is in near resonance with

the pitch of the surface structure.

When the wavevector of the photonic mode matches the plasmonic resonance

of the surface structure (which is relative to the size of its elements), a hybrid

mode is formed. This waveguide plasmon polariton takes the form of two strong

absorption resonances which mark the edges of a transmission stop band, where

transmission of the waveguide mode is completely inhibited. The NGT surface
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was additionally explored with an out-of-plane wave at angle of incidence that

matched the evanescent �eld of the totally internally re�ected mode with the

propagation constant of the waveguide. This revealed the unhybridised plas-

monic resonance, whose location was between the two absorption resonances

found via in-plane illumination. The sharp change in transmission at the edge

of the transmission stop-band o�ers the opportunity to use the NGT for sensing

purposes. A change in the dielectric environment around the accessible surface

structure could cause the spectrum resonance to shift, allowing the NGT to

detectably change from a non-transmitting state to a transmitting state.

The triangular NGT has C3v symmetry meaning it has two major axes of

excitation: the forward (with the point of the triangular element) and back-

ward (against the point of the element) propagation directions. The scattering

spectrum between the two propagation directions signi�cantly di�er when the

element size is near-resonant to the e�ective wavelength of the guided mode.

Around this location, the surface structure allows the excitation of a higher

order waveguide mode. As the geometry of the surface structure is asymmet-

ric between the two propagation direction, the rate of conversion between the

waveguide modes di�er. Since the two modes have di�erent attenuations and

scattering, the overall transmission through the device varies between the two

propagation direction. With optimised structures, a large di�erence in transmis-

sion of 54% and a 100% mode conversion is achieved. The asymmetric trans-

mission and mode conversion may provide a step towards an on-chip optical

isolator when the symmetry of the scattering matrix is broken via the inclusion

of active or nonlinear materials.

The NGT structure has the ability to concentrate light at the surface of the

device in a dense array of hot-spots in the nanogaps between the metallic ele-

ments. Despite being only evanescently driven by the underlying waveguide, the

concentration of the surface �eld exceeds the strength of the �eld in the wave-

guide. To quantify the ability of the surface structure to enhance the surface

�elds, a novel �eld enhancement extraction technique was de�ned. The norm-
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alised �elds of the surface structure is taken relative to the normalised �eld of

the waveguide centre to provide an e�ective surface enhancement. The e�ective

surface enhancement was found to be high for the subwavelength regime, peak-

ing at the plasmonic resonance, and then lower for the out-of-plane scattering

regime.

To provide an improved description of the ability of the surface structure to

concentrate the �elds at the surface, an e�ective cross section was introduced,

taking into account the trade o� with the attenuation of the system. This cross

section was found to be near constant in the subwavelength and scattering re-

gimes which suggests that the energy on the surface device is proportional to

the density of hot-spots and the attenuation of the system. The subwavelength

regime appears high in performance due to the high o�-resonant �eld concen-

tration between the elements in addition to low attenuation, marking it as an

ideal candidate for surface functionalisation with nonlinear and gain materials.

With the trade-o� between light concentration and losses characterised, an

application of the surface structure with a theoretical gain material is explored.

The e�ective gain required to fully compensate the losses of the system, with

a gain material deposited on the surface between the metallic elements, was

found to be realistically possible for the subwavelength regime and even at the

plasmonic resonance, although higher gain values are required to compensate

the onset of the out-of-plane scattering at longer pitch lengths.

The dielectric platform designed in this work is not limited to the SOI ma-

terial system and telecommunication wavelengths. Any material system with

a high refractive index contrast, such as group III-V semiconductors (e.g. In-

GaAsP) for 510 nm wavelengths, may be used to form the photonic waveguide

platform. The use of III-V semiconductors would o�er a wider possibility of us-

ing nonlinear or active materials, as well as the use of quantum-wells and dots,

opening up the surface structures and this integrated platform to a wide range

of useful applications.

The �exibility of nanolithography allows for the deposition of virtually any
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2D structure onto the surface of the photonic platform, potentially even graphene

[189]. More complex structures, such as plasmonic guides [45, 47] and circuitry

[190] may also be applicable. The triangular NGT tiling explored in this work

is only one of many possibilities of covering the surface with regular 2D tilings.

For example, a graphene-like plasmonic crystal array [191, 192] could provide

interesting e�ects [193, 194] due to the Dirac Point known to exist for such

structures [195, 196]. The potential for other NGT structures, or indeed any

other planar surface structure or antenna, opens up the possibility of a wealth

of designer surfaces on the integrated platform dedicated to speci�c tasks. This

allows for multiple hybrid or on-chip devices such as sensors, plasmonic couplers,

active surface emitters, switches and all-optical modulators.

With the growing �eld of metamaterials, the inclusion of a metasurface on

to the platform is desirable. For example, subwavelength split ring resonators

(SRRs) would suit the TE polarised mode of the integrated platform due to

both the electric �eld being across the gap of the SRR and the out-of-plane

magnetic �eld through the loop of the ring [197].

With the surface structure being exposed, the surface mounted metallic ele-

ments are accessible to electrical connections, allowing for the use of the surface

structure for optoelectronic devices [198] or even plasmonic circuits [190], provid-

ing an alternate means to control the propagation of the light in the waveguide

via the use of electronic signals and components, or the inverse situation of

controlling the electrical output of a device with the guided light.
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Appendix A

Methods

A.1 Scattering Calculations

The majority of the numerical studies of this work use a scattering calculation

as outlined by [199]. The total �elds at a boundary are a superposition of the

incident and scattered �elds, or Etot = Einc+Escat andHtot = Hinc+Hscat. The

FEM software solves the total �eld solution from the incident �eld, and therefore

the scattered �eld can be obtained from these equations. The incident �eld is

the illuminating energy (e.g. from an external source) while the scattered energy

is the light scattered o� the scatterer after interacting with the incident light.

The power �ow across the boundary can therefore be given by the Poynting

vectors

Stot = Sinc + Sscat + Sext =
1

2
Re[Etot ×H∗tot]

Sinc =
1

2
Re[Einc ×H∗inc]

Sscat =
1

2
Re[Escat ×H∗scat]

Sext =
1

2
Re[Escat ×H∗inc] +

1

2
Re[Einc ×H∗scat],

where Sext is the extinction power �ow which arises from the interference of the

scattered �eld and incident �eld.
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Figure A.1: The boundaries T, R, t and b, and absorption A within the system
(hashed area), with the injected energy WI upon boundary R.

By integrating the power �ow through a given surface (i.e. the T, R, t or

b surfaces, see �gure A.1), the energy �ux (W) through that surface can be

obtained. The total power �ow (Stot) across the surface is integrated to gain

the total energy �ux across the boundary except in the case of the re�ected

energy, as this surface includes the incident light which needs to be omitted to

obtain only the re�ected (scattered) proportion of the light. The total energy

absorbed in the system (WA) is given by the integral of the total �ux in and out

of the system for all the given boundaries (i.e. a closed surface). The absorbed

energy within the system is given by the negative integral of the total energy

through all the boundaries. Assuming loss within the system, the integral result

will be negative due to the inward orientation of the net energy �ux. The total

incident energy to the system (WI) must therefore be a sum of the energy �uxes

across the boundaries and the absorbed energy within the system. Dividing

the energy �uxes of each boundary by the total incident energy provides the

normalised data as plotted in the results of this work.

T =
WT

WI
=

´ T
Stotds

WI

R =
WR

WI
=

´ R
Sscatds

WI
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t =
Wt

WI
=

´ t
Stotds

WI

b =
Wb

WI
=

´ b
Stotds

WI

A =
WA

WI
=
−
¸
Stotds

WI

WI = WT + WR + Wt + Wb + WA

A.2 Two-Step Scattering Process

In order to calculate the scattered �eld from the isolated trimer molecule in

chapter 4.1, whilst keeping the in-plane excitation from the waveguide, a soph-

isticated computational procedure is required. To isolate the timer scatterer,

all the domain boundaries are required to be PML boundaries which extend

the domain as an in�nite isotropic and inhomogeneous medium. This allows for

the scattered �elds to be obtained at the boundaries as no �elds are re�ected

back into the computational domain. However, the underlying waveguide mode

cannot be solved with PML boundaries on the side. The fundamental TE mode

would e�ectively be con�ned by the PML boundaries on the sides, resulting

in a two dimensional mode instead of the required one dimensional waveguide

mode..

Using COMSOL Multiphysics (www.comsol.com), two successive simula-

tions are performed to solve the problem outlined above (�gure A.2). The �rst

simulation is much the same as the majority of simulations performed in this

work. The waveguide and scatterer are meshed with PML boundaries on the y

and z boundaries, and PEC boundaries on the x (side) boundaries. This allows

for the one dimensional waveguide mode to be simulated correctly. However, for

this simulation, the permittivity of the trimer molecule is set to the permittivity

of air (i.e. the same as the surrounding superstrate). This e�ectively removes

the scatterer (the metallic molecule) from the system, but keeps the meshing

of the molecule shape to prevent interpolation errors arising from a change in
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the mesh. With the scattering medium e�ectively removed, the unaltered TE

waveguide mode is solved throughout the structure.

The second process restores the scatterer permittivity to that of the metal.

It replaces the PEC boundaries on the sides with PML boundaries, allowing

the calculation of the scattered energy �ux. The previously solved �elds for

the TE waveguide mode across the whole structure is used as the initialising

background �eld for this simulation, allowing for the calculation the total and

scattered �elds with the scatterer now present.

Figure A.2: The two-step simulation process. The �rst simulation injects the
fundamental TE waveguide mode in a PEC-sided geometry, with the scatterer
e�ectively removed. The second simulation (right) restores the scatterer and
uses the solved waveguide �eld from the �rst simulation as the background �eld
for the scattering calculations in a PML-sided geometry.
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