
Metal-Insulator-Metal
Plasmonic Colour Filters for

CMOS Image Sensor Applications

Nadia Pinton
Somerville College
University of Oxford

A thesis submitted for the degree of
Doctor of Philosophy

Trinity 2020



To my son Ethan

This Thesis is one of my greatest achievement

but being your mamma is my greatest honour

I love you to the moon and back



Acknowledgements

I would like to thank my supervisor, Steve Collins, for the support, the

thousands advices and the invaluable guidance throughout the course of this

project. More than a supervisor you have been a mentor to me and for that

I am very thankful. I would also like to thank my second supervisor, David

Cumming, for hosting my research placement at the University of Glasgow

and making me feel part of his group. Special thanks go also to James Grant.

Thank you for every discussion, every morning chat, every laugh. Thank

you for always being available. You are the postdoc that every Ph.D. stu-

dent should have. Vorrei anche ringraziare le mie amiche più care, Romina e

Valeria, per esserci sempre state nel corso di questi anni.

Finally, I would like to thank my wonderful family. Thank you to my fiancé,

Martin. I could not have finished this Thesis without your unconditional love,

help and support. Even if I do not laugh at all your jokes, I love you with

all my heart. I cannot wait to start the new chapter in our life. And thank

you to my sweet baby boy Ethan for making the world a better and happier

place. Infine, grazie ai miei meravigliosi genitori. Grazie mamma, grazie papà.

Grazie di avermi sempre incoraggiato e sostenuto. Non avrei potuto farcela

senza di voi.



Abstract

Significant improvement in using plasmonic nanostructures for practical colour

filtering and multispectral imaging applications is achieved by exploiting the

coupling of surface plasmon polaritons with dielectric optical cavity resonances

within a hexagonal array of subwavelength holes in a thin CMOS-compatible

metal-insulator-metal (MIM) stack. This architecture overcomes the limita-

tions of all previously reported plasmonic colour filters, namely poor trans-

mission and broad band-pass characteristic, effectively providing a compact

approach to selectively filter light. The physical insights established from the

electromagnetic near-field patterns and parametric simulation studies are used

to accurately tailor the optical properties of the filters.

Measured transmission efficiencies up to 60% and full-width at half-maximum

between 45 nm and 55 nm along the entire visible spectrum are achieved - an

impressive and unique combination of features that has never been reported

before. The non-ideality of the fabrication at the nanoscale is addressed, the

issues encountered highlighted and alternative solutions proposed and veri-

fied, demonstrating that the working principle of the MIM structure can be

successfully extended to other materials and structural parameters.



Statement of Originality

Unless otherwise acknowledged, the content of this Thesis is the result of my

own work. None of this material has been submitted for any other degree at

the University of Oxford or any other institution.

Chapter 2 and Chapter 3 are reviews. However, the analysis in Section 3.7.4

on the IIM stack is new material. Chapter 4 is a combination of literature,

notes taken during Master degree courses, and professional work experience.

Chapter 5 is an expanded and more complete review of the parametric depen-

dence of two-dimensional periodic hexagonal nanohole arrays milled through

an optically thick Al layer. Sections 5.2.2, 5.3.3 and 5.3.4 are new material.

Chapter 6, 7 and 8 are all original work.

Numerical solutions have been evaluated and plotted by my own Matlab

scripts. Simulation data presented in this Thesis are the result of my own

work. Samples have been fabricated by myself with the support of the JWNC

technical staff. The physical and optical characterisations of the samples have

been carried out by myself, with the only exception of the TEM characterisa-

tion, which has been performed by the staff of the Physics Department at the

University of Glasgow.

Nadia Pinton



Contents

1 Introduction 1

1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Aims and Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.3 Thesis Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2 Background on Imaging Systems 7

2.1 Digital Imaging: Solid-State Image Sensors . . . . . . . . . . . . . . . . . . 8
2.2 Colour Vision and Colour Filtering . . . . . . . . . . . . . . . . . . . . . . 11
2.3 Spectral Imaging . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.4 Highly Selective Band-Pass Optical Filters . . . . . . . . . . . . . . . . . . 19
2.5 Plasmonic Colour Filters . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
2.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3 Plasmonics: Fundamentals and Extraordinary Optical Transmission in
Nanohole Arrays 28

3.1 Surface Plasmon Resonances . . . . . . . . . . . . . . . . . . . . . . . . . . 30
3.1.1 Localised Surface Plasmon Resonances . . . . . . . . . . . . . . . . 30
3.1.2 Surface Plasmon Polaritons . . . . . . . . . . . . . . . . . . . . . . 34

3.2 Surface Plasmon Polaritons at a Single Flat Interface . . . . . . . . . . . . 35
3.3 Boundary Conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
3.4 Fresnel Coefficients . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
3.5 Conditions for SPP excitations . . . . . . . . . . . . . . . . . . . . . . . . . 42
3.6 Dispersion Relation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

3.6.1 Penetration Depths . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
3.6.2 Damped SPPs and Propagation Length . . . . . . . . . . . . . . . . 50
3.6.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

3.7 Coupled SPPs in Plasmonic Waveguides . . . . . . . . . . . . . . . . . . . 52

i



CONTENTS

3.7.1 Symmetric IMI Plasmonic Waveguide . . . . . . . . . . . . . . . . . 57
3.7.2 Asymmetric MIM Plasmonic Waveguide . . . . . . . . . . . . . . . 61
3.7.3 Symmetric MIM Plasmonic Waveguide . . . . . . . . . . . . . . . . 64
3.7.4 IIM Plasmonic Waveguide . . . . . . . . . . . . . . . . . . . . . . . 65

3.8 EOT in Subwavelength Nanohole Arrays . . . . . . . . . . . . . . . . . . . 67
3.8.1 Light Transmission through a Single

Subwavelength Circular Aperture . . . . . . . . . . . . . . . . . . . 68
3.8.2 Fano’s Contribution to Plasmonics . . . . . . . . . . . . . . . . . . 74
3.8.3 Dependence on the periodicity of the array . . . . . . . . . . . . . . 76
3.8.4 Dependence on the materials . . . . . . . . . . . . . . . . . . . . . . 79
3.8.5 Dependence on the shape of the aperture . . . . . . . . . . . . . . . 80
3.8.6 Reciprocity of the Structure in Transmission . . . . . . . . . . . . . 81
3.8.7 Finite size effects . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

3.9 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

4 Simulation, Fabrication
and Characterisation Methods 84

4.1 Simulation Software: Lumerical FDTD Solutions . . . . . . . . . . . . . . . 85
4.1.1 The Finite-Difference Time-Domain Method . . . . . . . . . . . . . 85
4.1.2 Setting-up the simulation environment . . . . . . . . . . . . . . . . 87

4.2 Nanofabrication Techniques . . . . . . . . . . . . . . . . . . . . . . . . . . 90
4.2.1 Metallisation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
4.2.2 Dielectric Deposition . . . . . . . . . . . . . . . . . . . . . . . . . . 92
4.2.3 Electron Beam Lithography . . . . . . . . . . . . . . . . . . . . . . 96
4.2.4 Dry Etching . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

4.3 Physical and Optical Characterisation Techniques . . . . . . . . . . . . . . 108
4.3.1 Electron Microscopy . . . . . . . . . . . . . . . . . . . . . . . . . . 108
4.3.2 Atomic Force Microscopy . . . . . . . . . . . . . . . . . . . . . . . . 113
4.3.3 Microspectrophotometer . . . . . . . . . . . . . . . . . . . . . . . . 118

4.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

5 2D Hexagonal Nanohole Arrays:
Analysis of the Starting Structure 120

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121
5.2 Characteristic Traits in the Optical Spectra . . . . . . . . . . . . . . . . . 123

5.2.1 The bottom interface . . . . . . . . . . . . . . . . . . . . . . . . . . 124
5.2.2 The top interface . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128

5.3 Parametric Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130

ii



CONTENTS

5.3.1 Diameter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131
5.3.2 Metal Thickness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137
5.3.3 Top cladding layer: thickness and RI . . . . . . . . . . . . . . . . . 140
5.3.4 RI hole filling material . . . . . . . . . . . . . . . . . . . . . . . . . 144

5.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147

6 2D Hexagonal Nanohole Arrays:
A Change in Dielectric Environment 149

6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150
6.2 Characteristic Traits in the EOT Spectra . . . . . . . . . . . . . . . . . . . 153
6.3 Electromagnetic Near-Field Patterns . . . . . . . . . . . . . . . . . . . . . 155
6.4 Parametric Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157

6.4.1 Cap Layer Thickness and Cavity Length . . . . . . . . . . . . . . . 157
6.4.2 Metal Thickness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160
6.4.3 Diameter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162
6.4.4 Array Periodicity . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165

6.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168

7 2D Hexagonal Nanohole Arrays:
The Metal-Insulator-Metal Stack 170

7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171
7.2 Characteristic Traits in the Optical Spectra . . . . . . . . . . . . . . . . . 174

7.2.1 MIM oscillatory modes . . . . . . . . . . . . . . . . . . . . . . . . . 177
7.3 Electromagnetic Near-Field Patterns . . . . . . . . . . . . . . . . . . . . . 178
7.4 Parametric Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 182

7.4.1 Diameter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 182
7.4.2 Thickness of the middle dielectric layer . . . . . . . . . . . . . . . . 184
7.4.3 Metal Thickness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 186
7.4.4 RI hole filling material and middle layer . . . . . . . . . . . . . . . 189
7.4.5 Cap Layer Thickness and RI . . . . . . . . . . . . . . . . . . . . . . 191
7.4.6 Periodicity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 193

7.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 194

8 Nanofabrication and Experimental Results 196

8.1 Patterning of the hexagonal nanohole array . . . . . . . . . . . . . . . . . . 197
8.1.1 Issue 1: Under-Etch of the Middle Layer . . . . . . . . . . . . . . . 199

8.2 Filling of the nanoholes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 204
8.2.1 Alternative Filling Material . . . . . . . . . . . . . . . . . . . . . . 206

iii



CONTENTS

8.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 210

9 Conclusions and Future Work 211

9.1 From Broad- to Narrow-Band
Plasmonic Colour Filters . . . . . . . . . . . . . . . . . . . . . . . . . . . . 212

9.2 Future Works . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 215

Bibliography 218

Appendices 231

A Samples 232

A.1 Sample S23800: 40/70/40 MIM . . . . . . . . . . . . . . . . . . . . . . . . 233
A.2 Sample S23801: 40/70/40 MIM . . . . . . . . . . . . . . . . . . . . . . . . 234
A.3 Sample S24734: 40/100/40 MIM . . . . . . . . . . . . . . . . . . . . . . . . 235

iv



Chapter 1
Introduction

There is plenty of room at the bottom.

Richard Feynman [1]

1.1 Motivation

The ability to selectively and efficiently filter light in the optical regime is of extreme

importance in an increasingly wide range of applications. Visible band-pass optical filters

are found in the photo/video cameras that we use daily: from smartphones, tablets, lap-

tops, and gaming consoles to surveillance, automotive and medical systems. Commercial

image sensors are usually based on the human eye colour acquisition, i.e. they utilise Red,

Green and Blue (RGB) filters to separate the incoming light into its main components so

that a colour image can be digitally reconstructed.

In comparison, multispectral sensors have demonstrated a higher colour accuracy [2,3],

a result of the separation of the optical spectrum in many colour channels instead of

only three, which enable image analysis and machine vision beyond human capability.

Moreover, in recent years, there has been a growing interest in multispectral imaging as

non-destructive and non-invasive assessment methods to collect and analyse the spectral

information from a scene with the purpose of identifying materials [4], locating objects [4]

or performing quality and safety diagnosis [5,6]. Many applications require the acquisi-
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1.1. MOTIVATION

tion of optical spectral information only over a few well-defined wavelengths of interest [7].

Therefore, multispectral imaging systems, despite the lower spectral resolution than hy-

perspectral image sensors, are a faster, more suitable and economical alternative.

Recently, fully integrated megapixel snapshot multispectral cameras in the visible

regime have been reported [8,9,10]. In these cameras, traditional polymer-based filter tech-

nologies were replaced by all-dielectric multilayer stacks of alternating high and low re-

fractive index materials. In addition, the traditional mosaic Bayer pattern was extended

to allow the simultaneous acquisition of multiple spectral bands without the need for ex-

ternal dedicated optics. However, despite the narrow passband of the stack filters, their

implementation is costly and extremely sensitive to process variations. Moreover, the

spatial resolution is constrained by the thickness of the filters - of several microns at the

longer wavelengths - and by the photolithography diffraction limit, limiting the minimum

size of the pixel area.

The generation of colours through the engineering of metallic nanostructure is a rapidly

growing research field and plasmonic colour nanotechnologies - thanks to their ability to

control and manipulate light at the nanoscale - display great potential when compared

to traditional colour technology [11]. Common applications range from colour printing and

digital displays to optical sensing and security devices, and the structures of interest in-

clude diffraction gratings, nanoantennas, nanoaperture arrays and multilayer systems [11].

Bright colours have been demonstrated in reflection - for applications such as colour

printing [12] - but the structure used is not suitable for image sensor applications. In the

last decades, transmissive Plasmonic Colour Filters (PCFs) based on periodic arrays of

nanoholes in an optically thick metal layer quickly became one of the most promising al-

ternatives to polymer-based filter technologies for image sensors [13,14,15,16]. However, the

relatively broad transmission passbands and relatively low transmission of these filters do

not fulfil the requirements for multispectral imaging.

PCFs rely upon the phenomenon of Extraordinary Optical Transmission (EOT) [17].

While transmission through a single isolated nanohole is extremely small, hole arrays

can display surprisingly high transmission efficiency, sometimes exceeding unity when

normalised to the area of the holes [17,18]. This enhancement results from the active par-

2



1.2. AIMS AND OBJECTIVES

ticipation of the metallic layer in the transmission process. When the incident photons

resonantly interact with the coherent electron oscillations present in a conductor Surface

Plasmon Resonances (SPRs) arise. They can be distinguished between localised electron

oscillations and propagating waves depending on whether they are generated on metal-

lic nanoparticles or along flat metal-dielectric interfaces, respectively [19]. The latter are

known as Surface Plasmon Polaritons (SPPs) and their contribution to the phenomenon

of EOT is now widely accepted [13,20,21,22].

In this Thesis, alternative approaches to generated highly selective band-pass plas-

monic colour filters are proposed and investigated. The design, structural parameter

analysis and experimental measurements of Metal-Insulator-Metal (MIM) plasmonic filter

arrays are presented and demonstrated. These optical structures display high transmission

efficiencies and narrow passbands along the entire visible regime, overcoming the limita-

tions of all previously reported PCFs [23]. Insights into the physical mechanisms of the

transmission process are established from the simulated electric and magnetic near-field

patterns, which indicate that these technologies exploit the EOT phenomenon concur-

rently to magnetic and electric resonant cavity modes. The MIM plasmonic filters are

an extremely versatile technology that paves the way to monolithically integrate PCFs

in commercial CMOS image sensors for high colour accuracy filtering and multispectral

applications.

1.2 Aims and Objectives

The main aim of this project was to develop a novel plasmonic nanostructure able to over-

come the limitations of previously reported transmissive PCFs, namely broad bandwidth

and relatively low transmission efficiency. Project specifications included the suitability to

be integrated directly on top of a Complementary Metal Oxide Semiconductor (CMOS)

image sensor. This put a constraint on the choice of materials that compose the architec-

ture since the latter must be entirely composed of CMOS-compatible materials that are

already available in standard CMOS fabrication process.

3



1.3. THESIS OUTLINE

The development phases of the project can be described as follows:

− Analysis of current state-of-the-art PCFs based on periodic arrays of nanoholes.

− Identification of loss mechanisms within the structure.

− Simulation of alternative architectures and materials combinations.

− Definition of a fabrication process for the most promising nanostructure.

− Fabrication of the devices.

− Physical and optical characterisation of the devices.

1.3 Thesis Outline

This section provides a description of the chapters that compose this Thesis.

Chapter 2 provides an overview on digital and spectral imaging systems, colour

vision and current filter technologies for the visible regime. The beginning of the chapter

establishes the need for integrated multispectral applications, outlines the basis of imaging

acquisition and briefly describes solid-state image sensor technologies. The notion of

colour vision is introduced, standard colour filtering technologies for image sensors are

described and their shortcoming highlighted. The chapter continues with a description

of spectral imaging and provides an overview of spectral filtering technologies. Finally,

the concept of plasmonic colour filters is introduced and the advantages of structured

photonic components over conventional filtering technologies are established. The chapter

concludes with a literature review on current state-of-the-art plasmonic colour filters.

Chapter 3 is a comprehensive review on plasmonics and lays the theoretical funda-

mentals of the work presented in this Thesis. The chapter begins with an introduction

to surface plasmon resonances and outlines the basis of Localised Surface Plasmon res-

onances (LSPRs) and Surface Plasmon Polaritons (SPPs). The chapter then focuses on

SPPs at a single, flat interface. It provides the conditions of excitation, the dispersion

relation and throughly analyse their properties. The chapter continues with the inves-

tigation of the coupling of SPPs in a 3-layer system. Insulator-Metal-Insulator (IMI),

4



1.3. THESIS OUTLINE

Metal-Insulator-Metal (MIM) and Insulator-Insulator-Metal (IIM) plasmonic waveguides

are examined and the region(s) of existence of SPP bound modes defined for each config-

uration. The chapter concludes with the description of the phenomenon of Extraordinary

Optical Transmission (EOT) and a review of two-dimensional (2D) Hexagonal Nanohole

Arrays (HNAs).

The methods used to simulate, fabricate and characterise the plasmonic nanostructures

presented in this Thesis are described in Chapter 4. The beginning of the chapter

provides an overview of the Finite-Difference Time-Domain (FDTD) method, followed by

a description of Lumerical FDTD Solution, the software used to simulate all the optical

structures that have been designed during the course of this project, and of the simulation

environment. The following part of the chapter is dedicated to the fabrication techniques

used to create the devices. Fundamentals and working principles of metallisation, Plasma

Enhanced Chemical Vapour Deposition (PECVD), Electron Beam Lithography (EBL)

and Reactive Ion Etching (RIE) are presented and addressed in detail. The chapter

concludes with a description of the physical and optical characterisation methods used to

measure the devices and their performance, namely Electron Microscopy, Atomic Force

Microscopy (AFM) and Microspectrophotometry.

Chapter 5 is an expanded review of two-dimensional (2D) Hexagonal Nanohole Ar-

rays (HNAs) milled in an optical thick aluminium (Al) layer. At the beginning of the

project, these nanostructures were the most promising Plasmonic Colour Filter (PCF)

technology apt to replace colour filter arrays in CMOS image sensor applications and thus

they had been chosen as the starting point for the development of more efficient plasmonic

architectures. In this chapter, geometrical parameters and materials are throughly anal-

ysed and their influence on the optical properties of the arrays examined in detail. By the

end of Chapter 5 a novel, successful approach to increase the performance of the filters is

established.

Chapter 6 investigates the optical performance of a novel type of 2D HNA PCF based

on a thin metallic layer capped with a higher - with respect the substrate - Refractive

Index (RI) material. This new design displays relatively narrow features in a specific range

of the EOT band and represents the first step towards PCFs for integrated multispectral

5
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applications. However, the transmission spectrum displays a long-wavelength peak that

interferes with the selectivity of the narrow peak and generates a considerable amount

of optical cross-talk. Therefore further development is required. The chapter provides

a comprehensive simulation study that has the purpose of analysing the influence of the

structural parameters on the optical response of the array so that further modifications

can be applied and its passband performance increased. By the end of Chapter 6 a novel,

successful approach to further increase the performance of the filters is established.

Chapter 7 investigates the optical performance of a novel type of 2D HNA PCF

based on a three-layer MIM stack. At the beginning of Chapter 7 it is demonstrated

how the addition of a thin metal layer on top of the previous structure - exact copy

of the bottom one - significantly improves the passband of the filter by substantially

reducing the optical efficiency of the long-wavelength peak. The chapter then provides a

comprehensive simulation study on the new MIM structure. The final objective is to gain

enough understanding of the physical mechanisms involved in the transmission process,

as a function of the structural parameters, in order to be able to optimise the MIM design

at need and for different uses and applications. By the end of Chapter 7 a final set of

parameters for the MIM filter is defined for the subsequent fabrication step.

Chapter 8 presents the experimental results obtained from this project. The fabri-

cation process has been divided into two parts: the patterning of the HNAs in the MIM

stack and the filling of the holes. The beginning of the chapter outlines the steps of the

first phase of the fabrication process and introduces the results. To ensure reproducibility,

insights on the issues encountered during the etching of the MIM stack are presented and

solutions are provided. The chapter continues with the description of the second phase

of the fabrication process. A further setback in the filling of the holes was encountered,

which required to re-optimise the MIM filter for a different hole filling material. At the

end of the chapter successful multispectral colour filtering in the visible range is presented.

Chapter 9 summarises the work that has been presented in this Thesis and offers

some discussion on future work that could be undertaken as a continuation of this project.
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Chapter 2
Background on Imaging Systems

Indeed, we often mark our progress in science by improvements in imaging.

Martin Lee Chalfie [24]

This chapter provides an overview of digital and spectral imaging systems, with a

particular focus on the current filter technologies used to separate the electromagnetic

spectrum, specifically the optical visible range, into wavebands. The terms digital imag-

ing, image sensor and photodetector are clearly defined in Section 2.1. In the same

section, the most common technologies used in the detection of visible optical images are

described and compared. Section 2.2 presents the notion of colour vision to explain the

choices for standard colour filtering in digital imaging. The concept of spectral imaging is

defined in Section 2.3. An overview of the commonly used spectral filtering technologies

is provided in Section 2.4. Finally, Section 2.5 introduces the concept of extraordinary

optical transmission and plasmonic colour filters. The properties of plasmonic optical fil-

ters are examined and the benefits of subwavelength structured photonic components over

convention, integrated and not-, optical multispectral filtering technologies presented and

analysed. A literature review on the current state-of-the-art plasmonic filters is provided.
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2.1. DIGITAL IMAGING: SOLID-STATE IMAGE SENSORS

2.1 Digital Imaging: Solid-State Image Sensors

Digital photo- and video cameras are established in an extremely broad range of applica-

tions. Solid-state image sensors are implemented in high-end applications like medical di-

agnostic [6,25] and object-detection systems [26], such as imaging radar and sonar. They are

also employed as remote sensing [27,28] in satellite and space-related applications. Satellite

images, for example, occupy a very important role in many environmental applications.

They allow geographical mapping, agricultural assessment, weather forecast and general

tracking of human resources [4,29]. However, imaging science is an integral component of

modern society and nowadays most of digital cameras are exploited for daily uses.

Mobile, consumer and computing technologies represented 85% of the global image

sensor revenue in 2017, with mobile technologies alone representing the 69% of the whole

market [30]. Surveillance and automotive are the second and the third largest and most

active segments of the image sensor market [30], respectively. This is not surprising. The

number of cameras per security system is not limited by human monitoring anymore:

rear back-up cameras in automobiles are now mandatory in the US while, for example,

collision avoidance or 360◦ parking assistance in Advanced Driver Assistance Systems

(ADAS) require the combined use of several digital cameras. In addition, mobile, security

and automotive are all in the middle of a booming expansion, driven mainly by the

integration of additional cameras to support new functionalities like biometry and 3D

imaging and sensing [30]. According to forecasts, the image sensor market will become

even more important in the future, with a substantial 9.4% compound annual growth

rate (CAGR) for the next five years [30].

The term digital imaging usually refers to the acquisition, processing and storage of

a two-dimensional optical image in a numerical format [31], as simply illustrated in Fig-

ure 2.1. The fundamental building block in the image acquisition process is the image

sensor. An image sensor is the electronic device that detects, converts and processes the

information contained in an optical image into an electrical format. As displayed in the

inset of Figure 2.1, it is composed by three main components, vertically aligned on top of

each other: (a) an array of microlenses, (b) an array of optical filters and (c) an array of
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Light reflected off the 
subject is captured and 

focused by the lens 

Analogue electronics

Analogue-to-digital 
converter

Digital image 
processing

Buffer

Image 
storage

Image  
Sensor

The A/D converter 
turns the analogue 
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digital data, using the 
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as computers  

Figure 2.1: Digital imaging acquisition process. Illustration [32] of how a digital camera
converts captured light into image pixels. The light reflected from an object or a scene is captured
by the external optics of a camera and focused onto the image sensor. The image sensor collects
and converts the incoming radiation into an analogue electrical signal. On-chip electronics then
amplify the signal, convert it into digital information and process it so that it can be easily
stored in a memory hard drive and accessed by the user at need. Inset [33] highlights the three
main components of an standard commercial image sensor: (a) array of microlenses, (b) colour
filter array and (c) photodetector array.

photodetectors. Each of the microlenses spatially collects the incoming electromagnetic

radiation and focuses it underneath, through the respective optical filter, and onto an

individual photodetector. Finally, the charges generated at each photodetector are col-

lected, converted into a digital signal by an analog-to-digital converter (ADC) and then

processed and stored as a whole, digital reconstruction of a point-in-time snapshot of the

optical image.

The photodetector is the light sensitive component and represents the core of the image

sensor. It converts the portion of the incident electromagnetic radiation allowed through

the optical filters into a displacement of electronic charges, proportionally to the intensity

of the radiation and the time of exposure. Each photosensitive element represents a pixel,

i.e. the basic unit and smallest addressable element of a digital image. In other words,

inside a 10 MPixel camera there is an image sensor with an array of approximately 10

9
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millions photodetectors. The smaller the size of a pixel and the higher the number of

pixels per a given area, i.e. the density, the greater the amount of detail that can be

detected and thus the higher the spatial resolution of a digital image.

The ability to absorb light is directly related to the bandgap energy of the material that

constitutes the photodetector, which is usually a semiconductor. Only photons having

an energy higher than the bandgap energy may be absorbed. It follows that, accordingly

to the wavelength range that is being imaged, the photodetectors of a camera must be

constituted of a suitable semiconducting material. For example, silicon (Si) has a bandgap

energy of 1.1 eV and hence can detect only wavelengths below 1.1 µm. Instead, indium

antimonide (InSb), having a bandgap energy of only 0.18 eV is sensitive to wavelength

below 6.9 µm. As a consequence, silicon is commonly used to imaging in the visible

regime, whereas indium antimonide is best suited to infrared (IR) imaging [29].

A photodetector may be classified by its detection mechanism (photoelectric, photo-

voltaic, etc.) and for each type of mechanism there exist several choices of device. How-

ever, whatever the physical mechanism that induces a displacement of electronic charges

as a consequence of the photon energy absorption, most photodetectors are based on a

reverse-biased diode-like structure, i.e. on an interface between a p-type and a n-type

semiconducting material, known as p-n junction. Currently, two types of image sensor

technologies are commonly employed in digital cameras: Charge-Coupled Devices (CCDs)

and Complementary Metal Oxide Semiconductor (CMOS) Active Pixel Sensors (APSs).

A CCD sensor consists of an array of closely-spaced photogate detectors, i.e. metal

oxide semiconductor (MOS) capacitors with a polysilicon gate as the top terminal. When

a bias is applied to the gate of the capacitor, a depletion region is formed at the oxide-

semiconductor interface. As the light shines onto the photogates, the photo-generated

charges are accumulated and held in the potential well underneath the gate. At the end

of the exposure period, the charges are sequentially transferred - through a synchronised

sequence of voltage signals - to a neighbouring well, in a sort of analogue shift register,

until they reach the end of the row/column where they can be converted into electric

signals.
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A CMOS Image Sensor (CIS) typically consists of an array of photoreceptors, which

is the ensemble of a photodiode plus front-end electronics, such as transistors and am-

plifiers, and constitutes the basic unit of a CMOS APS. In this case, the charges are

transduced into electrical currents or voltages at the pixel level, i.e. photodetector per

photodetector. Both CCD and CMOS technologies are made from silicon, based on arrays

of light-sensitive pixels and use similar physical processes to detect and convert light into

electric signals. However, differences between these two types of sensors lead to a number

of advantages and disadvantages [29].

CCD technologies provide excellent digital image quality with remarkably lower noise

and dark current when compared to CMOS Image sensors (CISs). However, a CIS has

many advantages when compared to charged-coupled devices, including low voltage opera-

tion, low power consumption, and - thanks to the compatibility with standard fabrication

processes - also low manufacturing costs. Moreover, a major benefit of CMOS technologies

is the possibility to integrate all the electronic camera functions onto a single-chip sensor,

from signal processing to exposure and timing control to analogue-to-digital conversion.

Consequently, nowadays, CMOS APS are the leading mass-market technology in digital

imaging applications such as mobile phones, cameras, tablets, etc, i.e. where increased

noise is a reasonable compromise for decreased cost and lower power requirements. How-

ever, CCD sensors remain the favourite choice in applications where higher quality images

are desirable, such as professional digital photography and astronomy [15,26,29,34].

2.2 Colour Vision and Colour Filtering

By definition, colour vision is the ability of an organism or machine to distinguish anything

that is visible or tangible based on its colour appearance, i.e. on the wavelengths of light

that it reflects, emits or transmits. Colours, defined as wavebands in the visible regime of

the electromagnetic spectrum, can be measured and quantified in several ways. However,

colour vision is species-related and the perception of colour itself is a completely subjective

process. In other words, we, as humans, do not have the same colour vision of a snake

for example; but, at the same time, each of us might perceive colours in a different way,
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depending on how our brain responds to a visual stimulus.

Nowadays, it has been demonstrated that the human eye is sensitive to electromagnetic

radiation ranging from 380 nm to 780 nm. Figure 2.2 is a schematic representation of the

human eye and the human colour vision. The optical image reflected from an external

object passes through the pupil, the iris diaphragm and is projected by the lens at the

back of the eye, onto the retina. Inside the retina, a dense network of light-sensitive

photoreceptors converts photons into electro-chemical signals. The retina consists of two

types of photoreceptors: rod cells and cone cells. The rods are more numerous than

cones and allow human vision in dim light conditions. However, rods cannot distinguish

colour. Cones are responsible for colour vision and can adapt to widely varying colour

and brighter illumination levels. Cones can be distinguished in three different types and

are commonly labeled by the colour at which they are most sensitive: blue, green and

red. Figure 2.3 displays the retinal response of the human eye. The overlap of the cones

and how the brain interprets the neural stimulus received through the optical nerve allow

us to see millions of different colours. This constitutes the so-called trichromatic vision.

As general rule, every commercial product on the market is developed to meet the

end-user needs. It does not come as a surprise then, that standard commercial image

sensors are based on the human eye colour acquisition. In the attempt to emulate the

tristimulus light-receptors of the human eye, image sensors commonly utilise a pattern

of red (R), green (G) and blue (B) filters, each on top of a photodetector, to separate

the incoming light into its main components so that a colour image can be reconstructed

digitally pixel-by-pixel. Colour filters are typically composed of transmissive organic or

pigmented polymers. Each polymer is chemically optimised to pass only a specific colour.

However, engineering a desired spectral responsivity while ensuring the right mechanical

properties of the dye - such as ease of application, durability, resistance to humidity and

other atmospheric stresses - might become quite a challenging task [37]. Since polymer-

based Colour Filter Arrays (CFAs) are partially transparent in the Near-Infrared (NIR)

wavelengths and silicon photodetectors are good absorbers in that optical regime, NIR

cut-off filters are commonly required in CMOS image sensors [37,38].
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Figure 2.2: Illustration of human colour vision. Illustration of the cross-section of a
human eye [35] and the retina light absorption mechanism [36]. 1) Light moves through the lens
of the eye and is focused on the back of the eye, onto the retina. The retina contains millions of
photoreceptors, which can be divided in two types: rods and cones. 2) When light hits the discs
in the outer segment of the rods and cones, photons activate the cells. Rods can be activated in
low light, while cones require brighter conditions. The epithelial cells behind them absorbs the
light not absorbed by either the rods or the cones. 3) The light absorbed by the photoreceptors
is sent as a signal to sets of neural cells. 4) Information travels within the neural cells and
reaches the optical nerve. 5) The optical nerve is connected to the brain, which assimilates each
signal to generate a complete image.

Figure 2.3: Retinal response of the human eye [36]. Normalised absorbance spectra of
rods and cones. Rods cannot distinguish colours but allow human vision in dim light conditions.
Cones instead are responsible for colour vision. There are three types of cones, each of which is
most sensitive to a specific colour (or waveband), namely blue, green and red. Different colours
are obtained by the superposition of the stimulus from each cone. For example, the colour yellow
results from green and red cones being stimulated while the blue cones have no stimulation.
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(a) (b) (c)

Figure 2.4: Colour filter arrays. Three popular colour filter array patterns used today: a)
RGB, b) RGBW, and c) CYGM, where R stands for red, G for green, B for blue, W for white,
C for cyan, Y for yellow, and M for magenta.

The most common CFA is the RGB Bayer filter mosaic [39]. Its unit cell consists of a

2 x 2 pixel square, formed by one blue filter, one red filter and two green filters, which

is periodically repeated in two orthogonal directions. The filters are arranged in a pat-

tern so that the luminance-sensitive element of the array (green) occur at every other

array position, ensuring a dominance of the luminance element in both the orthogonal

directions. Twice as many green elements as red or blue are used in order to mimic the

physiology of the human eye, which is more sensitive to the green waveband of the elec-

tromagnetic spectrum (see Figure 2.3). In 2007, Honda et al. [40] proposed an alternative

array where one of the green pixel of the Bayer array was replaced with a ‘white’ pixel,

i.e. with an optically transparent layer. The inclusion of the transparent layer ensures an

optical transmission efficiency over 95%, resulting in an improved method of measuring

the luminance.

An alternative colour filter array is the cyan-yellow-green-magenta (CYGM). CYGM

provides higher luminance information - and therefore a wider dynamic range - but at the

expense of colour accuracy. This is because the filters have a broader spectral response. In

fact, cyan-magenta-yellow (CMY) filters do not produce the true monochromatic colours.

Each of them result from the sum of two primary colours which makes it more difficult

to determine the colour information accurately. The aforementioned array patterns are

illustrated in Figure 2.4a, Figure 2.4b, and Figure 2.4c.

The raw output of Bayer-filter cameras is referred to as a Bayer pattern image. The

pixel is the smallest element of an image that can be individually processed in a video

display system. We have seen in the previous section that each photodetector has one
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Figure 2.5: Optical Cross-talk Frontside-Illuminated (FSI) image sensor. The optical
cross-talk arises from a combination of factors: (i) the thickness of the dyes, (ii) the filter to
photodiode distance, and (iii) the high aspect ratio distance to photodiode active area.

single individual colour filter. This means that since each pixel is filtered to record only one

of three colours, the data from each pixel cannot fully specify each of the red, green, and

blue values on its own. So how can the ‘real’ colour of an individual pixel be determined?

To obtain a full-colour image, the colour of each pixel is assigned through the digital

interpolation of the neighbouring contributions, i.e. the colour information detected by

the surrounding pixels. This is done through the implementation of various so-called

demosaicing algorithms [41,42]. These algorithms depend on the array pattern and are

extremely important. Highly-performing algorithms can even remove the colour cross-

talk introduced by the non-ideality of the filters and thus improve the colour performance

of the entire device.

In the past decades, CMOS technology experienced a significant scaling of feature size.

Photodetector size has decreased from more that 10 µm to less than 2 µm. The scaling of

features size in CMOS technology has resulted in significant improvements in CIS, which

enabled digital imaging systems with a better spatial resolution and a potentially higher

photosensitive area in the APS. However, for pixel size at the sub 2-µm level, the dye-

based filtering elements sustain a considerable amount of optical colour cross-talk, which

results in a decreased optical efficiency. Figure 2.5 shows that the optical cross-talk arises

from a combination of factors: (i) the thickness of the dyes (of the order of few microns),

(ii) the relatively large distance at which they are placed with respect the photodiodes
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underneath, and (iii) the high aspect ratio distance to photodiode active area, which

increases with the scaling in technology.

The thickness of the organic filters cannot be reduced further due to the low absorption

coefficient of the dyes. The dyes cannot be placed closer to the photodetectors because

they are not-compatible CMOS process materials and, in particular, cannot sustain the

high temperatures of the manufacturing processes. This means that they can only be

placed on top of the metal and insulator layers used to connect the pixels, at several

microns from the photodetectors beneath. Moreover, the fabrication of each of the colours

requires a sequence of several process steps, which lead to expensive manufacturing costs

and make very impractical the realisation of multispectral devices. Therefore, it is highly

desirable to find new technologies to filter the light at specific wavelengths in the optical

regime, which could be more easily incorporated into CIS and were able to overcome the

aforementioned issues.

2.3 Spectral Imaging

Spectral imaging combines the advantages of both spectroscopy1 and conventional imaging

technologies:

“If a conventional spectral measurement provides the answer to the question of what and

a conventional imaging provides the answer to the question of where, spectral imaging

can provide the answer to the question of where is what” [5].

As seen in Section 2.2, humans eyes see the reflected light from the surrounding in

three channels: red, green and blue, which belong to the visible spectrum (380 to 700

nm in wavelength). But sight, as the perception of colours, is species-related. Snakes for

example can see infrared (IR) radiation [43,44] while bumble bees are sensitive to ultraviolet

(UV) light [45], both invisible to the human eye. Spectral image sensors allow humans to

access different parts of the electromagnetic radiation at the same time. For example,

they could make possible to see the world simultaneously in the eyes of a bumble bee (UV

1The study of the interaction between matter and electromagnetic radiation
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Figure 2.6: Distinction between multispectral and hyperspectral imaging. A system
with few discrete bands over a large range of the electromagnetic radiation is considered mul-
tispectral. A system with a high number of bands that generates a continuous spectra of the
electromagnetic radiation is considered hyperspectral. Usually the full-width at half-maximum
of hyperspectral bands is of the order of 10 nm or less while multispectral bands can range
between few tens up to even hundreds of nm.

radiation), a human (visible radiation) and a snake (IR radiation).

The information extracted from the spectral data of an image is extremely valuable for

a wide range of applications. In recent years, spectral imaging has gained growing interest

as non-destructive and non-invasive assessment method to collect and analyse the spectral

information from a scene with the purpose of identifying materials [4], locating objects [4] or

performing quality and safety diagnosis [5,6]. In the visible range, it could be used for colour

measurements, fluorescence imaging [28,46,47], skin tones identification [6,28,48,49], chlorophyll

concentration [4,27], mapping of blood oxygen saturation [6,28], and ocean characterisation [4].

As a result of the separation of the visible optical spectrum in many colour channels

instead of only three, spectral sensors provide a digital image with more spectral informa-

tion than traditional colour cameras and thus have demonstrated a higher colour accuracy

than standard RGB image sensor. In fact, a spectral sensor in the visible regime does

not reconstruct the colour yellow as the sum of the blue and green contributions but it

reads it at its own corresponding wavelength of the electromagnetic spectrum. Therefore,

a spectral image sensor provides a higher colour depth.

According to the spectral range, spectral resolution, number of bands, their width

and in particular the type of acquisition (continuous or discrete), a spectral imaging

technique might be distinguished asmulti-spectral or hyper-spectral [28] (see Figure 2.6). A
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hyperspectral sensor produces a continuous spectra for all the pixels, while a multispectral

sensor gives information at each pixel for discrete ranges of the electromagnetic radiation.

The spectral resolution of the bands, i.e. the width - commonly the full-width at half

maximum (FWHM) - of each optical filter, define the precision of these sensors. However,

also the spatial resolution of the filters should be considered. In fact, if a pixel is too large

it could become difficult to identify multiple objects in close proximity because it will

provide a lower image resolution. On the other side, if the pixels are too small, then the

energy captured by each photosensor is too low, and thus the decreased signal-to-noise

ratio reduces the reliability of measured features [6].

Hyperspectral sensors generate a huge amount of digital data, the so-called data cube.

They collect information as a set of two-dimensional images, where each image is usually

acquired during a scanning procedure and represents a narrow wavelength range of the

electromagnetic spectrum. As a consequence, according to the number of spectral bands,

the hyperspectral data cube could require extremely long data acquisition times and also

incredibly large storage capabilities. Moreover, the processing of the data cube can become

computationally challenging and in many cases the complete hyperspectral data cube

provides little additional information compared to just a few (typically 3-8) multispectral

imaging bands [7,50,51]. Despite some military or scientific studies may need hundreds of

spectral channels, there are many more applications that require data over only a few

well-defined wavelengths of interest.

In summary, hyperspectral image sensors provide a higher level of spectral detail. On

the down side, they generate such a significant amount of digital data that to process and

store all the information, even derived from a single acquisition, can become extremely

time consuming, computationally challenging and hardware demanding. Moreover, the

complete hyperspectral data cube contains a lot of redundant data and many applications

require optical information only over few well-defined wavelengths of interest. Therefore,

these applications would benefit from higher spatial resolution and significantly lower spec-

tral resolution, making a multispectral imaging system, designed to acquire the spectral

information only at several desired wavelengths, a faster, more suitable and economical

alternative [5,7].
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2.4 Highly Selective Band-Pass Optical Filters

Recent developments in spectral imaging are strongly correlated to the recent technolog-

ical improvements of optical filters. Alongside with well-established, high resolution dis-

persive elements such as gratings and prisms used in spatial-scan methods, currently, elec-

tronically tuneable filters, such as Liquid Crystal Tuneable Filters (LCTFs) and Acousto-

Optical Tuneable Filters (AOTFs), have attracted a lot of interest in the field of spectral

imaging. These filters are electro-optical components with no moving parts, and represent

compact and robust candidates for wavelength-scan methods.

LCTFs exploit the birefringence property of liquid crystals to select the desired working

wavelength of the filter, while AOTFs consist of a special crystal that can be tuned in

wavelength by radio frequencies (RF) acoustic waves. They both offer a high spectral

resolution, typically of the order of only several nanometers, which makes them well-

suited for demanding applications in research, however they present several limitations.

They are polarisation dependent and power consuming. In addition, they also present a

low spatial resolution and a quite high overall acquisition time, which is limited by the

relaxation time of the liquid crystals for the LCTFs (typically of the order of around 50

ms) and by the speed of the acoustic waves in the crystal for the AOTFs (of the order

of microseconds). High acquisition times compromise or even exclude the recognition

of moving objects or dynamic phenomena, while low spatial resolution limits the size of

recognisable features [6,7,9,52]. But most importantly, these devices are bulky and are only

suitable as external optical components, i.e. they cannot be integrated on top of a CMOS

image sensor.

Integrated multispectral filtering technologies could revolutionise imaging and pho-

tography by increasing colour accuracy dramatically compared to present-day RGB focal

plane arrays and also by eliminating the need of external optics. In fact, the possibility to

monolithically integrate optical filters on top of an image sensor opens the way to com-

pact, high speed and low cost spectral cameras, bridging the gap between research and

industry. In 2009, Ocean Optics and Ocean Thin Films, Halma plc subsidiaries, proposed

a fully integrated megapixel multispectral imager [7]. In 2014, IMEC introduced its novel
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snapshot multispectral camera [10]. In both cases, the traditional Bayer colour imaging

concept has been extended to the acquisition of multiple spectral bands without the need

for external dedicated optics. In the first case dichroic filters are used to separate the

light in spectral bands, while in the second integrated Fabry-Pérot filters with distributed

Bragg stacks as mirrors are implemented.

In both cases, the filters are all-dielectric multilayer stacks of alternating high-low

refractive index materials. Each layer must have a specific thickness so that, thanks

to constructive and destructive interferences within the stack, only one narrow band

of the electromagnetic spectrum can be transmitted through the stack. The spectral

resolution range from several nanometers up to several tens of nanometers and the working

wavelength of the filters strongly depends on the thickness of the stack. This means that

each filter must have a different total thickness and thus be fabricated in a separate

lithographic process. It also means that the performance of the filters, and thus the

position of the peak in wavelength, is very sensitive to the tolerances of the fabrication

process. Each IMEC filter, for example, is composed of 13 layers (6+6 for the top/bottom

Bragg stack and 1 layer to create the cavity), and therefore if the mosaic pattern is

composed by a filter-cell of 16 bands the chip has to go through 16 different lithographic

processes, and a sequence of 13 depositions for each of the filters. Dichroic filters present

a transmission efficiency of about 60% (blue) to 90% (green/red) in the visible regime

for normal angle of incidence and high contrast spectral bands. Fabry-Pérot filters show

instead a quite poor optical efficiency in the visible regime, below 10% in the blue and

green part of the spectrum. In both cases, the spatial resolution of the squared pixels is

limited by the photolithography diffraction limit and by the thickness of the filters, which

can reach several microns at the longer wavelengths. A pixel pitch as small as 5.5 microns

is reported by IMEC’s researchers [7,9]. In comparison, common 12-megapixel compact

cameras have a pixel size of the order of 1.5 microns or less [53,54].

Polymer-based and all-dielectric multilayer filters suffer of the same issue: they are not

easily integrated on top of an image sensor. In both case, the fabrication of each colour

requires a sequence of several lithographic steps and becomes even more impractical the

higher the number of filters required. In addition, the thickness of the filters - which can
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reach several microns - as well as the high ratio distance to photodiode active area both

increase the optical cross-talk between adjacent filtering elements. Therefore, an ideal

replacement filtering technology should require only one lithographic step. In addition, it

should be CMOS-compatible, to be possibly integrated directly on top of an image sensor,

and also relatively thin, to not interfere with the other electronics of the component and

reduce the optical cross-talk.

The most promising alternative are Plasmonic Colour Filters. They usually employ

a single optically-thick metal layer nanostructured with subwavelength periodic features.

The advantages of plasmonic colour filters lie in their ease of fabrication, higher reliability

to process variations and colour tunability.

2.5 Plasmonic Colour Filters

Promising candidates to replace the standard polymer-based or the all-dielectric multi-

layer stack multispectral colour filters are the so-called Plasmonic Colour Filters. Plas-

monic Colour Filters (PCFs) are based upon the phenomenon of Extraordinary Optical

Transmission (EOT) discovered by Ebbesen et al. [17] in 1998. This phenomenon arises in

metal nanostructures from the interaction of the incident light with a particular type of

surface resonances, called Surface Plasmon Resonances (SPRs). In the past two decades,

SPRs have attracted an enormous interest in several fields involving control and ma-

nipulation of light at the nanoscale, such as colour filtering, near-field optics, Raman

spectroscopy, biosensing and even solar cells [13,55].

Plasmonic colour filters may be divided into two major classes: transmissive and re-

flective colour filters. As the names suggest, transmissive colour filters reject the entire

visible spectrum except for specific transmission bands (or colours); while reflective colour

filters reflect those bands and let all the other wavelengths pass. In other words, trans-

missive colour filters are band-pass filters while reflective colour filters are band-stop or

notch filters. Transmissive colour filters are usually utilised as additive colour filters for

digital imaging in RGB Bayer arrays. However, transmissive subtractive colour filters for

digital imaging in CMY Bayer arrays have also been reported [56,57].
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In 2013 Zeng et al. [56] reported a novel type of structure based on the counter-intuitive

phenomenon of Extraordinary Low Transmission (ELT), where specific colours are gener-

ated by removing their complementary components from the visible spectrum, for exam-

ple cyan is obtained by removing the red component. The structure, though, presented

low selectivity and a relatively high cross-talk. Moreover, its features are polarisation-

dependent. Reflective colour filters have instead major applications in display technolo-

gies [58], colour printing [11,59,60,61] and biosensing [58].

The idea of using subwavelength patterned metal layers as integrated colour filters on

top of standard 0.18 µm CMOS APSs was first proposed by Catrysse et al. [14] in 2003,

to alleviate the problems of the CFA architecture. In fact, the implementation of plas-

monic colour filters within the image sensor pixel offers several potential advantages [14]:

(i) reduced cross-talk by integrating the colour filters close to the photodetectors; (ii)

increased efficiency of the microlenses by reducing the pixel surface to pixel photodiode

distance since nanostructured metal filters are one or two order of magnitude thinner

than colorant layers; (iii) lower fabrication costs by eliminating the need for additional

CFA manufacturing steps since the integrated filters may be fabricated in a single metal

layer by one lithographic step; and (iv) large spectral design freedom due to the optical

tunability of the filters. The latter is probably one of the most important property for

integrated colour filters because it allows the control of the transmission spectrum by sim-

ply changing the aperture size, shape and separation of the array. “Owing to this feature,

plasmonic colour filters are very cost competitive, especially for multicolour imaging appli-

cations” [62]. Catrysse et al. [14] did not actually make any reference to the newly discovered

phenomenon of EOT in their article. They attributed the characteristic transmittance of

the filters solely to a combination of Rayleight-Wood anomalies (and thus inexplicit to

surface EM waves) and Fabry-Perot waveguide modes. Nonetheless, their considerations

on the advantages of using nanostructured thin metal films as colour filters remain valid.

In the following years, research groups worldwide started working on the development

of CMOS-compatible plasmonic colour filters. This trend sees aluminium (Al) as the

favourite choice of metal instead of other metals, e.g. silver (Ag) and gold (Au), which

knowingly possess better “plasmonic properties” [17,21]. This is because, despite Al has a
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much higher absorption in the visible range than Ag or Au, it also has a higher real part

of the permittivity which ensures that the conditions of existence of SPPs are met along

the entire range of visible frequencies2. Moreover, Al is a CMOS-compatible material.

A particular type of nanostructure also stands out in literature: the two-dimensional

(2D) hexagonal array of subwavelength holes. In 2012, a 2D hexagonal array of nanoholes

in a 150-nm thick Al layer was integrated on top of a single-pixel CMOS image sensor [15],

demonstrating filtering functionality in the visible regime. In the same year, the same

structure was re-analysed by Yokogawa et al. [62] who put more emphasis to the filter

performance aspects required for state-of-the-art image sensor applications, such as the

filter transmission dependence on array size, spatial cross-talk, and robustness against

defects. In their article, they established that the scattering dynamic of the filters is solely

determined by nearest neighbour hole-hole interactions. As a consequence, transmission

properties of 2D hexagonal nanohole arrays are extremely robust: the filtering function

is maintained either with respect array size and random defects - albeit at a cost in

transmission efficiency - and the spatial optical cross-talk from neighbouring filters of

different colours is estimated as small as 1 µm. These are attractive features for 2D image

sensor applications requiring densely packed filtering elements and make them especially

tractable for industrial mass-production. In 2013, Burgos et al. [16] demonstrated full-

colour plasmonic imaging by directly contacting the plasmonic colour filter array in a

Bayer configuration onto a commercial black and white CMOS image sensor.

The field of plasmonic colour filters has significantly evolved since the discovery of

the EOT phenomenon. Several different structures have been proposed, periodic, quasi-

periodic and even aperiodic arrays, with several different aperture shapes, exploiting dif-

ferent metals or different metal/dielectric combinations [21]. In particular, metal-insulator-

metal (MIM) waveguides have attracted considerable interest for subwavelength light con-

finement [63]. These waveguides - also known as metallic slot waveguides or gap waveguides

- increase the SPP propagating distance [19,64,65], enable subwavelength spatial mode con-

finement below diffraction limit [64,66] and support both photonic and plasmonic modes [64].

Exploited for molecular sensing applications [67] and photon transport [64], MIM waveguides

2Refer to Section 3.5
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have been studied also for colour filtering applications. However, among the experimental

results published so far and to the best of my knowledge, only a few plasmonic nanostruc-

tures displayed high spectral resolution features that could open the way to a “plasmonic

multispectral imaging” era.

Plasmonic nanostructures displaying band-pass spectral features potentially narrow

enough to be used for spectral imaging have been proposed [68,69,70,71]. In 2008, a triplet of

intersected bull’s eye structures and a combination of nanoslits with periodic grooves [68]

were proposed to selectively filter the light in the visible regime. Despite full-widths

at half-maximum (FWHM) of approximately 50 nm, absolute transmissions lower than

10-15% were achieved, probably a result of the high absorption losses of the thick silver

layer. In 2010, Metal-Insulator-Metal (MIM) gratings [69] composed by a stack of Al-ZnSe-

Al on top of a magnesium fluoride film were presented. However, these MIM grating

structures [69] were only a slight improvement on standard single metal film nanohole ar-

rays [15,16], both in terms of transmission efficiency - that reached a maximum of 60% only

for the green - and bandwidth - still greater than 100 nm. In fact, as a consequence of the

poor colour selectivity, only 5 shades of colour are clearly distinguishable in the so-called

plasmonic spectroscope proposed. In 2017, Fleischman et al. [70] described how by stacking

two MIM gratings on top of each other to create a multilayer slot-mode plasmonic filter

(MSPF) composed of 5 alternating layers of Ag and SiO2 it might be possible to achieve

colour filters with single transmission band as narrow as 17 nm and approximately 40%

peak transmission. Experimental prototypes with a FWHM of 70 nm were demonstrated.

Nonetheless, all the above structures [68,69,70] are polarisation dependent, do not use stan-

dard CMOS-process materials, and cannot be integrated within a standard microchip

because they exploit the air environment to operate. Finally, unprecedented experimen-

tal linewidth of ≈ 80 nm and transmission efficiency above 40% have been achieved in the

NIR when some of the circular apertures in the unit cell of thin Au hexagonal nanohole

arrays were substituted with ellipses [71]. The nanostructure exhibits polarisation insensi-

tivity, however, Au is neither a CMOS compatible material or suitable to filter light in

the blue and green parts of the visible spectrum.
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At the time the project started, the 2D Al hexagonal nanohole arrays were the most

promising candidates to potentially replace conventional RGB dye-filter technology and

on-chip dielectric filters, especially for multicolour imaging applications [16,62]. They can

be fabricated in one single lithographic step, are CMOS-compatible and do not degrade

with ultraviolet radiation. They present high tunability in wavelength and are order of

magnitudes thinner than dye technologies or dielectric multi-layer stack filters. They

have a high spatial resolution and are also extremely robust to spatial cross-talk. More-

over, extreme ultraviolet lithography or new nano imprinting technologies could allow for

high-volume fabrication. However, the relatively broad transmission passbands and low

transmission of these filters do not fulfil the requirements for multispectral imaging (yet).

This project concentrates on the improvement of 2D periodic arrays of subwavelength

holes and, in particular, on the exploitation of Al due to the well-know compatibility of

this metal with CMOS processes and its moderate plasmonic properties in the visible

spectrum. The theoretical background for this structural configuration is presented in

detail in Section 3.8, while simulations and data analysis for a 2D Al hexagonal nanohole

array are provided in Chapter 5.

2.6 Summary

In this chapter an overview on digital and spectral imaging systems has been provided.

The standard digital image acquisition process have been described and insights on the

working principles of solid-state image sensors have been given. The concepts of photode-

tection has been introduced and the two main types of image sensor technologies, namely

CCD and CMOS APS, presented and compared. Typical spectral imaging approaches and

techniques have been analysed and their features compared. The notion of colour vision

has also been introduced and common current optical filtering technologies for the visi-

ble range examined in detail. Finally, the concepts of extraordinary optical transmission

and plasmonic colour filters have been introduced. Subwavelength photonic nanostruc-

tures provide a new, promising approach to control and manipulate light at the nanoscale

and display great potential when compared to traditional colour technologies. Reduced
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cross-talk, lower fabrication costs and large spectral design freedom are only few of their

potential advantages. A comprehensive literature review on the current state-of-the-art

plasmonic filters has been given.

26



Chapter 3
Plasmonics: Fundamentals and

Extraordinary Optical Transmission in

Nanohole Arrays

But what is plasmonics? “You just have Maxwell’s equations, some mate-

rial properties and some boundary conditions, all classical stuff - what’s new

about that?” Well, would you have predicted that just by imposing appropri-

ate structure on a metal one could make a synthetic material that would turn

Snell’s law on its head? Or that you could squeeze light into places less than

one hundredth of a wavelength in size?

Bill Barnes [19]

The field of plasmonics studies the resonant interactions of light with the free electron

densities of highly conductive materials. These resonant interactions are called Surface

Plasmon Resonances (SPRs) and their discovery triggered a lot of interest in several re-

search fields in the last 30 years, opening the way to a wide range of applications. This

is due to the fact that plasmonic resonant processes display unique properties which lead

to a drastic enhancement of the electromagnetic near-fields and enable light confinement

below the diffraction limit. As a consequence, by enabling the control and manipu-

lation of light at the nanoscale, surface plasmon-based structures and devices provide

new solutions to traditional optical designs. Light guiding [55,66,72,73,74], surface-enhanced
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sensing [75], biodetection [76,77,78,79], light harvesting [80,81,82,83] and enhanced optical trans-

mission [13,17,20,21,84,85] are just few of the several potential applications of SPRs. From

subwavelength optics to quantum electrodynamics, to physics and bio-photonics, plas-

monics became one of the most dynamic and exciting research field of the 21st century.

The objective of this chapter is, first, to provide a detailed summary on the origin

and physics of surface plasmon resonances and, then, to address the theory and funda-

mentals of one the most studied structure in subwavelength optics: the two-dimensional

(2D) periodic array of subwavelength apertures whose experiments led to the discovery

of the groundbreaking phenomenon of extraordinary optical transmission in 1998. The

enhancement of the optical transmission through subwavelength apertures given by the

resonant interaction of light with the surface plasmon resonances at a metal-dielectric

interface is the main topic of this Thesis and its fundamentals will be presented in detail

throughout this chapter.

Section 3.1 introduces the concept of surface plasmon resonances and provides the

definitions and the basics of localised surface plasmon resonances and surface plasmon

polaritons. Section 3.2 provides an exhaustive study of the surface plasmon propagation

constant in the case of a single flat interface. Conditions of existence, trends and key

features such as penetration depths and propagation length are analysed in detail. Section

3.7 provides a comprehensive study of plasmonic waveguides and the coupling of SPPs

in three-layer systems. Sections 3.2 and Section 3.7 will be extremely important during

the analysis of the simulation data to try to understand some of the complex physical

mechanisms involved in the transmission process of the devices. Finally, a literature

review of the extraordinary optical transmission process and the fundamentals of two-

dimensional periodic array of subwavelength apertures are throughly addressed in Section

3.8. This chapter aims to lay the foundations of the simulation results and experimental

work presented in this Thesis.

This chapter takes inspiration from previous reviews and some of its sections represent

brief accounts of books published on the subject of Plasmonics. Section 3.1, 3.6.2 and

3.4.1 are based on “Plasmonics: Fundaments and Applications” written by S. Maier

(Reference [19]). Sections 3.4, 3.5, 3.6 (the first part) and 3.7 (up to 3.7.1 included)
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reproduce portions of “Waves in Metamaterials” written by L. Solymar and E. Shamonina

(Reference [89]). The theory of the Asymmetric MIM plasmonic waveguides of Section

3.7.2 derives from “Electromagnetic Waves and Antennas, vol. 2” by S. J. Orfanidis

(Reference [88]).

3.1 Surface Plasmon Resonances

Surface Plasmon Resonances (SPRs) are collective oscillations of surface charges, a re-

sult of the coupling of incident photons with the coherent electron oscillations present

in a conductor. They can be distinguished in two main categories of fundamental ex-

citations: propagating waves and localised electron oscillations, depending on whether

the resonances are generated along metal-dielectric interfaces or on metallic nanoparti-

cles, respectively. The first fundamental excitation is called Surface Plasmon Polaritons

(SPPs) and are evanescent, dispersive electromagnetic waves that propagate along the

interface between a dielectric and a highly conductive material. The second fundamen-

tal excitation is instead called Localised Surface Plasmon Resonances (LSPRs) and are

non-propagating oscillations of the electron plasma in nanosized particles. While SPPs

require a coupling mechanism to be excited, LSPRs arise naturally from the diffraction

pattern of a conductive nanoparticle in an oscillating electromagnetic field [19].

3.1.1 Localised Surface Plasmon Resonances

Localised Surface Plasmon Resonances (LSPRs) are non-propagating excitations and re-

sult from the resonant collective oscillation of the conduction band electrons in metal

nanoparticles coupled to an external electromagnetic field [19,86]. Figure 3.1 illustrates the

interaction of light with the electron plasma of a metallic nanoparticle. When light in-

teracts with a particle having dimensions much smaller than the wavelength of light, the

electric field polarises the particle displacing the electron cloud. This leads to an accu-

mulation of electrons (negative charges) at one side of the particle and to a subsequent

surplus of positive charges at the opposite one, both localised at the surface of the particle.

The electrostatic attraction between these surface charge densities and the closed geomet-
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Figure 3.1: Interaction of metal nanoparticles with light. Schematic representation of
the effect of an incoming electromagnetic wave on the electron cloud of spherical nanoparticles.

rical boundaries of the particle exert an effective restoring force on the driven electrons,

so that a resonance can arise naturally [19]. It follows that plasmon resonant nanoparticles

can be excited by direct light illumination and thus do not require a coupling mechanism

to compensate for a momentum mismatch (as it will be instead demonstrated for the case

of surface plasmon polaritons).

According to the size of the particle, different approaches can be used to analyse its

interaction with the external electromagnetic field. Provided that the nanoparticle is much

smaller than the wavelength of light in the surrounding medium, a simple quasi-static

approximation can be used, which means that the phase of the harmonically oscillating

electromagnetic field can be considered practically constant over the particle volume and

the nanoparticle can be approximated by an electric dipole [19].

In the quasi-static approximation regime, the optical response of LSPRs are described

through the particle polarisabiity α, which relates an incoming electric field E0 with

the electric dipole moment p = ε0εr,mediumαE0
[19,86]. This quantity represents the relative

tendency of a charge distribution in a bound system and determines the dynamic response

of the system to an external applied field. The polarisability of a metal nanoparticle is

a frequency-dependent magnitude that depends on the dielectric functions of the metal,

the surrounding medium and on the particle geometry. In the electrostatic approach, the
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(complex) dipolar polarisability of a small metal sphere of radius a is given by: [19]

α = 4πa3 εr,sphere − εr,medium

εr,sphere + 2εr,medium
(3.1)

where εr,sphere and εr,medium are the relative permittivities of the particle and the surround-

ing medium, respectively.

It is apparent from Equation (3.1) that the polarisability experiences a resonant en-

hancement at its pole. For a lossless metal, the localised surface plasmon resonance

appears when: [19]

Re [εr,sphere(ω)] = −2εr,medium (3.2)

This relationship is called the Fröhlich condition and the associated mode (in an oscillating

field) the dipole surface plasmon of the metal nanoparticle. In reality, the incomplete

vanishing of the denominator - due to Im [ε(ω)] = 0 - limits the magnitude of α at

resonance. The Fröhlich condition reveals a strong dependence of the resonant frequency

on the dielectric environment, which red-shifts in frequency as its permittivity is increased.

This property is extremely valuable and can be exploited to optically detect changes in

refractive index. [19]

A direct consequence of the resonantly enhanced polarisation is a concomitant en-

hancement of the scattering and absorption efficiencies of the particle, which lead to a

field amplification both inside and in the near-field zone outside the particles [19]. For gold

and silver nanoparticles, the resonance falls into the visible region of the electromagnetic

spectrum. Therefore, they exhibit bright colours in both transmitted and reflected light.

The localised plasmon resonance of a single metallic nanoparticle can be shifted in

frequency via alteration of shape and size. The larger the size of the particle (along

the oscillating field) the lower the resonant frequency - and thus the larger the resonant

wavelength. Intuitively, this can be understood by recognising that the distance between

the charges at opposite interfaces of the particle increases with its size, thus leading to

a smaller restoring force and therefore a lowering of the resonance frequency. Plasmon

resonances can be lowered in frequency (red-shifted in wavelength) also by increasing the

aspect ratio of the particle [19].
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The quasi-static approach provides a reasonably good approximation for spherical

or ellipsoidal particles with dimensions below 100 nm illuminated with visible or near-

infrared radiation. For particles of larger dimensions, the quasi-static approximation

breaks down due to retardation effects and thus the polarisability expression needs to

be modified. A rigorous electrodynamic approach is required, known as Mie Theory.

However, in simple physical terms, the damping effects lead to an overall shift in the

plasmon resonance towards lower energies, which means that the spectral position of the

dipole resonance red-shifts with increasing particle size. Moreover, an increase in particle

volume also leads to a significant broadening of the plasmon resonance. [19]

Electromagnetic interactions between the localised modes also lead to shifts in the

spectral position of the plasmon resonance compared to the case of an isolated particle.

Consider small particles of size a � λ arranged in one-dimensional chain with interpar-

ticle spacing w � λ and w � a, so that each particle can be treated as a point dipole.

According to the polarisation direction of the external field, the interparticle coupling can

generate two different modes: a transverse mode when the dipoles oscillate perpendicu-

larly to the direction of the chain, and a longitudinal modes when the dipoles oscillate

along the direction of the chain. In the first case, the restoring force acting on the os-

cillating electrons of each particle is increased by the charge distribution of neighbouring

particles and thus the plasmon resonance for the particle ensemble blue-shifts compared

to the case of a single isolated particle. In the second case, the restoring force is de-

creased and thus the plasmon resonance red-shifts. These shifts in resonance energy were

experimentally demonstrated using far-field extinction spectroscopy [19].

Electromagnetic dipole resonances akin to that of a metal nanoparticles can arise also

in other type of nanostructures, such as nanovoids1. The polarisability of a nanovoid

can be obtained from that for a sphere simply by substituting εr,sphere(ω)→ εr,medium and

εr,medium → εr,sphere(ω). The polarisability of the nanovoid is thus: [19]

α = 4πa3 εr,medium − εr,sphere

εr,medium + 2εr,sphere
(3.3)

In this case, the dipole moment is oriented antiparallel to the external field and the

1Nanovoids are dielectric spherical inclusion in a homogeneous metallic body
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Figure 3.2: Schematic illustration of a SPP propagating at a metal/dielectric in-
terface. (a) Illustration of the electric and magnetic field lines of a surface plasmon polariton
propagating along x having propagation constant kSPP and wavelength λSPP. (b) Plot of the or-
thogonal field |Ez| with respect z, where δd and δm represent the decay length into the dielectric
and metal, respectively.

Fröhlich condition takes the form:

Re [εr,sphere(ω)] = −1
2εr,medium (3.4)

While nanovoids are three-dimensional in nature, essentially two-dimensional holes in thin

metallic films can also support localised plasmon modes [19].

3.1.2 Surface Plasmon Polaritons

Plasmons are collective oscillations of the free electron density in conductive materials,

while the term polariton is used to identify a coupled state between an elementary excita-

tion and a photon. Therefore, when plasmons couple with a photon they create another

quasiparticle called plasma polariton. Surface Plasmon Polaritons (SPPs) are then collec-

tive electromagnetic resonant excitations of charges that occur at the interface between a

dielectric and a conductor upon interaction with impinging light. These surface waves ex-

hibit very interesting properties. Unlike LSPRs, SPPs are propagating waves that travel

along the surface of the conductor. Like LSPRs though, SPPs evanescently decay in the
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orthogonal direction and thus display strongly localised fields at the interface.

Figure 3.2 is a schematic illustration of a SPP propagating at a metal/dielectric in-

terface. Figure 3.2a illustrates the electric and magnetic field lines of a surface plasmon

polariton propagating along x having propagation constant kSPP and wavelength λSPP.

Note that SPPs have transversal and longitudinal electric fields, while the magnetic field

is parallel to the interface and perpendicular to the direction of propagation. The evanes-

cent decay of the orthogonal field |Ez|, inside both the dielectric and metal, is plotted in

Figure 3.2b. The perpendicular field Ez is enhanced near the surface and exponentially

decay with a characteristic length δd in the dielectric and δm (also called skin depth) in

the metal.

3.2 SPPs at a Single Flat Interface

This section describes the fundamentals of surface plasmon polaritons at a single, flat

interface. To investigate their physical properties, the dispersion relation is examined in

detail. Trends and key factors that might affect its behaviour are also identified.

Consider a Transverse Magnetic (TM) polarised2 electromagnetic wave (A) incident

onto a planar interface between two linear3, homogeneous4, isotropic5 and not-absorbing

infinite half-space materials6, medium 1 (z > 0) and medium 2 (z < 0), as shown in

Figure 3.3. In the geometry, propagation is in the x-direction, the transverse confinement

is along the z-direction and the layers have infinite extent along the y-direction. This

is the most simple geometry sustaining SPPs. At the interface, part of the light (B) is

reflected back into medium 1, while the rest (C) is transmitted across the interface and

propagates into medium 2. By definition, surface electromagnetic waves, such as surface

plasmon polaritons, consist of oscillating surface charges along the direction normal to

the interface between two materials with different dielectric functions. This oscillation of

2TM polarisation: the magnetic field is perpendicular to the plane of incidence, while the electric filed
lies in the plane of incidence. Thus, there is no magnetic field in the direction of propagation of light.

3Linear media: constitutive parameters are not functions of the applied field.
4Homogeneous media: constitutive parameters are not functions of position.
5Isotropic media: constitutive parameters are not functions of direction of the applied field.
6Infinite half-space: region that is bounded at one edge and extends to infinity in all the other sides.

34



3.2. SURFACE PLASMON POLARITONS AT A SINGLE FLAT INTERFACE

K

E

H kz

kx

kx

A
✓1

✓1 ✓2

B
C

x

z

Medium 1 Medium 2
✏1, µ1 ✏2, µ2

TM polarization
z = 0

Figure 3.3: TM-polarised light incident onto a single flat interface. Schematic rep-
resentation of a TM-polarised wave (A) incident onto an interface between two homogeneous,
isotropic and not-absorbing infinite half-space media with different dielectric functions, ε1 and
ε2 respectively. At the interface, part of the light (B) is reflected back into medium 1, while the
rest (C) is transmitted across the interface and propagates into medium 2.

charges can only result from the discontinuity of the orthogonal electric field, [87] i.e. Ez

in this case. As a consequence, only the case of a TM-polarised wave is considered.

In general, a medium is described by its constitutive parameters: the absolute perme-

ability µ and the absolute permittivity ε. The absolute permeability is a measure of how

easy a material can be magnetised and thus concentrate magnetic flux. The higher the

permeability the easier for the magnetic flux lines to pass through the material. It can

be expressed as µ = µ0µr, where µ0 is the magnetic permeability of vacuum7 and µr is

a dimensionless quantity called relative permeability. For non-magnetic materials µr = 1

and thus µ = µ0. Instead, the absolute permittivity is a measure of how an electric field

affects a material in terms of generated electric flux per unit charge. The permittivity is

directly related to the electric susceptibility χ, which is a measure of how easy a material

can be polarised in response to an applied electric field. The absolute permittivity can be

expressed as ε = ε0εr = ε0(1+χ), where ε0 is the electric permittivity of vacuum8 and εr is

7µ0 ≈ 1.257× 10−6 H/m
8ε0 ≈ 8.854× 10−12 F/m
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a dimensionless quantity known as relative permittivity. In general, ε(ω) = ε′(ω) + iε′′(ω)

is a complex valued function of the angular frequency ω. The real and imaginary parts of

ε(ω) characterise the refractive and absorptive properties of the material. [88]

The single flat interface geometry falls within the realms of the classical electromag-

netism framework and therefore the macroscopic formulation of Maxwell’s equations can

be applied [19]. Boundary-value electromagnetic problems are usually solved by mean of

the differential form of Maxwell’s equations, which “describe and relate the field vectors,

current densities and charge densities at any point in space at any time” [88]. The charge

and current densities, ρ and J respectively, in the Maxwell’s equations commonly represent

the sources of the electromagnetic fields of the system and for wave propagation problems

they are localised in space. Thus, assuming a source-free region of space, i.e. considering

that the light be generated far away from the interface, the Maxwell’s equations simplify

as follow:

J = 0

ρ = 0
=⇒

∇× E = −∂B
∂t

∇×H = ∂D
∂t

∇ ·D = 0

∇ ·B = 0

(3.5)

where E is the electric field, H is the magnetic fields, B = µH is the magnetic flux density

and D = εE is the electric displacement field. The bold font is used to indicated field

vectors.

3.3 Boundary Conditions

Field vectors associated with electromagnetic waves should be continuous functions of

position and time, and exhibit continuous derivatives. However, discrete changes in the

electrical parameters across an interface between two different media may cause discon-

tinuous distributions of charges. These discontinuities are related to the variations of

the field vectors across the interface by what are usually referred to as the boundary

conditions [88]. In this case, the associated boundary conditions require the continuity at
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the interface (z = 0) of both the tangential and normal components of the electric and

magnetic fields, Et,i and Ht,i, and En,i and Hn,i respectively:

Et,1 = Et,2

Ht,1 = Ht,2

and
Dn,1 = Dn,2 → ε1En,1 = ε2En,2

Bn,1 = Bn,2 → µ1Hn,1 = µ2Hn,2

(3.6)

Note that if, for example, the tangential components of the electric fields are continuous

across a boundary, their derivatives (with respect to the coordinates on the boundary

surface) are also continuous. According to Equations (3.5), this ensures continuity of the

normal components of the magnetic field [88].

At the interface, Snell’s refraction law must also be applied. Snell’s refraction law

describe the relationship between the angles of incidence and refraction when studying

the refraction of an electromagnetic wave at the interface between two media with different

refractive indices9. It states that the ratio of the sines of the angles of incidence θ1 and

refraction θ2 is equivalent to the reciprocal of the ratio of the indices of refraction ni of

the respective medium i:
sin θ1

sin θ2
= n2

n1
(3.7)

The incident electromagnetic wave is described by its propagation wavevector k. The

magnitude of the wavevector is the wavenumber, which is defined as the number of radians

per unit distance:

k = 2π
λ

(3.8)

The wavelength λ is thus the distance by which the phase of a sinusoidal wave changes by

2π radians. It can also be expressed via the frequency of the wave, f = ω/2π, as follow:

λ = 2π
k

= 2πc
ω

= c

f
(3.9)

9The refractive index (RI) of a material ni is a dimensionless number that describes how electromagnetic
radiation propagates through a medium, and it relates to the constitutive parameters of the material
according to ni = √εr,iµr,i.
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Since, the speed of light in the material is defined as:

c = 1
√
µε

(3.10)

The wavenumber can be rewritten as:

k = ω

c
= ω
√
µε (3.11)

It is then possible to relate the speed of light, wavelength and wavenumber in the material

to the corresponding vacuum values:

c = 1
√
µε

= 1
√
µ0ε0µrεr

= c0√
µrεr

= c0

n
(3.12)

λ = c

f
= c0

nf
= λ0

n
(3.13)

k = ω

c
= ωn

c0
= nk0 (3.14)

where n = √µrεr is the refractive index (RI) of the material. Note that the speed of light

c and the wavelength λ are both reduced by a scale factor n compared to the free-space

values, whereas the wavenumber k is increased by a factor of n [89].

From Equations (3.14), the propagation vector of a wave is equal to the product of

the free space propagation constant k0 and the refractive index (RI) ni of the medium

in which the wave is travelling, i.e. ki = nik0. Therefore, Snell’s refraction law can be

rewritten as:
n1 sin θ1 = n2 sin θ2

k1

k0
sin θ1 = k2

k0
sin θ2

k1 sin θ1 = k2 sin θ2

(3.15)

Knowing that kx,i = ki sin θi, this leads to another boundary condition which imposes that

the kx component of the wavevector along the interface is preserved across the media.

kx,1 = kx,2 = kx (3.16)

Since the propagation wave vector k of light is proportional to the photon’s momentum p
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(according to p = ~k, where ~ = h/2π is the reduced Planck’s constant10), this boundary

condition is known as the conservation of momentum.

3.4 Fresnel Coefficients

The transmission and reflection of light at the interface between two optically-different

media is described by the Fresnel coefficients, which can be obtained by applying the

appropriate boundary conditions to the field components derived from the Maxwell’s

equations. In each medium, the total electric and magnetic fields can each be seen as the

sum of a forward and a backward wave. For an incident transverse magnetic polarised

wave as represented in Figure 3.3, the electric field has two components, along x and z,

while the only magnetic field component is the one along the y-direction. It follows that

the equations describing the fields become: [90]

E =


Ex

0

Ez

 H =


0

Hy

0

 (3.17)

and that the magnetic field can be easily evaluated as: [90]

Hy,1 = Ae−jkinc·r +Be−jkrefl·r Hy,2 = Ce−jktrans·r

Hy,1 =
(
Ae−jkz,1z +Bejkz,1z

)
e−jkxx Hy,2 = Ce−jkz,2ze−jkxx

(3.18)

The electric field components can be derived from the Maxwell-Ampère law:

D = εE → ∇×H = ∂D
∂t

= ε
∂E
∂t

(3.19)

Assuming that the fields have a harmonic time dependence E(r, t) = E(r)e−jωt, the time

derivative ∂/∂t can be replaced with jω: [90]

∇×H = jωεE → E = − j

ωε
∇×H (3.20)

10The Planck’s constant h ≈ 6.626× 10−34 J·s relates the energy carried by a photon to its frequency.
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E =


Ex

0

Ez

 = − j

ωε
∇×H = − j

ωε

∣∣∣∣∣∣∣∣∣∣∣∣

x̂ ŷ ẑ

∂
∂x

0 ∂
∂z

0 Hy 0

∣∣∣∣∣∣∣∣∣∣∣∣
= − j

ωε


−∂Hy

∂z

0
∂Hy

∂x

 (3.21)

Therefore, it is possible to derive the electric field components along the x-direction: [90]

Ex,1 = j

ωε1

∂Hy,1

∂z
Ex,2 = j

ωε2

∂Hy,2

∂z

Ex,1 = j(−jkz,1)
ωε1

(
Ae−jkz,1z −Bejkz,1z

)
e−jkxx Ex,2 = j(−jkz,2)

ωε2
Ce−jkz,2ze−jkxx

Ex,1 = kz,1
ωε1

(
Ae−jkz,1z −Bejkz,1z

)
e−jkxx Ex,2 = kz,2

ωε2
Ce−jkz,2ze−jkxx

(3.22)

and the electric field components along the z-direction: [90]

Ez,1 = − j

ωε1

∂Hy,1

∂x
Ez,2 = − j

ωε2

∂Hy,2

∂x

Ez,1 = j(−jkx)
ωε1

(
Ae−jkz,1z +Bejkz,1z

)
e−jkxx Ez,2 = j(−jkx)

ωε2
Ce−jkz,2ze−jkxx

Ez,1 = − kx
ωε1

(
Ae−jkz,1z +Bejkz,1z

)
e−jkxx Ez,2 = − kx

ωε2
Ce−jkz,2ze−jkxx

(3.23)

Summarising, the field components for a TM-polarised wave incident onto a flat in-

terface - as represented in Figure 3.3 - are: [90]

Hy,1 =
(
Ae−jkz,1z +Bejkz,1z

)
e−jkxx Hy,2 = Ce−jkz,2ze−jkxx

Ex,1 = kz,1
ωε1

(
Ae−jkz,1z −Bejkz,1z

)
e−jkxx Ex,2 = kz,2

ωε2
Ce−jkz,2ze−jkxx

Ez,1 = − kx
ωε1

(
Ae−jkz,1z +Bejkz,1z

)
e−jkxx Ez,2 = − kx

ωε2
Ce−jkz,2ze−jkxx

(3.24)

Finally, by satisfying the boundary conditions at the interface, one simple set of two

equations, describing the correlation between incident, reflected and refracted light at a

single interface, can be found: [90]

Hy,1|z=0 = Hy,2|z=0

Ex,1|z=0 = Ex,2|z=0

(3.25)
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⇒


A+B = C

kz,1
ωε1

(A−B) = kz,2
ωε2

C

A−B = ζC with ζ = kz,2ε1

kz,1ε2
= kz,2εr,1

kz,1εr,2

A+B = C

A−B = ζC

 ⇒
2A = C(1 + ζ)

2B = C(1− ζ)

 (3.26)

⇒ ρTM = B

A
= 1− ζ

1 + ζ
, τTM = C

A
= 2

1 + ζ
(3.27)

where ρTM and τTM = 1 + ρTM are the TM reflection and TM transmission coefficients of

the interface, respectively, also know as the Fresnel coefficients.

3.5 Conditions for SPP excitations

Mathematically, evanescent waves are characterised by a wavevector with a purely imag-

inary component perpendicular to the plane of propagation. In this case, surface waves

propagate at the interface along the x-direction and thus they must have a purely imagi-

nary component in the perpendicular z-direction. Given a propagation vector:

k = (kx, kz) = x̂kx + ẑkz → k2 = k2
x + k2

z → k2
z = k2 − k2

x (3.28)

Since kz has to be imaginary, kz can be rewritten using the notation of the propagation

constant γ so that kz = −jγ with γ > 0. The square of kz is −γ2 11 and thus k2−k2
x must

be negative. This implies that |kx| > |k| which means that the surface waves have a wave

vector kx larger than the wave vector of the incident light, which results in a momentum

mismatch [17,19,87]. A coupling mechanism is thus necessary to excite evanescent surface

waves at the interface.

The eigenmodes of the Maxwell’s equations at the interface represents surface waves.

Eigenmodes are normal mode of vibration of an oscillating system and can be formulated

11j2 = −1.
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in the absence of an incident field. Therefore, the condition of excitation of surface wave

can be determined from Equation 3.26 assuming A = 0: [90]

B = C

−B = ζC

 ⇒ ζ = −1 Condition for surface waves excitation (3.29)

The condition ζ = −1 means that the reflection coefficient ρTM =∞ (3.27) and thus that

there is only a “reflected” wave, while the incident field is zero. Indeed, it follows from

B = ρTMA (or A = B/ρTM) that A will tend to zero for finite B and ρTM →∞.

Another requisite on the materials composing the interface is derived from (3.29): [90]

ζ = kz,2εr,1

kz,1εr,2
= (−jγ2)εr,1

(−jγ1)εr,2
= γ2εr,1

γ1εr,2
= −1

⇒ since γi > 0 if εr,1 > 0 then Re [εr,2] < 0 (3.30)

It follows that the confinement to the surface demands that surface waves exist only

at interfaces between materials with opposite signs of the real part of their dielectric

functions, i.e. between an insulator and a conductor.

3.6 Dispersion Relation

Assuming non-magnetic materials (i.e. permeability µr = 1), n2
i = εr,i and thus replacing

(3.14) in (3.28) the transverse propagation constant γ can be written as γ2
i = β2 − εr,ik

2
0,

where β = kx > 0. Starting from the condition (3.29), it is then possible to derive the

expressions of the tangential and perpendicular wavevectors at the interface: [89]

γ2
1ε

2
r,2 = γ2

2ε
2
r,1

(β2 − εr,1k
2
0)ε2

r,2 = (β2 − εr,2k
2
0)ε2

r,1

k2
0εr,1εr,2(εr,1 − εr,2) = β2(ε2

r,1 − ε2
r,2)

β2 = k2
0
εr,1εr,2(εr,1 − εr,2)

ε2
r,1 − ε2

r,2
= k2

0
εr,1εr,2

εr,1 + εr,2
(3.31)
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⇒ β = k0

√
εr,1εr,2

εr,1 + εr,2
, kz,1 = k0εr,1√

εr,1 + εr,2
, kz,2 = − k0εr,2√

εr,1 + εr,2
(3.32)

Note that the change in sign in kz,2 is given by condition (3.29).

The propagation constant β represents the propagation constant of the surface plasmon

polaritons at the interface. Therefore, by substituting β with kSPP, we obtain: [90]

kSPP = β = k0

√
εr,1εr,2

εr,1 + εr,2
with nSPP =

√
εr,1εr,2

εr,1 + εr,2
(3.33)

where nSPP is the SPP refractive index and thus εr,SPP = (εr,1εr,2)/(εr,1 + εr,2) is the

SPP effective relative permittivity at the interface. The wave vector kSPP is also referred

to as the SPP dispersion relation. The dispersion relation defines the relation between

frequency and wave vector. The frequency is hidden in the dielectric functions, which are

frequency dependent (εr,i = εr,i(ω)). Equation (3.33) is valid for both real and complex

εr,2, i.e for conductors with and without attenuation.

As seen in (3.30), the essential condition for the existence of surface plasmons is for

the interface to be composed by two materials with a positive and a negative real part

of their dielectric permittivity respectively, i.e. if εr,1 > 0 then Re [εr,2] < 0. Therefore,

because β and k0 are both positive and not purely imaginary wave vectors, from Equation

(3.31): [90]

εr,1εr,2

εr,1 + εr,2
> 0 ⇒ since εr,1εr,2 < 0 than εr,1 + εr,2 < 0 (3.34)

In other words, to ensure a positive ratio, since the numerator is negative, the denominator

must be negative as well. It follows that another condition that has to be satisfied for the

existence of SPPs is that |εr,2| > |εr,1|, i.e. the absolute value of the dielectric function of

medium 2 has to be greater than the absolute value of the dielectric function of medium

1, given Re [εr,2] < 0 and εr,1 > 0.

Conditions (3.30) and (3.34) guarantee that β is real and kz,1, kz,2 are pure imaginary.

Setting εr,2 = −ε̃r,2 with ε̃r,2 ∈ Re > 0 and ε̃r,2 > εr,1, we have
√
εr,1 + εr,2 = √εr,1 − ε̃r,2 =
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j
√
ε̃r,2 − ε1, and

√
εr,1εr,2 = √−εr,1ε̃r,2 = j

√
εr,1ε̃r,2. Then, Equations (3.32) read: [89]

β = k0

√
εr,1ε̃r,2

ε̃r,2 − εr,1
, kz,1 = −j k0εr,1√

ε̃r,2 − εr,1
, kz,2 = −j k0ε̃r,2√

ε̃r,2 − εr,1
(3.35)

An analytical study of the evolution of the SPPs dispersion relation (3.33) allows to

examine more in details their properties. Consider medium 1 to be an ideal dielectric

with a real and positive dielectric function εr,1, while medium 2 is a metal with negligible

damping whose dielectric function εr,2 = εr,2(ω) is described, in its simplest form, by the

Drude model according to:
εr,2 = 1−

ω2
p

ω2 (3.36)

where ωp is the so-called bulk plasma frequency of the metal12. For most metals, this

frequency is of the order of 1000-2000 THz, and falls in the ultraviolet region [19,87,89].

Thus, the conditions (3.30) and (3.34) are easily met for optical frequencies. Substituting

(3.36) into (3.33), an explicit form of the SPP dispersion relation in terms of frequency is

obtained: [90]

kSPP = k0

√
εr,1εr,2

εr,1 + εr,2
= ω

c0

√√√√ εr,1(ω2 − ω2
p)

(εr,1 + 1)ω2 − ω2
p

(3.37)

Notice that, since kSPP = β > k0, the phase velocity vp = ω/β of the surface waves at

the interface is smaller than the velocity of light c0 = ω/k0. Therefore, on smooth sur-

faces, SPPs are non-radiative waves and cannot couple with propagating electromagnetic

waves [19,89,91,92]. In other words, light alone impinging onto the metal surface cannot excite

surface plasmon polaritons. Therefore, at the interface, there is a momentum mismatch

that has to be compensated.

Figure 3.4 shows plots of (3.37) for a metal with negligible damping described by the

Drude dielectric function (3.36) for (a) an air (εr,1 = 1) interface and (b) both an air and

silicon dioxide (silica) interface. The frequency is normalised to the plasma frequency ωp

while the propagation constant kSPP is normalised to the plasma wave vector kp = ωp/c0,

where c0 is the speed of light in vacuum. In these plots, both the real (continuous curves)

and the imaginary part (dashed-dotted curve) of the wave vector β are shown.

12The bulk plasma frequency is defined as ωp =
√

ne2

ε0m
, where n is the electron density, e is the electron

charge, ε0 is the vacuum permittivity and m is the electron mass.
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Figure 3.4: Dispersion relation of completely undamped SPPs. (a) Dispersion relation
of SPPs for a metal with negligible damping described by the Drude dielectric function (3.36)
for (a) an air (εr,1 = 1) interface and (b) both an air and silicon dioxide interface.

Depending upon the frequency (and thus to the sign of the square root in Equa-

tion (3.37)), three separate regions can be identified: (i) Bound modes, (ii) Quasi-bound

modes, and (iii) Radiative modes. For frequencies higher than the plasma frequency

ω > ωp, |kSPP| < |k| and therefore transverse waves are allowed to propagate within the

conductor, [19] called plasma polaritons. This is referred to as the transparency regime

of metals. Instead, the SPP excitations belong to the part of the dispersion curve lying

to the right of the dotted blue light line k, i.e. for |kSPP| > |k|. Between the regime

of the radiative and bound modes, a frequency gap region with purely imaginary kSPP

prohibiting propagation exists [19].

The solid blue line in Figure 3.4a represents the SPP propagation constant and exhibits

a nonlinear characteristic. Two asymptotes can be observed: [90]

ω → 0 β → k0
√
εr,1

β →∞ ω → ωp√
εr,1 + 1 = ωs

(3.38)

where ωs is the so-called surface plasma frequency. Note that the equality ω = ωs is only

fulfilled when |εr,1| = |εr,2|, i.e. when the the denominator of (3.37) εr,1 + εr,2 = 0.
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A condition for the SPPs excitation is that εr,1 > 0, therefore the surface plasma

frequency ωs is always lower than the plasma frequency ωp. This means that surface

waves can only be excited at frequencies lower than the plasma frequency ωp. However,

as mentioned above, there is no intersection point between k = k0 and kSPP, and therefore

it is essential to provide an additional wave vector with special phase-matching techniques

in order to excite the surface waves at a flat interface. This additional wave vector could

be given, for example, through prism coupling or by nano structuring the metal layer.

When the frequency tends to zero, i.e. for small wave vectors, the dispersion relation

kSPP at the interface tends to the wave vector of the light line. In other words, the metal

behaves ‘like a metal’. The charges in the metal follow the displacement field and thus the

metal behaves like a perfect mirror, i.e. no light can be transmitted through the interface

and thus B = A and C = 0. On the other hand, as the SPP wave vector kSPP increases

the free electrons in the metal are not able to oscillate as fast as the displacement field

anymore. The split between the light line and the SPPs propagation constant enlarges,

the frequency of the SPPs tends to become constant and approaches the characteristic

surface plasma frequency ωs. In the limit of negligible damping, the SPP wavevector

tend to infinity and thus the phase velocity vp = ω/β of the surface waves tends to zero.

“The mode thus acquire electrostatic character, and it known as the surface plasmon. The

surface plasmon is indeed the limiting form of a SPP as β tends to infinity.” [19]

Figure 3.4b highlights how the dielectric function of the dielectric layer affects the

dispersion relation of SPPs at the interface, given the same metallic layer. According

to (3.38), the higher the relative permittivity of the dielectric εr,1, the lower the surface

plasma frequency ωs. This means that: (i) SPPs are extremely sensitive to refractive index

variations at the interface; (ii) the higher εr,1, the larger the frequency gap of quasi-bound

modes. As a consequence, the choice of dielectric the composes the interface also affects

the module of the additional wave vector (red arrows). For a given angular frequency,

the higher the relative permittivity of the dielectric the larger the additional wave vector

required for the SPPs excitations. On the other hand, εr,1 variations have only a slight

effect on the propagation wavevector of plasma polaritons (radiative modes) which are

therefore less apt to sense RI variations.
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3.6.1 Penetration Depths

According to the definition, surface plasmon polaritons are orthogonally confined to the

interface’s plane and display evanescent fields penetrating into both sides of the interface.

The quantity that defines the evanescent decay length of the fields perpendicular to the

interface is called penetration depth. In other words, the penetration depth is the measure

of how deep an electromagnetic radiation can penetrate a material. In this case, that is

defined as the depth at which the intensity of the electric field E(z) = E0e−|kz ||z| inside

the material falls to 1/e, which corresponds to about 37% of its original value at (or

more precisely, just beneath) the surface. Therefore, the SPP penetration depths in the

dielectric δd and in the metal δm are respectively defined by: [87]

δd = δ1 = 1
|kz,1|

= 1
k0

∣∣∣∣∣εr,1 + εr,2

ε2
r,1

∣∣∣∣∣
1
2

and δm = δ2 = 1
|kz,2|

= 1
k0

∣∣∣∣∣εr,1 + εr,2

ε2
r,2

∣∣∣∣∣
1
2

(3.39)

where kz,i represents the negative imaginary part (3.35) of the propagation constant. At

low frequencies, the penetration depth can also be referred to as the skin depth, the latter

term usually applying to metals in reference to the decay of electrical currents.

Figures 3.5a and 3.5b display the relative permittivities of two plasmonic metals,

aluminium (Al) and silver (Ag) respectively, with some common dielectric materials. The

conditions for SPPs excitation at a metal/dielectric interface, having dielectric functions

εm and εd respectively, are: (i) Re{εm} < 0 and εd > 0, and (ii) |εm| > εd. In case of Al,

those conditions are met along the entire range of visible frequencies. On the other hand,

SPPs cannot exist at a silver interface at wavelengths shorter than about 340 nm.

Figures 3.5c and 3.5d are plots of the penetration depths inside the dielectric and the

metal for an Al and a Ag interface, respectively. Because of the condition |εm| > εd, the

penetration depth of the surface plasmon polaritons inside of the dielectric is larger than

the one inside of the metal, i.e. in the dielectric the field fall off far more slowly. Inside

the metals, the electric field decays over depths on the order of about 20 nm over a wide

range of frequencies, spanning from the visible to the infrared [19]. Instead, penetration

depths in the dielectric are one or two orders of magnitude larger.
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(a) Relative Permittivities of Al, SiO2, Si3N4.
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(c) Penetration Depths at an Al interface.
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(d) Penetration Depths at a Ag interface.

Figure 3.5: Relative Permittivities and SPPs Penetration Depths. (a) Real part of the
relative dielectric functions εr of aluminium (blue solid line), silicon dioxide (red dashed line)
and silicon nitride (yellow dot-sashed line), and imaginary part (blue dotted line) of aluminium.
(b) Real part of the relative dielectric functions εr of silver (purple solid line), silicon dioxide
(red dashed line) and silicon nitride (yellow dot-sashed line), and imaginary part (purple dotted
line) of aluminium. Note that SPPs condition of existence requires both: (i) εm < 0 and εd > 0;
(ii) |εm| > εd. (n,k) data for Figures (a) and (b) were downloaded from the Lumerical default
material database [93]. (c) SPP penetration depths inside the dielectric and inside the metal for
a Al/air, Al/SiO2 and Al/Si3N4 interfaces. (d) SPP penetration depths inside the dielectric and
inside the metal for a Ag/air, Ag/SiO2 and Ag/Si3N4 interfaces.
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SPPs are very sensitive to perturbations within their evanescent ‘tails’. Therefore,

any variation in refractive index (RI) at distances from the interface smaller than about

twice the penetration depth will affect the SPP properties. Penetration depths are also

a measure of the confinement of the field at the interface. The smaller the penetration

depth, the higher the field confinement. The higher the field confinement, the ‘more

sensitive’ are the SPPs to RI perturbations. However, in general, the loss increases when

the transverse confinement of a SPP mode increases, as a larger fraction of the modal

field is located inside the metal [94].

3.6.2 Damped SPPs and Propagation Length

The above discussion of Figure 3.4 have assumed an ideal conductor with Im [εr,2] = 0.

However, electrons in real metals suffer both from free-electron and intraband damping [19].

Therefore, εr,2(ω) is a complex value, and with it also the SPP propagation constant kSPP.

This implies that, as a SPP propagates along an interface, it loses energy due to the

absorption inside the metal. Figure 3.6 shows the dispersion relation of damped SPPs

propagating at a silver/air and silver/silica interface. The quasi-bound, leaky part of the

dispersion relation between ωs and ωp is now allowed, in contrast to the case of an ideal

conductor, where Re[β] = 0 in this regime. Also, the wave vector of the bounded SPPs

now approach a maximum, finite limit βmax at the surface plasma frequency ωs of the

system [19].

This limitation puts a lower bound both on the wavelength λSPP,min = 2π/Re[βmax] of

the surface plasmon, and also on the amount of mode confinement perpendicular to the

interface [19]. From (3.39), the SPP penetration depths decrease as the absolute values of

the respective wavevectors perpendicular to the interface |kz,i| increase. Therefore, since

kz =
√
β2 − εr,1k2

0, when the wavevector approaches βmax the SPP fields fall off as e|kz,max||z|

and the penetration depths tend to their lower bounds δd,min and δm,min.

Not-negligible damping implies that SPPs travelling at an interface are attenuated. It

is then possible to evaluate their propagation length. The tangential electric field Ex at

the interface z = 0 can be represented as Ex = E0e−jβx. Since kSPP = β = β′ + jβ′′ is a
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Figure 3.6: Dispersion relation of damped SPPs. Dispersion relation of SPPs at a
silver-air (yellow curve) and silver-silica (purple curve) interface. Due to the damping, the SPP
propagation wavevector approaches a finite limit at the surface plasma frequency.

complex value, it becomes:

Ex = E0 · e−jβ′x︸ ︷︷ ︸
propagation term

· eβ′′x︸︷︷︸
exponential decay

(3.40)

The intensity of the surface plasmon decays with the square of the electric field, so at a

distance x, the intensity has decreased by a factor of e−2β′′x. The propagation length is

defined as the distance for the SPP intensity to decay by a factor of 1/e. This condition

is satisfied at a length:

Lx = 1
2β′′ (3.41)

A typical propagation length lies between 10 and 100 microns in the visible regime [19].

However, it displays a strong dependence on frequency.

3.6.3 Summary

Summarising we can assert that surface plasma waves on smooth surfaces: (i) exist at an

interface between a medium 1 and a medium 2 when for ε1 > 0 ε2 < 0, (ii) exist only for
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frequency lower than the plasma frequency ωp, (iii) are slow waves of short wavelength,

i.e. for a metal-vacuum interface the phase velocity of SPPs vp = ω/kSPP at the interface

is smaller than the velocity of light c0 = ω/k0 and λSPP < λ0, (iv) cannot interact with

propagating waves since they have a larger propagation constant β, (v) interact with the

evanescent near field components of the Fourier spectrum of an object, (vi) can confine

the electromagnetic fields over length scales significantly smaller than the wavelength, as

long as the fields oscillate at frequencies close to the intrinsic plasma frequency of the

conductor. [90]

As displayed in Figure 3.4, at low frequencies the SPP dispersion relation quickly

approaches the light line which means that surface plasmon polaritons tend to behave like

free propagating light waves and thus they are less apt to be used to generate strongly

localised and enhanced fields [95]. However, it is possible to generate slower surface plasma

waves by simply placing two or more metal-dielectric interfaces that sustain SPPs in close

proximity. This introduces a coupling between the SPPs of the individual interfaces,

i.e. the SPPs associated with individual interfaces interact with each other generating

SPP-modes. Multiple-interfaces systems can support many different SPP-modes. Some

of these modes have a propagation constant much smaller than the SPP wave vector of a

single interface making nm-sized field localisation accessible at any wavelength [95,96].

3.7 Coupled SPPs in Plasmonic Waveguides

The previous section thoroughly derived and described the SPPs dispersion relation at

a smooth interface between a dielectric and a conductor. This section studies instead

the excitation and coupling of SPPs in a three-layer system. Necessary condition for the

system to be considered a plasmonic waveguide is that at least one of the layers is metallic,

with dielectric constant having negative real-part in the operating frequency range [89]. As

opposed to dielectric waveguides, wherein the light is confined in an optically dense core

via index contrast with respect the top and bottom cladding layers, plasmonic waveguides

confine light to the metal-dielectric interfaces owing to the negative dielectric constant of

the metallic region [63].
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Figure 3.7: TM-polarised light incident onto a generic 3-layer system. Schematic rep-
resentation of a TM-polarised wave incident onto an single slab with arbitrary dielectric function
ε2 and thickness d, sandwiched between two semi-infinite media having different dielectric func-
tions, ε1 and ε3 respectively.

In a plasmonic waveguide, the multiple interfaces are placed in near proximity so that

the separation between them is comparable to or smaller than the penetration depth of the

surface wave modes. As a consequence, the SPPs at the individual dielectric-conductor

interfaces will couple with each other and give rise to bound SPP-modes. Three specific

three-layer systems will be considered: (i) an insulator-metal-insulator (IMI), where a

thin metallic layer is sandwiched between two infinitely thick dielectric claddings; (ii)

a metal-insulator-metal (MIM), where a thin dielectric core layer is sandwiched between

two metallic claddings; and (iii) an insulator-insulator-metal (IIM), where a thin dielectric

layer is sandwiched between a dielectric and a metal cladding. This study on three-layer

plasmonic waveguides will become of use to interpret and to gain a better understanding

of the simulation data of the MIM plasmonic filter design developed during the course of

the project.

Consider the case of a TM-polarised electromagnetic wave (A) incident onto a slab of

arbitrary thickness d sandwiched between two half-space materials, as shown in Figure 3.7.

The three layers consist of linear, homogeneous and isotropic materials. The quantities

ε1, ε2 and ε3 denote the relative permittivities of the media, that is εr,i = εi/ε0, with i =
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1, 2, 3, where εi is the permittivity of the i-th medium and ε0 the permittivity of vacuum.

Materials are assumed to be non-magnetic, i.e. µr,i = 1 and thus µ1 = µ2 = µ3 = µ0.

Propagation is in the x-direction, the transverse confinement is along the z-direction, and

the layers have infinite extent long the y-direction. We are interested in the coupling of

surface plasmon modes within the middle layer (layer 2).

The field components in every medium are recovered from the single-interface case

(3.24): [90] 

Hy,1 =
(
Ae−jkz,1z +Bejkz,1z

)
e−jkxx

Ex,1 = kz,1
ωε1

(
Ae−jkz,1z −Bejkz,1z

)
e−jkxx

Ez,1 = − kx
ωε1

(
Ae−jkz,1z +Bejkz,1z

)
e−jkxx



Hy,2 =
(
Ce−jkz,2z +Dejkz,2z

)
e−jkxx

Ex,2 = kz,2
ωε2

(
Ce−jkz,2z −Dejkz,2z

)
e−jkxx

Ez,2 = − kx
ωε2

(
Ce−jkz,2z +Dejkz,2z

)
e−jkxx



Hy,3 = F e−jkz,3(z−d)e−jkxx

Ex,3 = kz,3
ωε3

F e−jkz,3(z−d)e−jkxx

Ez,3 = − kx
ωε3

F e−jkz,3(z−d)e−jkxx

By applying the boundary conditions (3.6) and (3.16)13: [90]

at z = 0
Hy,1 = Hy,2

Ex,1 = Ex,2
A+B = C +D

A−B = ζ(z=0)(C −D)

at z = d
Hy,2 = Hy,3

Ex,2 = Ex,3
Ce−jkz,2d +Dejkz,2d = F

ζ(z=d)
(
Ce−jkz,2d −Dejkz,2d

)
= F

13Note that the condition on Ez,i leads to the same set of equation as Hy,i
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A+B = C +D (1)

A−B = ζ(z=0)(C −D) (2)

Ch− +Dh+ = F (3)

ζ(z=d) (Ch− −Dh+) = F (4)

with

ζ(z=0) = kz,2ε1

kz,1ε2
ζ(z=d) = kz,2ε3

kz,3ε2
h− = e−jkz,2d

h+ = ejkz,2d

⇒ h− = 1
h+

(3)=(4):

Ch− +Dh+ = ζ(z=d)(Ch− −Dh+)

− Ch−(1− ζ(z=d)) = Dh+(1 + ζ(z=d))

→ D = −C 1− ζ(z=d)

1 + ζ(z=d)
h2
− = −Cρdh2

− with ρd = 1− ζ(z=d)

1 + ζ(z=d)

(1)+(2) :

2A = C(1 + ζ(z=0)) +D(1− ζ(z=0))

τ0A = C +Dρ0 with τ0 = 2
1 + ζ(z=0)

ρ0 = 1− ζ(z=0)

1 + ζ(z=0)

→ τ0A = C(1− ρ0ρdh
2
−)

⇒ C

A
= τ0

1− ρ0ρdh2
−

⇒ D

A
= −τ0ρdh

2
−

1− ρ0ρdh2
−

Transmission after the 1st interface Reflection from the 2nd interface
(3.42)

(1)-(2):

2B = C(1− ζ(z=0)) +D(1 + ζ(z=0))

τ0
B

A
=
[
C

A
ρ0 + D

A

]
(3) :
F

A
=
[
C

A
h− + D

A
h+

]

⇒ B

A
= ρ0 − ρdh2

−
1− ρ0ρdh2

−
⇒ F

A
= τ0 (1− ρd)h−

1− ρ0ρdh2
−

Reflection from the 1st interface Slab transmission, transfer function

(3.43)

The surface plasmon resonance condition corresponds to a pole of F/A, that is, the

vanishing of the denominator, 1− ρ0ρdh
2
− = 0. Thus, the expression to solve is: [90]

(ζ(z=0) + 1)(ζ(z=d) + 1) = h2
−(ζ(z=0) − 1)(ζ(z=d) − 1)
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with h− = e−jkz,2d, ρ0 = 1−ζ(z=0)
1+ζ(z=0)

, and ρd = 1−ζ(z=d)
1+ζ(z=d)

, of which ζ(z=0) = kz,2ε1
kz,1ε2

, ζ(z=d) = kz,2ε3
kz,3ε2

,

and where kz,i = −jγi.

Then, it follows: [90]

h2
− = (ζ(z=0) + 1)(ζ(z=d) + 1)

(ζ(z=0) − 1)(ζ(z=d) − 1)

e−2γ2d =

(
γ2ε1
γ1ε2

+ 1
) (

γ2ε3
γ3ε2

+ 1
)

(
γ2ε1
γ1ε2
− 1

) (
γ2ε3
γ3ε2
− 1

)
e−2γ2d =

ε1
γ1

(
γ2
ε2

+ γ1
ε1

)
ε3
γ3

(
γ2
ε2

+ γ3
ε3

)
ε1
γ1

(
γ2
ε2
− γ1

ε1

)
ε3
γ3

(
γ2
ε2
− γ3

ε3

)

e−2γ2d =

(
γ2
ε2

+ γ1
ε1

) (
γ2
ε2

+ γ3
ε3

)
(
γ2
ε2
− γ1

ε1

) (
γ2
ε2
− γ3

ε3

) (3.44)

Equation (3.44) can be rewritten as: [89]

e−2γ2d =

(
γ2 + γ1

ε2
ε1

) (
γ2 + γ3

ε2
ε3

)
(
γ2 − γ1

ε2
ε1

) (
γ2 − γ3

ε2
ε3

)
e−2γ2d = (γ2 + γ1ρ1) (γ2 + γ3ρ3)

(γ2 − γ1ρ1) (γ2 − γ3ρ3)

e2γ2d = (γ2 − γ1ρ1) (γ2 − γ3ρ3)
(γ2 + γ1ρ1) (γ2 + γ3ρ3) (3.45)

where ρ1 = ε2/ε1 and ρ3 = ε2/ε3.

Solutions to Equation (3.44), or Equation (3.45), can be found numerically.

Note that a plasmonic waveguide can support different types of modes. It can support

non-radiative, plasmonic bound modes, i.e. modes whose field energy is carried at or near

the metal-dielectric interfaces of the system rather than at the centre of the film like e.g.

in dielectric waveguides [89]. It can support radiative, plasmonic leaky modes [97]. Finally,

it can also support oscillatory modes. In contrast to plasmonic solutions that have a value

for γ that is predominantly real-valued, oscillatory modes have a propagation constant

γ that is dominantly imaginary [89]. Therefore, the nature of the numerical solutions will

depend upon the choice of the initial guess(es) within the frequency-wave vector space.
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3.7.1 Symmetric IMI Plasmonic Waveguide

A IMI plasmonic waveguide consists of a metal film εm, sandwiched between two dielectric

layers, namely a substrate εd,s and a cladding εd,c. Consider that the substrate and the

cladding are the same: εd,s = εd,c = εd. If the distance between the two interfaces is small

enough for the single SPPs to interact with each other, the symmetric IMI plasmonic

waveguide can support only two non-radiative, bound SPP-modes: one symmetric and

one antisymmetric with respect to their field distributions [90]. The wave fronts are tilted

in towards the metal [89].

Two analytical solutions can be derived to describe these bound SPP-modes. The

symmetry with respect of the dielectric layers implies that ζ(z=0) = ζ(z=d) = ζ and thus

the transfer function of the slab (3.43) can be written as: [90]

F

A
= 4h−ζ

(ζ + 1)2 − h2
−(ζ − 1)2 (3.46)

with

ζ = kz,mεd
kz,dεm

= γmεd
γdεm

and h− = e−jkz,md = e−γmd (3.47)

where γ2
i = −k2

z,i = k2
x − εik

2
0 and kx = β = kSPP. Then, γi =

√
k2
SPP − εik2

0.

As previously stated, in order to find the surface modes, it is necessary to look for the

eigensolutions of the system. An eigensolution exists when there is an output without an

input, and so the denominator is set to zero: [90]

(ζ + 1)2 − h2
−(ζ − 1)2 = 0

(ζ + 1) = ±h−(ζ − 1)

ζ(1∓ h−) = −(1± h−)

By substituting h−, and knowing that 1∓e−2x

2e−x = ex∓e−x

2 and coth(x) = 1
tanh(x) = ex+e−x

ex−e−x ,
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Figure 3.8: Bound SPPs on thin metal films in a IMI structure. Schematic representa-
tion of the dispersion relation of the coupled antisymmetric (upper branch - red solid line) and
symmetric (lower branch - orange solid line) modes for an insulator/metal/insulator multilayer
system with a thin metal core thickness. The blue solid line represents the dispersion relation of
SPPs at a single flat metal/insulator interface. Next to each bound-SPP mode, the respective
charge and fields’ (as a function of z) distributions are delineated. For the upper mode: Ex is
odd, Ez and Hy are even. For the lower mode: Ex is even, Ez and Hy are odd.

the equivalence becomes:

ζ
(
1∓ e−γmd

)
= −

(
1± e−γmd

)
ζ
(
eγm

d
2 ∓ e−γm

d
2
)

= −
(
eγm

d
2 ± e−γm

d
2
)

↙ ↘

ζ
(
eγm

d
2 − e−γm

d
2
)

= −
(
eγm

d
2 + e−γm

d
2
)

ζ
(
eγm

d
2 + e−γm

d
2
)

= −
(
eγm

d
2 − e−γm

d
2
)

ζ = γmεd
γdεm

= − coth
(
γmd

2

)
ζ = γmεd

γdεm
= − tanh

(
γmd

2

)
(3.48)

or ζ = γdεm
γmεd

= − tanh
(
γmd

2

)
or ζ = γdεm

γmεd
= − coth

(
γmd

2

)
(3.49)

Upper mode: LR-SPP (TM0) Lower mode: SR-SPP (TM1)

Therefore, in case of a symmetric IMI system where the thickness d of the metal slab

is small enough so that the SPPs at the two metal/dielectric interfaces can interact with
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each other, bound SPP-modes are generated and the SPP dispersion relation at a single

flat interface (3.33) splits into a pair of equations (3.48) [90]. These two solutions can only

be solved numerically. Figure 3.8 is a schematic representation of the dispersion relation of

the bound SPP-modes in a symmetric IMI structure. The figure also displays the charge

distribution and the transverse electric and magnetic fields, Ez and Hy respectively, and

the longitudinal electric field Ex as a function of z for each coupled mode. The upper

brach of the solution is usually indicated by ω(+) and the lower brach by ω(−). The

adjectives upper and lower indicate the solutions above (higher frequency) and below

(lower frequency) the unperturbed dispersion relation for the single interface, respectively.

For the upper mode, the transverse electric and magnetic fields Ez andHy, respectively,

are symmetric as a function of z, whereas the longitudinal electric field Ex is antisymmetric

as a function of z. Instead, for the lower mode, the transverse electric and magnetic fields

Ez(z) and Hy(z), respectively, are antisymmetric and the longitudinal electric field Ex(z)

is symmetric. Accordingly to the charge distribution and their oscillation at the interface,

which depends on the tangential component of the electric field Ex(z), from now on the

upper branch mode will be referred to as the antisymmetric mode while the lower branch

as the symmetric mode. The two modes can also be referred to as Long-Range Surface

Plasmon Polaritons (LR-SPPs) and Short-Range Surface Plasmon Polaritons (SR-SPPs),

to indicate the upper and the lower branch, respectively. The attributes long-range and

short-range are directly correlated to the propagation length of each mode, as it will be

explained more in detail in the next paragraphs. [90]

Since the metal is lossy these bound modes are lossy. But the lower mode is much

lossier than the upper one. One simple explanation may be based on the fact that the

latter resembles more an electromagnetic wave traveling in vacuum, i.e. it is nearer to the

light line. Therefore, because EM waves travel in vacuum with no attenuation, the upper

mode travels with a lower attenuation than the lower one. [90]

Another explanation derives from charge oscillations. In the asymmetric mode the

field component Ez inside the slab helps the charges to oscillate back and forth between

the two surfaces with an amplitude of about the thickness of the slab. In contrast, in

the symmetric mode, the charges have the same sign on opposite sides of the slab and
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Figure 3.9: coth(x) and tanh(x) functions for a generic linearly spaced vector x.

therefore they oscillate parallel to each surface with amplitudes of the order of the SPP

wavelength. Since the latter is much greater than the slab thickness, the current densities

of the symmetric mode are relatively large, leading to correspondingly large losses. [90]

But, probably, the best explanation is based on the penetration depth in the metal.

For a given frequency, the symmetric mode, having a higher kx, has smaller penetration

depths - either inside the dielectric either inside the metal. This implies a higher field

confinement which lead to higher losses. On the other hand, the antisymmetric mode has

larger penetration depths and lower field confinement, and thus it is less lossy. [90]

In Figure 3.9, the coth(x) and tanh(x) functions are plotted for a generic linearly

spaced vector x. In the limit of very thick films, x = γmd
2 → +∞, coth(x) = tanh(x) = 1

and therefore the equations tend to a single solution which corresponds to the unperturbed

dispersion relation for the single interface. Instead, in the limit of very thin films, x =
γmd

2 → 0 so that coth(x) → +∞ while tanh(x) ≈ x, i.e. the split between the modes

becomes larger as the slab becomes thinner (d→ 0).

Figure 3.10 displays the dependence of the LR-SPP and SR-SPP on the thickness d of

the metal slab. Large wavevectors can be achieved at lower energies for thinner films. The

thicker the slab the smaller the split between the two modes. Notice that, in the visible

regime, when the slab become approximately twice the SPP penetration depth inside the

metal (d ≈ 40 nm) the two modes converge and match the SPP dispersion relation for

the single interface.
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Figure 3.10: Coupled SPPs in a symmetric IMI plasmonic waveguide. (a) Dependence
of the coupled SPPs on the thickness d of the slab in a symmetric IMI plasmonic waveguide.
The thinner the slab the larger the split between the two plasmonic modes. Large propagation
constant can be achieved by using sufficiently small width of the metallic layer.

In IMI plasmonic waveguide, multicentimeter propagation is observed for near-infrared

wavelengths where the dispersion relation of the modes follows the light line [64]. However,

this long-range propagation is achieved at the expenses of confinement. The confinement

of the IMI structure is limited by the decay length into the dielectric cladding and sub-

strate which typically exceeds microns. For confinement below the limit of a conventional

dielectric waveguide the penetration depth in the dielectric must be smaller than λ/(2n).

This condition is met only near the surface plasmon resonance frequency [63].

3.7.2 Asymmetric MIM Plasmonic Waveguide

Consider a thin dielectric layer with thickness d and dielectric constant ε2 = εd sandwiched

between two thick (semi-infinite) metallic layers having dielectric constant ε1 = ε3 = εm,

as shown in Figure 3.11. Let us consider that all three media are lossless, with εd real

positive, and εm,c, εm,s real negative, so that we can set εm,c = − |εm,c| and εm,s = − |εm,s|.

The SPP dispersion relations βc,∞ and βs,∞ of the single top and bottom metal-
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Figure 3.11: MIM plasmonic waveguide. Schematic representation of a MIM plasmonic
waveguide and dispersion diagram to highlight the regions of existence of bound SPP-modes.

dielectric interfaces, respectively, are: [89]

β2
c,∞ = k2

0εm,cεd

εm,c + εd
= k2

0εd

1− |ρc|
, β2

s,∞ = k2
0εm,sεd

εm,s + εd
= k2

0εd

1− |ρs|
(3.50)

with ρc = εd/εm,c and ρs = εd/εms. As we have seen previously, for a single interface

to support surface plasmon polaritons, βc,∞ and βs,∞ must be positive, and hence the

conditions |ρc| < 1 and |ρs| < 1 must be satisfied. Without loss in generality, we can

assume |εm,c| ≥ |εm,s|. This implies that 0 < |ρc| ≤ |ρs| < 1 and βc,∞ ≤ βs,∞.

In terms of transverse propagation constants, the system can be describe by: [89]

γc =
√
β2 − k2

0εm,c =
√
β2 + k2

0 |εm,c| =
√
γ2

d + k2
0 (εd + |εm,c|)

γs =
√
β2 − k2

0εm,s =
√
β2 + k2

0 |εm,s| =
√
γ2

d + k2
0 (εd + |εm,s|)

γd =
√
β2 − k2

0εd

(3.51)

and since |εm,c| ≥ |εm,s| > εd, γc ≥ γs > γd. For all plasmonic solutions with positive real

β, it is evident that the lateral confinement conditions γd ≥ 0 requires that β ≥ k0
√
εd.

Obviously, also βs,∞ ≥ βc,∞ ≥ k0
√
εd.
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For such solutions, because γd is real, it follows from (3.45) that in order for the

quantity e2γdd to be positive, the quantities (γd− |ρc| γc) and (γd− |ρs| γs), must either be

both positive or both negative. The following relationships are also valid: [89]

ρ2
cγ

2
c − γ2

d =
(
1− ρ2

c

) (
β2

c,∞ − β2
)

ρ2
sγ

2
s − γ2

d =
(
1− ρ2

s

) (
β2

s,∞ − β2
) (3.52)

Therefore, the possible ranges for the two plasmonic modes are: [89]

(γm − |ρc| γc) > 0

(γm − |ρs| γs) > 0

 ⇔ βs,∞ ≤ β <∞ Lower branch: TM0 (3.53)

(γm − |ρc| γc) < 0

(γm − |ρs| γs) < 0

 ⇔ k0
√
εd,c ≤ β ≤ βc,∞ Upper branch: TM1 (3.54)

Therefore, in this region, - similarly to the IMI case - there are two type of plasmonic

modes: a symmetric-like TM0 mode that has no cutoffs, and an antisymmetric-like TM1

mode with a lower cutoff [89]. Figure 3.11 highlights the regions of existence of the bound

SPP-modes in case the metals at either sides of the dielectric slab have different properties

and both interfaces can support separate SPPs. Note that mode cutoff behaviour occur for

the upper branch and that no bound SPP-modes are allowed between the two dispersion

relations βs,∞ and βc,∞.

For the lower, symmetric-like TM0 mode, the film width d is a decreasing function

of β, and varies over 0 ≤ d ≤ ∞, where d = ∞ at β = βs,infty. Instead, for the upper,

antisymmetric-like TM1 mode, the width d is an increasing function of β varying over a

range dcutoff ≤ d ≤ ∞, with dcutoff happening at β = k0
√
εd and a =∞ at β = βc,∞

[89].

In addition to the plasmonic modes, there are also TE and TM oscillatory modes

characterised by an imaginary γd = jkz,d, with kz,d =
√
k2

0εd − β2 [89]. Because kz,d is real,

the wavenumber β is restricted to the values β ≤ k0
√
εd. Thus the range of wavenumber

for all oscillatory modes is: [89]

0 ≤ β ≤ k0
√
εd (Oscillatory modes) (3.55)
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All the modes have a lower cutoff found by setting β = 0, and for all, except the TM1

oscillatory mode, there is also no upper cutoff thickness - which means that the upper

limit β = k0
√
εd is reached at infinite width d [89]. The TM1 mode is a special case. This

mode non only has an upper cutoff thickness, but this thickness corresponds exactly to

the lower cutoff thickness of the TM1 plasmonic mode (3.54). Thus, the TM1 oscillatory

mode exists only for thicknesses dmin ≤ d ≤ dcutoff and for 0 ≤ β ≤ k0
√
εd, and then it

become plasmonic for dcutoff ≤ d <∞ and k0
√
εd ≤ β <∞. [89]

3.7.3 Symmetric MIM Plasmonic Waveguide

Consider a thin dielectric layer with thickness d and dielectric constant ε2 = εd sandwiched

between two thick (semi-infinite) metallic layers having dielectric constant ε1 = ε3 = εm.

Consider now the symmetric case where εm,c = εm,s = εm. The symmetric TM0 mode is

the only mode that exists for the symmetric MIM guide for all values of the gap thickness

d, and is known as gap surface plasmon polariton (G-SPP) mode [89,95]. This mode exhibits

odd symmetry of the longitudinal electric field component Ex(z) and, consequently even

symmetry of the transversal field Ez(z). The G-SPP dispersion can be written as: [95]

γmεd
γdεm

= − tanh
(
γdd

2

)
or γdεm

γmεd
= − coth

(
γdd

2

)
(3.56)

with γm,d =
√
k2
G-SPP − εm,dk2

0, where kG-SPP denotes the wave vector G-SPP. The G-SPP

dispersion relation can be obtained from (3.48) substituting γm with γd in the argument

of the hyperbolic function of the SR-SPP mode.

As in the case of the symmetric IMI plasmonic waveguide, the thinner the gap be-

tween the two metal-dielectric interfaces the larger the propagation wavenumber kG-SPP.

Large propagation constants can be achieved even for excitation well below ωSP, provided

that the width of the metal core is chosen sufficiently small. The larger the wavevec-

tor the smaller the penetration depth and thus the higher the field confinement at the

interface. MIM waveguides can achieve micron-scale propagation with nanometer-scale

confinement [64].
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3.7.4 IIM Plasmonic Waveguide

Consider now an IIM plasmonic waveguide, where a dielectric layer εd,1 of finite thickness

d is sandwiched between a metal substrate εm and a dielectric cladding εd,2. In this case,

the light propagates through the structure via only one surface plasmon wave and thus the

light will emerge from the structure as if it had passed through a material with an index

equal to the mode index [98]. Opposed to the IMI and MIM geometries, this structure does

not restrict the guided wave propagation to two dimensions and thus it provides a lower

field confinement at the interface.

It is known that the tail of the SPP mode at the metal interface ‘feels’ changes in the

dielectric environment if they happen within approximately two SPP penetration depth

δSPP,d
[19]. Hence, if the finite thickness d of the dielectric layer 1 is lower than δSPP,d, the

SPP mode will be affected by the presence of the second dielectric layer. The thinner

the layer the larger the effect of the second dielectric layer on the properties of the SPP

mode. Since the asymmetry of the system does not allow any simplification, to find the

eigenmode(s) of the interface it is necessary to solve Equation (3.44) numerically.

Consider the lossless case, with εd,1, εd,2 real positive, and εm real negative so that

εm = − |εm|. Without loss in generality, we can assume εd,1 ≥ εd,2 > 0. Reasonably, we

can write that:

if d→∞ ⇒ β = β1,∞ = k0εmεd,1

εm + εd,1
= k0εd,1

1− |ρ1|
(3.57)

if d→ 0 ⇒ β ≈ β2,∞ = k0εmεd,2

εm + εd,2
= k0εd,2

1− |ρ2|
(3.58)

with ρ1 = εd,1/εm and ρ2 = εd,2/εm. Therefore, the SPP mode β of a IIM waveguide

can be found in the range β2,∞ ≤ β ≤ β1,∞ and it will shift in between the extremes

depending on the thickness d of the dielectric layer 1. Note that, unlike IMI and MIM

SPP-bound modes, IIM SPP-modes do not have larger wave vectors than the flat interface

propagation constant and thus do not provide higher field confinement.

Figure 3.12 highlights the region of existence of IIM SPP-modes in the dispersion dia-

gram (left) and shows how the propagation constant k varies for some values d of thickness
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Figure 3.12: IIM plasmonic waveguide. (top right) Schematic representation of a IIM
plasmonic waveguide, (left) dispersion diagram to highlight the regions of existence of bound
SPP-modes and (bottom right) numerical solutions of Equation (3.44) for some values d of
thickness.

(bottom right). Solutions have been evaluated numerically. The approximations, used as

initial guesses for the numerical solutions, have been estimated by considering the two

dielectric layers as an effective medium and by replacing the effective permittivity value in

the formula for the single, flat propagation constant kSPP. Given the parallel polarisation

of the incident wave’s electric field with respect to the boundary between the materials,

the effective dielectric function has been evaluated as: [99]

εeff = I1εd,2 + (I2 − I1) εd,1

I2
(3.59)

where I1 and I2 are the integrals of the electric field exponential decay e−|kz ||z| inside

the dielectric in the ranges 0 − d and d −∞, respectively. I1/I2 and 1 − I1/I2 are then

the volume fractions. In this case, the effective permittivity is effectively given by the

arithmetically weighted average of the permittivities of the two materials.

In the visible range, the approximations are a good match to the numerical solutions

only for small values of thicknesses, ≈ d ≤ 30 nm. As the thickness d of the middle

dielectric layer increases, the numerical solutions approach kSPP,2 much faster than the
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effective medium approximations at high-frequencies. For completeness of information,

it has been verified that the approximations display less agreement with the numerical

solutions even in the thin-slab limit when εd,2 ≥ εd,1 > 0, i.e. the middle layer has a lower

refractive index than the top dielectric cladding layer, and for dielectrics with a large

difference |εd,1 − εd,2|. In the latter case, actually, the solver used showed some difficulties

in solving Equation (3.44) numerically.

3.8 EOT in Subwavelength Nanohole Arrays

The phenomenon of EOT was first observed in 1998 in the optical transmission proper-

ties of 2D periodic arrays of subwavelength circular holes milled in, otherwise opaque,

metallic layers [17]. Unexpectedly, these structures displayed sharp peaks in the transmis-

sion spectra at wavelengths as large as ten times the diameter of the holes and with a

transmission efficiency that sometimes exceeded unity when normalised to the area of the

holes, i.e. several order of magnitude greater than predicted by the classical aperture

theory as described by Bethe [100] in 1944. In other words, for specific wavelengths, the

structure transmitted more light than a large macroscopic hole whose area is equivalent

at the sum of all the subwavelength holes of the array, despite the below-unity normalised

transmission efficiency of a single subwavelength hole. This can only imply that, in the

EOT phenomenon, the metallic layer actively participates in the transmission process.

Nowadays, it is widely accepted that this enhancement in transmission results from the

active participation of the metallic layer in the transmission process via the resonant in-

teraction of the incident light, the diffraction from every hole, and the Surface Plasmon

Resonances (SPRs) generated at the metal-dielectric interfaces of the structure [21,101].

A comprehensive literature on thin metal films perforated with 2D hole arrays can be

found even before 1998 in the contest of metal mesh filters and inductive grids [102]. In

fact, 2D periodic hole arrays were already known to act as band-pass filters in several

frequency regimes [103] for wavelength larger than the lattice parameter a but shorter than

the cutoff wavelength λcutoff of the aperture, i.e. a < λ < λcutoff. Nonetheless, they had

never been studied for applications in the optical regime prior Ebbesen’s experiments [21].

66



3.8. EOT IN SUBWAVELENGTH NANOHOLE ARRAYS

And, according to Garcia-Vidal et al. [21], they had never been studied (like in the EOT

case) for wavelengths beyond cutoff, i.e. for wavelengths such that λcutoff ≤ a < λ.

The discovery of the phenomenon of EOT sparked a large amount of research world-

wide aimed to unveil the underlying physical mechanisms involved in the transmission

process. Its remarkable features, namely high transmission efficiencies and local fields

enhancements, can be exploited in a multitude of different applications [21]. Moreover,

EOT-based nanostructures show extremely high engineerability and can be easily tuned

in wavelength by varying the apposite structural parameters. During the first report of

EOT, Ebbesen et al. [17] presented dependencies on hole size, lattice spacing, metal film

thickness, and angular dispersion. Later, several other important parameters were anal-

ysed, such as the type of metal, the role of symmetry in the dielectric-metal-dielectric

layer stack, the finite-size effects of the lattice and the role of the hole shape. In this sec-

tion a summary of the dependence of the EOT phenomenon on some of the most relevant

structural parameters in 2D periodic array is presented. A concise report on the transmis-

sion of light through a single subwavelength circular aperture and on Fano’s contribution

to plasmonic is also provided.

3.8.1 Light Transmission through a Single

Subwavelength Circular Aperture

Light transmission through an aperture is accompanied by diffraction. The physics of

this process, even in the simplest of geometries, is very complex [19]. In classical optics,

calculations on diffraction of light by apertures are usually based on Kirchhoff’s scalar

mathematical formulation of the Huygens-Fresnel principle [19,104]. This approach can

be used quite successfully for large apertures, i.e. when the wavelength of the impinging

radiation is small compared to the size of the aperture, and for the purpose of instrumental

optics the scalar theory is quite adequate [104]. However, in the subwavelength regime,

near-field effects are expected to dominate the response and polarisation effects cannot

be ignored [19,104]. Therefore a different approach requiring the full vectorial description

via Maxwell’s equations have to be used.

67



3.8. EOT IN SUBWAVELENGTH NANOHOLE ARRAYS

In the subwavelength regime, the first accurate theoretical study of the diffraction of

electromagnetic radiation by a small hole perforated in a zero-thickness, infinite plane

conducting screen was presented by Bethe [100] in 1944. He established that the first-order

diffracted field far behind the aperture can be represented as the superposition of an

electric and a magnetic dipole located at the centre of the aperture: a magnetic dipole in

the plane of the hole and an electric dipole perpendicular to it, both antiparallel to the

respective fields in the hole [100,104]. For normal incidence, the aperture is described only

by the small magnetic dipole [19].

Assuming that the incident light intensity is constant over the area of the aperture,

Bethe also derived a simple expression for the normalised-to-area transmission efficiency of

the hole,14 according to which, the transmission scales as (r/λ)4 in the extreme subwave-

length limit (λ� 2πr). This implies a very weak total transmission for a subwavelength

aperture because the optical efficiency quickly drops as λ is increased [19,21]. The scaling

T ∝ λ−4 is in agreement with Rayleigh’s theory of the scattering by small objects [19].

In the years following its publication, Bethe’s theory was open to criticism because it

did not correctly predict the field in the vicinity of the aperture [104]. In 1950, Bouwkamp [105]

reviewed Bethe’s formulation for the electric field in the aperture and discovered that it

was an underestimation since it represented only the first term of a power-series. He thus

extended Bethe’s theory for the case of normal incidence to higher-order approximation,

deriving 6 more terms of the power-series solution: [104]

T = 64
27π2 (kr)4

[
1 + 22

25(kr)2 + 7312
18375(kr)4 + ...

]
(3.60)

Bethe’s equations for the distant field, however, did not need modification [104].

The expression of the electromagnetic near-field derived by Bouwkamp [104] reveals high

singularities at (near) the edges of hole. The tangential components of the electric and

magnetic field are finite at the edge of the hole - with the tangential electric component

that vanishes at the edge as
√
d, where d is the distance from the edge -, but all the other

components of the EM field become infinitely large at the edge as 1/
√
d. However, despite

14T = 64
27π2 (kr)4 with k = ω

c = 2π
λ where ω is the frequency and c is the speed of light.
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these singularities, the edge does not radiate energy [104]. Bouwkamp conjectures that the

same type of singularities may occur at “any infinitely large sharp edge, no matter whether

the obstacle is plane or curved and independently of the form of the edge” [104] and since

these singularities “occur in all known solutions, they seem to provide the natural boundary

conditions at a sharp edge” [104]. The presence of the high singularities was experimentally

demonstrated in 2008 by Adam et al. [106].

The Bethe-Bouwkamp expressions for the normalised-to-area transmission efficiency

diverge when λ ≤ 2πr and therefore they show a limited applicability in the EOT case,

in which the resonant wavelength is typically two to three times the diameter of the

holes [21]. Moreover, the Bethe-Bouwkamp theory has some limitations because it relies

on two major approximations: (i) the thickness of the screen is assumed to be infinitely

thin, yet at the same time (ii) the screen is considered perfectly opaque due to the infinite

conductivity [19].

Recent studies demonstrated that the Bethe-Bouwkamp model largely overestimate

the total transmission if a screen of finite thickness h > 0 is considered [21]. When assum-

ing a screen of finite thickness h in the subwavelength regime, two regimes have to be

considered: (i) the apertures allow only decaying modes; (ii) the apertures allow propa-

gating modes. The transmission characteristics are strongly affected by the presence or

absence of propagating modes inside the apertures [107]. In the first case, the transmission

decreases exponentially as the thickness h increases, displaying the behaviour character-

istic of a tunnelling process. Instead, in the second case, the transmission is much higher

due to the waveguide behaviour of the aperture.

Prominent examples of waveguide aperture are circular holes in a perfect electric con-

ductor (PEC) layer with diameter above the cutoff wavelength λcutoff, [108]. For a circular

hole λcutoff = 3.4r√εhole, [21] which is determined by the radius r of the hole and the dielec-

tric constant inside the hole √εhole. This cutoff condition, for an infinitely long cylindrical

waveguide, was established by Lord Rayleigh [109] in 1897 such that kr = 1.841, where k

denotes the wavevector and r the radius. Obviously if the material inside the holes is not

vacuum the cutoff wavelength is increased by a factor of n compared to the free-space

value, where n is the refractive index of the material inside the hole. One-dimensional
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slits, annular- and C-shaped apertures also display waveguide behaviours [19].

The transmission process of an aperture associated with waveguide modes is com-

pletely different from the one obtained from coupled SPP [107]. In the first case, the metal

walls of the aperture play an active role in the transmission mechanism. This is because

opposite dipoles between the top and bottom surfaces of the metal layer induce current

densities flowing parallel to the aperture’s walls. This also implies that these waveguide

resonances are not very sensitive to the refraction index of the substrate [107]. On the

other hand, experiments [110] demonstrated that spectral features associated to the EOT

phenomenon in hole arrays depends only on the dielectric properties of the metal within

one skin depth of the surface, while the properties of the materials used for the vertical

sidewalls of the holes do not affect the transmission enhancement. Moreover, EOT res-

onances are also extremely sensitive to refractive index variations at the two interfaces.

Therefore, statements that cylindrical holes do not support propagating modes when the

hole diameter is smaller then λ0/(2n), where λ is the wavelength of incident light and n

is the refractive index of the material inside the hole, are very common in literature [111].

However, recent theoretical studies of the transmission problem of metallic cylindrical

waveguides have established that these structures can sustain propagating modes below

the plasma frequency even for arbitrary small holes [111,112,113], given the appropriate ma-

terial parameters. The propagating modes of a plasmonic waveguide are confined to the

dielectric region of the waveguide and are not purely TM or TE unless the angular mo-

mentum m = 0 [111]. The absence of propagating modes for small holes is true only when

modelling the metal as a PEC [112].

In 2005, Shin et al. [111] analysed subwavelength cylindrical holes in an optically thick

metal film described by the Drude free-electron model and established that the dispersion

diagram exhibits three distinctive features: (i) such holes always support propagating

modes near the surface plasmon frequency no matter how small the hole are, (ii) the

lowest-frequency fundamental plasmonic mode inside the hole has a HE11 signature and

it is located completely below the surface plasmon frequency, and (iii) when the radius of

the hole is small, there exist a stop band for a normally incident plane wave just above

the surface plasmon frequency where the light does not transmit. The upper limit of the
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stop band is given by the cutoff frequency of the next-higher-order mode with angular

momentum m = 1, the EH11 mode, which can also couple to a normally incident plane

wave [111].

In 2006, Webb and Li [113] arrived to the same conclusion that circular waveguides

support propagating modes even for arbitrarily small radii. They noticed that the lowest

energy mode could have either a HE11 signature or a EH11 signature, accordingly to the

εm/εd ratio, where εm and εd are the real dielectric constant for the dielectric inside the

hole and the metal film, respectively. They also noticed that while the loss increases with

the reducing of the hole size, if the hole contains a material with an appreciably positive

dielectric constant, the dominant mode can have modest loss over quite a wide wavelength

range.

The second approximation of the Bethe-Bouwkamp theory is the infinite conductivity

of the layer. Consider then a real metal screen of finite conductivity. If the film is opti-

cally thin, the screen cannot be considered perfectly opaque. Therefore, light can tunnel

through the screen and the Bethe-Bouwkamp theory - missing one of its assumptions -

becomes invalid. On the other hand, if the film is optically thick, i.e. the thickness is on

the order of several skin depths, penetration of the incident field inside the screen enables

the excitation of localised surface plasmons on the rim of the aperture [114]. The signature

of a localised plasmon mode in a single circular hole has been confirmed experimentally

in 2005 [114].

Localised surface plasmon resonances significantly influence the transmission pro-

cess [19]. The excitation of localised surface plasmons at a single subwavelength aperture

has two important consequences: (i) an increase of the effective diameter, and (ii) an

increase in transmission at the wavelengths where the localised modes are excited [21]. In

fact, by analogy to the discussion of localised modes in metal nanoparticles and nanovoids,

a significant field-enhancement at the aperture rim can be expected, which will increase

the transmission at the wavelength where the localised mode is excited. This means that

even for an optically thick metal film the finite conductivity of the real metal should be

taken into account to correctly analyse the transmission properties of a single aperture in

a flat film.
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In a real metal with finite conductivity, the evanescent tails of the surface plasmons

penetrate into the rim of the aperture by the skin depth [19]. This effectively increases the

size of the aperture so that the hole appear larger. Therefore, also the cutoff wavelength

of the fundamental waveguide mode substantially increases compared to the physical

diameter of the hole [19]. In 2005, Gordon et al. [115] analysed the waveguide mode of a sub-

wavelength rectangular hole in a real metal demonstrating the cutoff wavelength of the

aperture to be up to 41% larger than Rayleigh’s criterion for perfect metals. Therefore, in

order to execute a correct normalisation of the transmission coefficient, this significant in-

crease of the cutoff wavelength must be taken into consideration when studying apertures

just below cutoff.

The increases in the cutoff condition is due to the penetration of the electric field into

the metal and to the SP-coupling between the edges of the holes [115]. The SP-coupling

increases as the width of the aperture is reduced, hence, the cutoff wavelength actually

increases as the hole-size becomes smaller. To support these findings, in 2006, Webb and

Li [113] demonstrated that the cutoff wavelength of a hole waveguide perforated on a metal

characterised by a Drude dielectric function does not indeed approach zero when the hole

radius tend to zero but to the value λp, i.e. the wavelength of the bulk plasmon.

Light exiting a subwavelength circular hole at wavelengths λ > 2d - where d is the di-

ameter of the hole - is fully and uniformly diffracted into a half sphere [116]. This diffracted

light generates wavevectors also in the direction parallel to the surface of the film and

thus allow a portion of the incident light to excite surface plasmon polaritons. The ability

of isolated circular hole to generate SPPs has been the main topic of several research

studies [117,118,119,120]. The holes can be considered as localised defects within a flat metal

surface and act as point-like sources of SPPs. Coupling efficiency up to 20% have been

demonstrated [120]. Experiments established that the direction of the surface plasmon

propagation is given by the light polarisation and that interference patterns arise if two

or more hole lies in close proximity to another along the SPPs direction of propagation [117].

By measuring the light radiated from the rear side of the aperture, those experiments also

showed that the transmission process of a singular, subwavelength aperture in a opaque

metal layer - which can occur only through the holes - is unambiguously supported by
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SPPs [117].

However, radiating energy in all directions with equal strength is often not very prac-

tical. Many applications requires a focused beam of energy in only one specific direction,

such as antenna, light-emitting diodes (LEDs) or lasers [116]. In 2002, lezec et al. [116]

demonstrated that it is possible to prevent the isotropic transmission of light of a sub-

wavelength hole by patterning the output side of the hole with a concentric, periodic

groove structure. For illumination at normal incidence, a well-defined beam having a

full-width at half-maximum (FWHM) divergence of only few degrees has been observed.

The light emission is confined to the central area around to hole and since off-axis beams

are forbidden by destructive interference, only beams normal to the surface can exist at a

specific wavelength dictate by the groove period. These results confirms that even a single

subwavelength hole, if surrounded by periodic surface corrugation, can show as large a

transmittance enhancement as an array of holes [121].

3.8.2 Fano’s Contribution to Plasmonics

In 1902, American physicist Robert W. Wood [122] witnessed the appearance of inexplicable

bands in the unevenly distributed reflected light spectra of a sodium diffraction-grating

when exposed to an incandescent source. At certain angles of incidence, extremely sharp

black and/or very bright lines appeared along the first order reflection spectra of the grat-

ing, causing sometimes an anomalous drop from maximum to minimum illumination of ap-

proximately 90% and in a range of wavelengths not greater than the distance between the

gratings themselves. Interestingly, these singular anomalies were polarisation-dependent.

In fact, they arose only when there was an electric field component perpendicular to the

plane of the grating, i.e. under TM-polarisation. This was the first time that polarisation

has been introduced in the theory of diffraction gratings. Wood also observed that the di-

electric environment of the gratings could modify the position of the bands in wavelength

as a function of the incident angle. At the time, he could not provide an explanation for

this phenomenon and concluded his paper stating that the problem was “one of the most

interesting I [he] ever met with”.
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In 1907, Lord Rayleigh [123] produced the first interpretation to the existence of the

anomalies observed by Wood. He assigned their position in wavelength to the “passing-off

of a spectrum of higher order”, [123] i.e. at those wavelengths at which the diffracted light

emerges tangentially to the grating surface. However, he could not provide an explanation

of the enhanced reflection observed in certain cases.

In 1941, Fano [124] reexamined the theory of Wood’s anomalous diffraction gratings in

order to assign a physical meaning to the appearance of large at sharp irregularities at

well-defined wavelengths in the reflectivity spectra of the gratings. Fano distinguished two

types of anomalies: a sharp anomaly and a diffuse anomaly. The sharp anomaly appears

as an abrupt and discontinuous change of intensity - an “edge” - along the spectrum. It

was discovered by Rayleigh in 1907 - from whom it takes the name - and occurs when the

wave vector of the diffracted light grazes parallel to the plane of the grating [123]. Surpris-

ingly, such anomaly does not depend on the material that constitutes the gratings. The

Rayleigh’s anomaly depends instead on the period of the grating, the angle of incidence

of the wavelength, and the refractive index to the surrounding media [124,125].

On the other hand, the diffuse anomaly, also referred to as the Wood’s anomaly’,

extends for a wide interval from the “edge” towards longer wavelengths and consists

generally of a minimum and a maximum of intensity (one dark band and one bright

band). This anomaly depends upon the optical constants of the grating. In fact, a

change of its refractive index (or of the environment) shifts the position of the bands as

compared to the edge [124,125,126,127]. Fano assigned the origin of the diffuse anomaly to

a forced resonance given by the excitation of superficial waves along the surface of the

grating [124,128,129], which are nowadays established to be surface plasmon polaritons.

The Wood-Rayleigh anomalies display strong dependence on the geometry of the grat-

ing. In particular, a necessary condition for their existence is the presence of sharp edges

in the profile of the grooves. In fact, rubbing off the grating destroys the phenomenon

completely, unless the grooves are very narrow. These anomalies are also polarisation de-

pendent. Initially, it was believed that both anomalies could only appear in p-polarisation,

i.e. when the electric vector of the incident light is perpendicular to the grating, but

subsequent investigations demonstrated that the Rayleigh’s anomaly could also occur in
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s-polarisation, however under the condition of deep grooves [124,126,127].

The resonance associated with the Wood anomaly exhibits a peculiar, sharp asym-

metric profile. For many years, the lineshape of a resonance was generally described by

the Lorentzian formula: a linear differential equation that produces a nicely-symmetric,

single peaked function. However, the Lorentzian formula does not account for interact-

ing resonances and therefore it is not a good fit to describe the spectral feature of a

phenomenon that is not simply the result of the sum of the intensities of completely

independent resonances [129].

In 1935, Fano [130] suggested a new formula to describe the asymmetric spectral atomic

lines observed in the absorption spectra of a highly excited hydrogen atom. In contrast

to a Lorentzian resonance, the Fano resonance exhibits a distinctly asymmetric shape

and arises from the interaction of a discrete state with a broad spectral line or contin-

uum [128,129]. Due to their origin, Fano resonances display high sensitivity to changes in

geometry and local environment. Therefore, small perturbations can induce dramatic

resonance or lineshape shifts. This property renders Fano resonant media particularly

attractive for a range of applications [119,129].

Initially, the Fano resonance was regarded as a feature entirely specific to quantum

systems. However, “the interaction of leaky modes with incoming radiation leads to similar

interference phenomena as in the absorption by Rydberg atoms15, where a leaky mode can

be associated to a discrete state and the incoming radiation to a continuum” [128]. Recently,

the Fano resonance has been observed and demonstrated in wide range of structures: [129]

plasmonic nanoparticles, plasmonic materials and metamaterials, photonic crystals, and

also light transmission through subwavelength apertures [131].

3.8.3 Dependence on the periodicity of the array

As seen in Section 3.2, it is necessary to provide an additional momentum in order to be

able to excite surface plasmon polaritons at a flat interface. The additional momentum is

given by the reciprocal vectors Gij of the array, where i ≥ 0 and j ≥ 1 are integers that
15A Rydberg atom is an excited atom with one or more electrons that have a very high principal quantum
number.
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indicate the diffraction order of the array. For a square arrays of periodicity ax, Gij are

given by:

Gi,j = 2π
ax

√
i2 + j2 i, j integers (with i ≥ 0, j ≥ 1) (3.61)

Instead, for a hexagonal (or triangular) lattice with period ax, Gij are given by [132]:

Gi,j = 4π
ax
√

3

√
i2 + j2 + ij i, j integers (with i ≥ 0, j ≥ 1) (3.62)

According to Equations 3.61 and 3.62, the larger the periodicity the larger the additional

wavevector provided by the array.

Consider an electromagnetic wave with wave vector k (of magnitude k = 2πnd/λ,

where nd is the refractive index of the medium in which the light is traveling), and

impinging onto a metallic array of subwavelength apertures at an angle θ with respect to

the normal of the interface. [132] The condition of excitation of SPPs is:

Re [kSPP] = |kx +Gij| (3.63)

where kx is the component of k parallel to the interface (i.e. kx = ksin(θ), with k =

|k|) and Gij is a reciprocal vector of the periodic array. Under the condition of normal

incidence θ = 0, then kx = 0 and thus the condition of SPPs excitation is met when

Re [kSPP] = |Gij|.

Assume a hexagonal lattice. Combining Equation (3.63) at normal incidence angle

with Equation (3.62), and knowing that kSPP = 2πnSPP/λ from Equation (3.33), it is

possible to relate the periodicity ax and the diffraction orders (i, j) of the array with

wavelength:

λ(i,j) =
√

3ax
2
√
i2 + j2 + ij

nSPP|kSPP=Gij
(3.64)

It has been shown experimentally in several studies [13,21,132] that Equation (3.64) is a

good approximation for the position of minima in transmission (λ(i,j) = λmin,(i,j)), under

the condition of normally incident light. Each of these minima always appears just before

(i.e. blue-shifted with respect to) a transmission maximum. λmin,(i,j) exhibits a linear

dependence on the lattice period and therefore the passband of plasmonic filter can be
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linearly shifted in wavelength by varying the periodicity ax of the array. This is valid even

in the case of 1D filters, such as grating-based nanostructures. The larger the periodicity

the longer the wavelength at which begins the EOT passband.

The λmin,(i,j) minima are ascribed to the spectral locations of the so-called Wood’s

anomalies WAs, i.e. λmin,(i,j) = λWA. WAs are in fact, by definition, associated with the

excitation of surface electromagnetic waves at a metal-dielectric interface and consists of a

dark and a bright (EOT) band. The position of λmin,(i,j) depends on the optical constants

of the system, both the refractive index of the metal that composes the array and the

dielectric of the environment. Therefore, a change in these parameters will affect the

spectral response of the nanostructure. Moreover, since there are surface plasma waves

bound to both the top and bottom metal-dielectric interface of the array, two sets of

transmission maxima (minima) will occur if the dielectric on either side of the metal are

different.

Given that a 2D periodic array is indeed a periodically corrugated surface like a grating,

we can expect Rayleigh’s anomalies. As mentioned in the previous section, these anomalies

occur in the presence of sharp edges (like the edges of the holes) and at the wavelengths

at which a diffracted order appears or disappears at a grazing angle, i.e. parallel to the

plane of the array. For an 2D hexagonal array of subwavelength holes, RAs occur when:

k = |k0 sin θ +Gij| (3.65)

where k is the wave vector of incident light and k0 is the wave vector of light in vacuum.

However, it should be pointed out that EOT has been observed also in aperiodic

arrays. Experiment with aperiodic arrays showed that although periodicity is absent, well-

defined peaks of enhanced transmission clearly emerge in the spectrum, which have been

correlated to the spectral locations of the transmission maxima with peaks in the structure

factors of the quasi periodic arrangements (i.e. diffraction pattern of the array) [21]. Pacifici

et al. [132] investigated the influence of the array order in the optical transmission properties

of aperiodic and quasi-periodic subwavelength hole arrays and realised that the solely

necessary requirement for obtained enhanced optical transmission is to maintain the short-
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range order. In other words, the EOT phenomenon arises from the closest-neighbour

interactions. In the case of a aperiodic array the additional wave vector can be evaluated

as the average distance between the subwavelength apertures [132].

3.8.4 Dependence on the materials

Clearly the choice of metal is very important in the EOT phenomenon, and it has been

verified experimentally in several studies [21,110,133]. Two main parameters characterise the

influence of the dielectric constant of the metal on EOT peaks: namely, the skin depth

(which effectively enlarges the hole size, increasing the transmittance) and the absorption

length (since small absorption lengths impair the resonant process). The higher the

imaginary part of the dielectric function of the metal the smaller the penetration depth

and the higher the absorption. This translates into a lower transmission and a wider

bandwidth, respectively. In fact, considering arrays with the same geometrical parameters,

good metals with high penetration depths (i.e. small imaging parts) - such as gold (Au),

silver (Ag), and copper (Cu) - give rise to significantly high transmission efficiency in the

optical range, and the more so at longer wavelengths due to the increasing absolute value

of Re{εm} and therefore to the strength of the evanescent fields induced by the SPP at the

metal interface. On the contrary, metal presenting large absorption - such as nickel (Ni)

and chromium (Cr) - display very low and broad EOT peaks. Some metal, like tungsten

(W), cannot even sustain surface plasmons in the optical regime [133].

As seen in Section 2.5, many studies have also been focusing their efforts on the

development of Al-based plasmonic colour filters. When compared to the commonly

used plasmonic materials, such as Ag or Au, Al has a much higher absorption, that

radically increases at longer wavelengths in the visible optical regime. Thus, there are

some disadvantages in the use of Al. However, Al also offer a few advantages. First

of all, unlike Ag or Au, the conditions of existence of SPPs are met along the entire

range of visible frequency (refer to Section 3.6.1). Moreover, Al is a CMOS-compatible

material and widely used in standard CMOS fabrication processes. A detail that must not

be underestimated when the final objective are commercial applications, since it would

reduce the fabrication costs and make the filters compatible to be fabricated directly on
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top of an image sensor.

As expected from the SPP dispersion relation (3.33), the spectral response of plasmonic

devices is also sensitive to the refractive index of the dielectric material at the metal

interface which will affect both the peak position and the transmission intensity [84]. As a

consequence, 2D metal hole arrays are able to detect the presence of even a thin dielectric

layer [134] and can play a major role in sensing and molecular spectroscopy in the optical

range. A recent review of the literature in this field is presented by Garcia-Vidal et al. [21].

However, some of the experimental studies on the detection of thin dielectric layer [84] or

sensing did not only vary the refractive index of the top layer but also the refractive index

of the material inside the nanoholes. Therefore, the results obtained are not only a mirror

on the sensitivity of SPPs but should also reflect the effect that the variation in refractive

index has on the EM modes inside the hole itself.

3.8.5 Dependence on the shape of the aperture

The EOT phenomenon results from two different types of resonances: (i) localised waveg-

uide resonances, and (ii) surface plasmon resonances, and these contributions cannot be

trivially separated in two distinct contributions [135]. Unlike SPPs, localised waveguide

modes depend on the holes shape. Therefore, the shape effect can be used to modify the

optical response of the array. More specifically, the shape of subwavelength structures

can be exploited to generate high local fields, shift the spectrum of localised resonances,

or induce novel electromagnetic properties [136,137].

Similarly to the case of LSPRs in a metallic nanoparticles, single apertures are point-

like sources of local resonant effects. Therefore, the shape of the aperture will affect the

role that local effects have on the transmission properties of a nanostructure. In particular,

studies have demonstrated that accordingly to the aspect ratio of the aperture, localised

effects could be more or less important, which affect the spectral position and the lineshape

of the peaks [21,138]. Elongated shapes, like narrow rectangular holes, exhibit strong shape

resonances that are absent in circular holes [137]. Strongly localised modes have also been

observed in hole shapes with very acute angles, such as isosceles triangular holes [139].
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Localised modes are attractive because they are largely angle independent (provided

that the resonant wavelength is much larger than both the size of the hole and the lattice

constant) [112]. Localised electromagnetic modes appears spectrally close to the condition

of cutoff of the aperture. Therefore, a range of more exotic hole shapes has been explored

in order to increase the cut-off wavelength of the individual holes. In particular, annular

holes, H-shaped holes and cruciform-shaped holes demonstrated to be quite apt to this

purpose [21]. Holes with very acute angle [139] and holes filled with higher index dielectric [108]

also display larger cut-offs.

Not only the ‘in-plane’ shape, but also the shape of the sidewalls of the aperture - i.e.

the structure in the holes perpendicular to the film - can modify the optical response of the

filters. Tapered holes display enhanced transmission efficiency [18], while hourglass-type

apertures exhibit blueshift when the radius of the constriction is reduced [21]. Transmis-

sion modes and their corresponding resonances can also be modified by addition of sup-

plemental structures inside the holes. Improved transmission cross sections and narrow

transmission resonances can be achieved by filling the holes with a high-index material [108].

3.8.6 Reciprocity of the Structure in Transmission

The extraordinary optical transmission is a complex mechanism that require the entire

nanostructure to work as a whole. Physical demonstration of this collective character

is given by the fact that EOT devices are symmetric (reciprocal) in terms of transmis-

sion [18,101]. They display exactly the same transmission spectrum from either the ‘top’ and

‘bottom’ sides, independently from which side the light impinges on. Moreover, surface

plasmons from both surfaces of the metal film are discernible in the dispersion diagram,

regardless of the illumination. This indicates an anomalously strong coupling between

the two sides [101].

However, the reciprocity character does not exclude that reflection from the top and

bottom sides might be different, due to the different absorption/diffraction mechanisms

within the nanostructure. Søndergaard et al. [18] noticed for the two illuminations (top and

bottom of the grating) different electric fields at resonance. In both cases, the same reso-
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nance was excited but with different efficiencies, causing in one case a stronger absorption

(and thus a weaker reflection) with respect the other.

The reciprocity of the structure is not affected by whether the structure itself is also

symmetric or not. Nonetheless, varying the dielectric constant on one surface has a strong

impact on a SP mode associated with the opposite surface. Studies demonstrated that

enhancement of the transmission - by more than an order of magnitude - can be achieved

by matching the SP resonance energies on both sides of the metal film [84]. According to

them, minimising the energy difference between the SP modes on either side of the metal

film maximises the peak transmission intensity.

3.8.7 Finite size effects

In general, theoretical and simulation studies on 2D arrays consider the arrays to have

an infinite number of apertures. However, in reality, that is not the case: arrays have

finite dimensions and thus also a finite number of apertures. Given that the EOT results

from the collective response of the array, it is expected that the transmission will increase

as the number of holes forming the arrays increases until it reaches saturation. Indeed,

experimental measurements have confirmed this expectation [21]. It has also been found

that the number of holes needed for saturations depends very strongly on the size of the

holes: the larger the hole diameter, the faster a transmission saturation is reached [140].

3.9 Summary

This chapter was a review, a detailed summary on the theory and fundamentals of SPRs.

Definitions and basis of localised surface plasmon resonances and surface plasmon po-

laritons have been established. The conditions of SPPs excitations have been clearly de-

fined and their properties comprehensively analysed. SPPs consist of oscillating surface

charges along the direction normal to the interface between two materials. This oscilla-

tion can only result from the discontinuity of the orthogonal electric field and therefore

only p-polarised waves can satisfy the condition of SPP excitation. SPPs can only exist
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at an interface between materials with opposite signs of the real part of their dielectric

functions, i.e. between an insulator and a conductor. Moreover, the absolute value of the

dielectric function of the conductor has to be greater than the absolute value of the dielec-

tric function of the insulator. It has also been demonstrate that the SPPs wave vector is

larger than the wave vector of light, which implies that special phase-matching techniques

should be used to provide the additional wave vector necessary for the SPP excitation.

Penetration depths and propagation lengths have been defined. Plasmonic waveguides

have been defined and the cases of insulator-metal-insulator, metal-insulator-metal and

insulator-insulator-metal analysed. This theory will be useful to examine the properties

of the MIM structure that has been developed during the course of this project. Finally,

a literature review of the extraordinary optical transmission process and the fundamen-

tals of two-dimensional periodic array of subwavelength apertures have been throughly

addressed.
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Chapter 4
Simulation, Fabrication

and Characterisation Methods

Science is about knowing; engineering is about doing.

Henry Petroski [141]

This chapter describes the simulation, fabrication and characterisation methods ex-

ploited to design and engineer the nanostructured photonic architectures that are the

topic of this Thesis. The plasmonic nanostructures have been designed and optimised

with Lumerical FDTD Solutions. This software implements the Finite-Difference Time-

Domain (FDTD) method to ascertain the optical properties of the devices. The funda-

mentals of the FDTD computational technique are presented in Section 4.1, followed by a

brief discussion on the software, its capabilities and an overview of the chosen settings for

the simulations environment. Section 4.2 focuses on the nanofabrication manufacturing

technologies and processes used to manufacture the plasmonic filters. Fundamentals and

working principles will be presented and addressed in detail. Finally, Section 4.3 describes

the methods used to physically and optically characterise the devices.
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4.1 Simulation Software: Lumerical FDTD Solutions

All electromagnetic simulations presented in this Thesis were executed with Lumerical

FDTD Solutions. This software is a high performance Finite-Difference Time-Domain

Maxwell’s solver developed by Lumerical Solutions Inc. to specifically deliver powerful

and reliable performance over a broad range of optical applications in two and three dimen-

sions. It is equipped with an integrated, user-friendly graphical Computer Aided Design

(CAD) environment which offers a compressive library of parameterizable simulation ob-

jects and materials. It also provides scripting capability and advanced post-processing

and optimisation routines. Structures are designed, simulated under a pre-determined set

of conditions, and the results collected and analysed.

4.1.1 The Finite-Difference Time-Domain Method

The Finite-Difference Time-Domain (FDTD) method is a computational full-wave analy-

sis technique for the solution of electromagnetic problems. The FDTD technique was first

proposed in 1966 by mathematician Kayne S. Yee [142] and it is based on the applications

of the time-domain differential Maxwell’s equations and appropriate boundary conditions.

In his paper, Yee shows that - given a set of initial boundary conditions involving perfectly

conducting surfaces - the numerical solution of the time-dependent differential Maxwell’s

equations in an isotropic media can be found.

Today, the FDTD method is arguably the simplest and most common numerical

method for the solution of Maxwell’s equations. Rather intuitive and simple to imple-

ment, the FDTD technique can be used to tackle a wide range of complicated problems

of arbitrary shape, in particular the ones in which the characteristic dimensions of the

domain of interest are somewhere on the order of a wavelength in size. However, being

numerical, it is also generally computationally time-expensive and its solutions might

require a considerable large amount of memory and storage capability [143].

The FDTD method belongs to the general class of grid-based differential time-domain

numerical method. It directly solves the Maxwell’s time-dependent differential equations
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Figure 4.1: Illustration of the 3D Yee unit cell. FDTD methods store different field
components at different grid locations and this discretisation of the electromagnetic field is
know as the Yee lattice. The schematic shows the single cubic grid voxel of the Yee lattice. h
is the grid spacing. Ex, Ey, Ez are the electric field components. Hx, Hy, Hz are the magnetic
field components. The three components of the electric field E are store on the edges of the
cube (in the corresponding positive directions), while the components of the magnetic field H
are store on the cube faces. The coordinates of each field component are listed on the right-hand
side of the figure.

(3.5) by using finite-difference approximations and proceeding to calculate the fields in

incremental steps in space and time through a spatially discretised mesh, or grid. The

foundation of the FDTD method is the so-called Yee unit cell, where electric and magnetic

field vector components are positioned within a discretised 3D spatial grid - as shown in

Figure 4.1. The electric and magnetic field vector components have a precise arrangement

within the Yee unit cell. The electric field vector components are placed at the centre

of the edges and oriented parallel to the edge itself. The magnetic field vectors, instead,

are placed at the centres of the faces and oriented orthogonally to the plane of the face.

This fills the space with interlinked Faraday’s law and Ampere’s law contours [144]. In the

FDTD method, both space and time are discretised. In fact, electric and magnetic fields

are sampled at discrete alternate half-time steps, following a leapfrog scheme. Notice that

also the material constitutive parameters are distributed over the discretised mesh of the

unit cell and associated with their respective field components [144].
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4.1.2 Setting-up the simulation environment

This section provides the know-how to set-up a simulation in Lumerical FDTD Solu-

tions [93] to correctly reproduce the simulation data presented in this Thesis. In general,

a simulation requires the user to define a set of objects, simulation region, sources and

monitors. All the simulation objects are organised within a group, called model, in the

form of an object tree that represents the current simulation. Each object has geometrical

and structural parameters that can be conveniently set to define, for example, dimen-

sion, position and material composition. Lumerical FDTD Solutions has a comprehen-

sive database of materials that are available to use in the simulations. However, it is also

possible to define ‘new’ or complex materials, for example, by importing experimental

data or parametrised models. Notice that the objects are listed as they are inserted and,

exactly like in computer programming, their order is extremely important. For example,

objects override each other and thus to obtain an array of apertures within a layer, the

holes must be added after the layer. Similarly, a monitor will not produce any output if

it has been inserted before the simulation region.

To simulate the transmission properties of a 2D periodic array of nanoholes it is not

necessary (luckily) to built the entire array. We can simply design the unit cell of the

array - 5 holes, one in the middle and one at each corner of the rectangular cell - and then

add the simulation region with the appropriate dimensions, geometry, and set of boundary

conditions. Figure 4.2 displays the unit cell of a 2D hexagonal nanohole array and its

simulation region environment in Lumerical. The next paragraphs provides a detailed

description on how to set the simulation environment.

The incident light is simulated with a broadband plane wave source that covers a

wavelength range of 350 to 800 nm, placed within the silicon dioxide substrate. For nor-

mally incident light both the polar and azimuthal angles of propagation, theta and phi,

respectively, are set to zero. The source is polarised with the electric field parallel to the

x-direction. To increase the ‘resolution’ of the simulation, a finer 3D ‘override’ mesh -

which, as the name suggests, overrides the previous mesh parameters of the simulation

region - is added to cover the total thickness of the plasmonic filters, i.e. the thickness
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Figure 4.2: Lumerical simulation set-up 2D hexagonal nanohole array. The four im-
ages represent the XY view, Perspective view, XZ view and YZ view of the Lumerical simulation
model of a 2D hexagonal anole array as described in this Section.

of the metal layer or the stack thickness in case of a single-layer or a multilayer archi-

tecture, respectively. The mesh accuracy was set to 0.5 nm. This mesh ensures a higher

computational precision in that region. To record the transmission and reflection data of

the structure as a function of frequency, 2D frequency-domain field monitors are added

above and below the structure, respectively, and within the borders of the simulation re-

gion. Structures do not interfere with monitors, and monitors do not interfere with other

monitors. However, sources require a certain amount of space to inject the fields and thus

there is a region around them where the fields are not physically meaningful. Monitors

should not be place within that region. A 2D index monitor is also added to check the

refractive index of each object. Finally, to record electric and magnetic fields data as a

function of position and frequency, 2D frequency-domain field monitors were added only
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when required, to reduce the simulation computational time and memory requirements.

Using the appropriate set of boundary conditions is crucial to obtain reliable and con-

sistent simulation results. FDTD Solutions supports several types of boundary conditions,

but here I am just going to name the few that are relevant to this Thesis. Firstly, to model

‘open’ boundaries above and below the array, Perfectly Matched Layer (PML) conditions

are used along z-direction. They absorb electromagnetic waves incident upon and thus

eliminate/reduce the possibility of multiple reflection at the top and bottom boundaries

of the simulation volume. This basically allow you to have ‘reflection-less’ boundaries. To

control the amount of absorption, it is possible to specify several parameters including

the number of layers. Secondly, to reproduce the periodicity of both a structure and

the electromagnetic fields, the Periodic Boundary Condition is used in the direction(s)

of interest (x-y plane). And last but not the least, since the problem exhibits planes of

symmetry, the Symmetric/Anti-Symmetric boundary conditions can be applied. These

boundaries mirror (or anti-mirror) the electric or the magnetic fields and can be used

because both the structure and the source are symmetric. In particular, for meaningful

results, the sources and the boundary conditions must have the same symmetry. This

last boundary condition is extremely useful for computationally expensive simulations.

In fact, in our case, it allows to reduce the simulation volume up to 4 times by mod-

elling only a single unit of the array and by applying symmetric/antisymmetric boundary

conditions to the fields along the x- and y-direction, respectively, consistently with the

source’s polarisation. Note that if the plane wave was launched at an angle instead of

normal to the surface of the array, the boundary conditions should be changed to Bloch

because the electromagnetic fields will not be symmetric/anti-symmetric along the same

plane of symmetry of the structure anymore.

The basic set-up configuration described in the above paragraphs will be used for all

the simulations presented in this Thesis. Lumerical FDTD Solutions provides a powerful

scripting language to manipulate simulation objects, launch simulations and analyse re-

sults. However, the analysis, development and optimisation of a nanostructure requires

a huge amount of simulations. Then, to simply and automate the process, scripts were

written to sequentially run parametrised simulations and collect the results. The trans-
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mission and reflection spectra are plotted and saved as JPEG images, while the data are

exported in a *.mat file. The project itself is also saved, as well as the full list of variables.

4.2 Nanofabrication Techniques

Nanofabrication refers to the design and manufacturing processes of materials and devices

with dimensions measured in nanometers. All structures presented in this Thesis were

fabricated using the equipments available at the James Watt Nanofabrication Centre

(JWNC) at the University of Glasgow. This Section provide an overview of the key

techniques used to fabricate the structured nanophotonic devices presented in this Thesis.

The detailed fabrication process flow will be outlined in Chapter 8. Fabrication was carried

out using typical semiconductor fabrication processes.

4.2.1 Metallisation

According to the application, several factors need to be considered for choosing the most

appropriate metallisation technique: the maximum temperature that a substrate can sus-

tain, the requisites on the electrical and mechanical properties of the film, the uniformity

of the film, and the morphology of the surface. Physical Vapour Deposition (PVD) is

a widely used additive method for thin film deposition of metal layers and alloys. The

film growth is achieved by accumulation, or condensation, of a vapour of the necessary

material onto a cooler substrate. PVD processes are carried out under high vacuum con-

ditions1 and involve four steps: (i) evaporation, (ii) transportation, (iii) reaction, and

(iv) deposition. The most common PVD techniques are sputtering and evaporation. The

latter, in turn, can be divided in two subcategories: thermal and electron beam (e-beam)

evaporation. The thin film metallisation used in the fabrication of the plasmonic devices

presented in this Thesis was performed by mean of electron beam evaporators.

With respect to other metal coating techniques, the e-beam evaporation method offer

several advantages. Unlike thermal evaporation, it can evaporate materials with high

15× 10−5 Pa or higher.
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melting point temperatures. Long evaporation for thick films are feasible because liners

can usually host a great amount of material to be evaporated. In addition, the beam of

electrons, guided by the magnetic field, can be scanned across the liner and accelerated

to any desired level. This means, respectively, that this technique offers a high materials

utilisation efficiency and also that the deposition rate is highly controllable. The depo-

sition rate can be as low as a few angstroms per minute to as high as few microns per

minute, resulting in higher density film coatings with increased adhesion to the substrate.

Moreover, unlike Chemical Vapour Deposition (CVD) techniques, e-beam evaporation

does not produce hazardous by-products and it is a high quality no-contaminant process.

In fact, no contamination arises from the liner because it is kept at low temperature, and

neither from the filament because the magnetic deviation separates contaminants from

electrons. Finally, e-beam evaporation operates under vacuum so that multilayers with

no air or moisture contamination (Al for example oxidises immediately in contact with

air) or alloys are feasible.

A schematic of the e-beam evaporation process is depicted in Figure 4.3. Electrons

emission is obtained by heating up a charged metallic thermionic filament - usually tung-

sten - through an accelerating voltage. Electrons are then accelerated and steered via

magnetic fields to strike the target material. Materials are contained in water-cooled

crucibles, also called liners, situated above the filament. As the temperature within the

liner arises above its boiling point2, the target material evaporates and transitions to a

gaseous state, i.e. the atoms will have sufficient energy to leave its surface. The deposition

rate is maintained constant by mean of a quartz sensor, which monitors the deposited

thickness, and a feedback control system. By using a global shutter placed in front of

the substrate(s), the deposition starts only when the desired, constant deposition rate is

achieved.

The electron beam evaporators used to fabricate the plasmonic devices are Plassys

MEB 550S or Plassys MEB 400S - depending on the availability. Both the tools have

a cryo-pumped load lock and main chamber, a 10kW electron beam source, and use the

same type of 99.99999% aluminium in the source. The deposition rate was set at 0.3

2Boiling point of aluminium: 2470°C.
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Figure 4.3: Electron Beam Evaporator Physical Vapour Deposition. The target ma-
terial to be used as a coating is bombarded with an electron beam from a charged thermionic
filament which increases the temperature within the liner. Above its boiling point, the target
material evaporates and converts into a gaseous state. Atoms in the vapour phase then reach
the substrate and form a thin film coating on its surface. Deposition rate is monitored through
a quarts sensor.

nm/s. The working pressure during evaporation was around 1 × 10−6 torr. Substrates

were placed at the centre of the holder to avoid a non-uniform coverage.

4.2.2 Dielectric Deposition

Deposition of dielectric materials is achieved through Chemical Vapour Deposition (CVD).

CVD is a chemical process technique to grow thin films from vapour phase reactants. CVD

produces high-quality and high-performance substances, and is suitable for a wide range

of materials, from metals to semiconductors to insulators. There are several types of

CVD process, including Atmospheric Pressure CVD, Low-Pressure CVD, Metal-Organic

CVD, Atomic-Layer CVD, Plasma-Enhanced CVD, and many more. High temperatures

and low pressures are the most common process conditions, but are not necessary. High
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temperatures trigger chemical reactions that might not be energetically favourable at

room temperature, favour vaporisation processes and increase solid solution ranges [145].

On the other hand, lower temperatures ensure a higher purity of the film and play a

critical role in near-end processing in semiconductor manufacturing. Low pressures tend

to reduces unwanted gas by-products and improve the film uniformity across the wafer.

All CVD methods, however, involve using an energy source to break the reactant gases

into reactive species for deposition.

In its simplest form, CVD involves flowing a precursor gas or gases into a vacuum

chamber containing one or more heated substrate to be coated. Figure 4.4 highlights the

reaction mechanisms that take place inside a CVD reactor chamber. Thin film deposition

results from the chemical reactions of the reactant species on and near the hot surfaces.

To initiate the reactions, the precursor species must first be adsorbed on the substrates.

After the adsorption, the reactive species can remain fixed at the surface sites or migrate

along the surface due to a surface diffusion giving rise to nucleation and island growth.

Clusters (or nuclei) impinge and grow together to form continuous film. Nucleation is a

temperature-dependent process and can affect the step coverage. Finally, volatile surface

reaction by-products are desorpted and will be flushed away at the end of the process.

The deposition rate is given by the sum of reaction rate and reactant arrival rate. The

surface reaction rate strongly depends on temperature and increases as the temperature

increases. At low temperature, reaction rate is slower than reactant arrival rate, i.e.

reactants arrive at the surface faster than what they are able to react with surface atoms.

As a consequence this regime is called reaction rate limited. Increasing temperature

increases the reaction rate. But at very high temperature the reaction rate is much faster

than the reactant arrival rate, i.e. reactants cannot arrive fast enough to follow the

reaction rate. Therefore the process becomes mass-transport limited and the deposition

rate assumes a constant value, completely dependent on the reactant arrival rate. The

best working point lies in between these two regimes (see inset of Figure 4.4).

The dielectric layers of the nanostructures presented in this Thesis were deposited

using: Plasma-Enhanced CVD (PECVD), for the deposition of silicon dioxide layers, and

Inductively Coupled Plasma-Enhanced Chemical Vapour Deposition (ICP-CVD), for the
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Figure 4.4: Illustration of the surface reaction mechanisms involved during CVD [146].
A vacuum chamber, containing one or more heated substrate to be coated, is filled with precursor
gas or gases. Gas particles transported near the substrate are adsorbed and chemically react
with the hot surfaces. Reactive species remain at the surface sites or migrate along the surface
due to a surface diffusion giving rise to nucleation and island growth. Clusters (or nuclei)
impinge and grow together to form continuous film. Volatile surface reaction by-products are
then desorpted and will be flushed away at the end of the process. Inset: deposition rate vs.
substrate temperature. At low temperatures the deposition rate is limited by the reaction rate
of the reactants with the surface atoms, while at high temperatures the deposition rate is limited
by the reactant arrival rate.

deposition of silicon nitride layers. Silicon dioxide depositions were carried out using an

Oxford Instruments PECVD 80+, while the silicon nitride depositions were carried out

using an Oxford Instrument System 100 ICP 180 PECVD. The latter is a high density

plasma tool for room temperature deposition of low stress silicon nitride3.

PECVD, as the name suggests, is a chemical vapour deposition process which involves

the exploitation of a plasma4. The plasma produces energetic electrons, ions and free

radicals which assist the chemical reactions during the deposition process. The plasma

forces reactions that would not be possible at low temperatures. In this way, the sub-

strate temperature does not need to be as high as for CVD, which is advantageous for

3breakdown voltage of 4× 106 V/cm for 5-nm thick films.
4Highly ionised gas containing an approximately equal number of positive ions and electrons.
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temperature-sensitive substrates. In PECVD processes, the substrate is typically heated

to 250 ◦C to 350 ◦C, depending on the specific film requirements. In comparison, CVD re-

quires temperatures of 600 ◦C to 800 ◦C. Finally, plasma-assisted processes permit higher

degrees of freedom to achieve film properties.

In general, the plasma is generated by applying a RF-driven power to a chamber filled

with reactant gases. The electromagnetic field accelerate the free electrons, increasing

their kinetic energy. When the electrons elastically collide with the neutral particles of

the gas, they ionise or dissociate the reactant gases generating chemically reactive radicals5

and contributing more electrons to the process. These are called cascading collisions and

it is said that the reaction is sustained. Radicals that return to their ground state (by re-

acquiring an electron) emit visible photons creating the visible glow typical of the plasma.

The colour of the glow is characteristic of the gas(es) used. When the steady state (i.e.

the plasma) is reached, the ionisation process equals the recombination process. Plasma

aside, the PECVD deposition mechanism is the same as in CVD as described previously,

but with radicals instead of neutral reactants. Radicals that reach the substrate6 are

adsorbed and chemically react on its surface. Reactive species remain on the surface and

form a thin coating layer, while by-products are desorpted and flushed away.

The difference between standard PECVD and ICP-CVD lies mainly in the type of

reactor used to generate the plasma. Standard PECVD processes use a parallel-plate

reactor: the substrate is placed on the bottom electrode (anode) - which is grounded

and heated up to a constant temperature - and a capacitively-coupled plasma (CCP) is

produced by applying a Radio-Frequency (RF) power to the top electrode. ICP-CVD sys-

tems use instead a RF inductively-coupled plasma source, driven by a magnetic potential

generated through a coil wound around the dielectric walls of the vacuum chamber. ICP-

CVD has several advantages compared to PECVED (or CCP-CVD). It provides higher

plasma densities and a reduced ion bombardment of the growing film surface. Addition-

ally, ICP-CVD deposited thin films have a very good spatial homogeneity due to the

uniform plasma distribution in radial and axial direction.

5A radical, in chemistry, is an atom, a molecule, or an ion that has at least one unpaired valence electron.
These unpaired electrons make radicals highly chemically reactive.

6Most radicals are electrically neutral so their transport to the surface is by gas phase diffusion.
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Modelling a CVD system can be quite complex because the interrelationships among

controllable experimental parameters, process variables and coating properties are con-

siderably intricate [145]. The development of a stable and reliable CVD process requires

long and well-planned parametric studies and an extremely high knowledge of the ma-

chine. That is why most cleanroom, like the JWNC, already provide a defined range of

deposition process and allow users to vary only few process parameters or none at all.

4.2.3 Electron Beam Lithography

In general, in nanofabrication, it is not possible to etch layers, grow or deposit materials

only in desired area of interest. Therefore, to reproduce a pattern onto a surface it is

necessary to perform a lithographic step. The term lithography includes all the techniques

used to transfer a desired pattern into a radiation-sensitive polymer layer, called resist.

This layer works as a mask material that, in turn, will protect or expose specific areas of

the underneath substrate from, for example, a subsequent etching or deposition process.

In this way, a specific pattern (or its negative) can be recreated. There exist several

lithographic techniques and several different exposure tools. The most common technique

used in the semiconductor manufacturing industry is called photolithography or optical

lithography. It uses light to transfer the pattern from a pre-fabricated photomask to the

photoresist.

Photoresists are photosensitive organic mixture which contain (i) an inactive polymer

resin (a binder that provide mechanical properties), (ii) a photo-active compound (PAC),

and (iii) surfactants and solvents to control the mechanical properties of the base resin,

maintaining it in a liquid state. Essentially there are two types of resists: positive resists

and negative resists. In positive resists, photons break the polymer chains to make them

more soluble to a developing solution, i.e. the photo-induced chemical reaction enhances

the resist dissolution. In this way it is possible to replicates the same pattern of the

resist onto the wafer. In negative resists, photons induces cross-linking of the polymer

chains to make them less soluble to a developing solution so that the inverse pattern of

the exposed resist areas is replicated onto the substrate. An important characteristic to

consider during the choice of a photoresist is the contrast. High-contrast resist allow a
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more accurate reproduction of the pattern onto the substrate.

However, in optical lithography, the minimum resolution of a feature is limited by the

light diffraction limit, i.e. by the wavelength of the light that is used, and also largely

depends on the type of exposure tool used (contact, proximity or projection). Current

state-of-the-art photolithographic tools use deep ultraviolet (DUV) or extreme ultraviolet

(EUV) light to allow minimum feature sizes down to 50 nm and 13.5 nm, respectively,

but they are still under development for high volume use. Recently, new techniques had

became more and more available for the mass-production of nanoscale devices such as

nano-imprinting and x-ray lithography. The latter being the most promising candidate

for next-generation lithography for the semiconductor industry.

Another lithographic technique is Electron Beam Lithography (EBL), which uses a

focused beam of electrons instead of light to expose radiation-sensitive resists. Electrons

possess wave-like properties with smaller wavelengths than photons (at the same energy)

that can reach 0.2−0.5 Å - about 10 times less than x-ray wavelengths. Therefore, e-beam

lithography is capable of much greater patterning resolution, sometimes as small as a few

nanometers. Unlike optical lithography, e-beam lithography is a mask-less lithography.

EBL reproduces a pattern in the resist through direct writing and thus eliminates the

requirement for a photomask which results in increased flexibility in the pattern designs.

E-beam lithographic tools are highly automated, and enable extremely low resolution and

accurate alignment. However, they do have some limitations. Although nm-scale beams

can be formed, electron scattering usually limits the resolutions to features larger than 10

nm. Moreover, they are expensive and have a low throughput because they require long

exposure times, proportional to the area of exposure. Therefore, they are not suited for

mass-production.

A similar type to lithography is Ion Beam Lithography (IBL), which uses a focused

beam of ions instead of electrons. The higher mass of the ions leads to a reduced scattering

and thus to a higher resolution (≈ 8 nm) than x-ray or e-beam lithography. Nonetheless,

this method suffers from random space-charged effects, causing broadening of the ion

beam, and can create crystal defects within the exposed area due to ion implantation.
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The nanostructures presented in this Thesis have been fabricated using electron beam

lithography. The JWNC is equipped with a Vistec VB6 EBL tool. The part of the EBL

system that forms the electron beam is normally referred to as the column. An EBL

column typically consists of: (i) an electron source (gun) to generate the beam, (ii) two or

more stages of electromagnetic lenses to align and collimate the beam - reducing its energy

spread - as it moves down the column, (iii) blanking plates to turn on and off the beam at

need, (iv) apertures to limit and define the beam size, (v) deflection coils to deviate the

beam during the exposure, and finally (vi) an electron detector to assist with focusing and

to locate eventual alignment marks on the surface of the sample. Note that the deflection

lenses can only locally deflect the beam over a distance of few micrometers. Therefore

to cover large size wafer, the stage has to move. Accurate displacements in X-, Y-, Z-

directions7 are achieved through the use of piezoelectric tables and laser interferometry

control.

A schematic of a typical EBL column is shown in Figure 4.5. The column must always

remain under vacuum (1010 torr or better) and only the wafer chamber may open for wafer

loading/unloading. The EBL system is extremely sensitive to temperature variations,

mechanical vibrations and electromagnetic interference. Therefore, it is usually placed

on an anti-vibration ground at the lowest level of a building in a functional and isolated

room that is thermally and electromagnetically insulated.

To generate the electron beam, electrons are emitted from a solid-phase conducting

source and accelerated by a voltage8. Free electrons inside the metal leave the tip of

the emitter only if they gain enough energy to tunnel through the electrostatic potential

barrier. This happens when the supplied energy is higher than the metal work function

of the material. Energy may be supplied either through heating (thermionic emission)

or/and electric field (field emission, also known as cold cathode emission).

The VB6 uses a thermal field emission source. It combines a sharp tungsten (W)

needle of the field emission source and the heating of the thermal source (see right end

side of Figure 4.5). The energy is supplied through an electrostatic field but, to avoid atom

7Accuracy ≈ 50 nm.
8Typical acceleration voltage beams are 5, 30, 50 and 100 kV.
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Figure 4.5: Schematic of a typical EBL column. An EBL column typically consists of: (i)
an electron source (gun) to generate the beam, (ii) two or more stages of electromagnetic lenses
to align and collimate the beam, (iii) blanking plates to turn on and off the beam at need, (iv)
apertures to limit and define the beam size, (v) deflection lenses to deviate the beam during
the exposure, and finally (vi) an electron detector to assist with focusing and to locate eventual
alignment marks on the surface of the sample.

adsorption at the surface of the tip and lower the extraction potential of the material, the

filament is also heated up at about 1800 Kelvin.

Electron source properties depend on the choice of material and type of emission, and

therefore a type of source can be more or less suitable according to the application. An

electron gun has three distinctive attributes: (a) size, (b) brightness, and (c) energy spread

(measured in electron volts). The source size determines the amount of demagnification

the lenses must provide in oder to have a suitable, small beam spot at the wafer level.

The brightness is the analogue of the optical intensity: the brighter the electron source,

the higher the current in the electron beam. Instead the energy spread is the analogue

of the spectral purity for a monochromatic laser. Although it is desirable to have a low

energy spread at the source level, space charge interactions between electrons increase the

energy spread of the beam as it moves down the column.

A thermal field emission source - like the one exploited in the VB6 at the Glasgow
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facility - offer several advantages. It features a brightness almost as high as cold field

emission sources, a very small source size, but a moderate energy spread. However,

compared to a cold cathode type, its emission current is very stable. In fact, because of

the constant assisted heating, the emitter tip is less prone to adsorb residual gases present

in the environment and thus reliable operation can be achieved for months at a time.

The lithographic patterns for the EBL tool are designed in Tanner L-Edit CAD soft-

ware. The final layout is then exported in the GDSIII file format and transferred to

another software called Beamer. Beamer converts pattern shapes to machine-specific for-

mats, chopping polygons into rectangles and trapezoids, and decomposing large patterns

into non-overlapping main fields and subfields. This process is called layout fracturing

and is a fundamental step for EBL. Figure 4.6 illustrates the concept of layout fracturing.

The surface of the sample is divided into main fields which are accessed by mechanical

movement of the sample stage. Within a main field, the stage does not move. The main

fields are divided into numerous, smaller sub-fields. To access the subfields the beam is

deflected by the main deflection coils and within each subfield subfield deflection coils

control the position of the beam to expose the resist and write the rectangles and trape-

zoids that compose the pattern [147]. Each rectangle and trapezoid is filled by an array

of individual beam shots. Finally, the job file is submitted to the beam writer using the

Java based BELLE software.

To control the EBL process, several parameters have to be defined. These include

beam spot size, resolution and variable resolution unit (VRU). To write the pattern, the

electron beam exposes a point on a grid, then moves on to the next point, until the shape

is completed. The beam step size is defined as the center-to-center spacing of the shots

and is given by the product of resolution and VRU (see example in Figure 4.6). Note

that if the beam spot size is larger than the resolution, for a VRU equals to 1 the beam

shots will superimposes. Finally, another important parameter is the e-beam dose, i.e.

the number of electron per unit area of exposure.

EBL usually provides two exposure protocols: raster scanning and vector scanning

(see Figure 4.7). In raster scanning mode all the points of a wafer are scanned and

the beam is turned off when an area does not need to be exposed. There is no need
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Figure 4.6: Layout fracturing for EBL and e-beam exposure. Layout fracturing is a
fundamental step for EBL. The surface of the sample is divided into main fields. The main fields
are then divided into numerous, smaller sub-fields. Within each subfield subfield deflection coils
control the position of the beam to expose the resist and write the rectangles and trapezoids that
compose the pattern. Each shape is filled by an array of individual beam shots. The beam step
size, defined as the center-to-center spacing of the shots, is given by the product of resolution
and VRU.

to modify the deflection direction of the beam and thus the beam stabilisation time is

limited. This method is suitable when the surface to expose cover the highest percentage

of the total wafer surface. Instead, in vector scanning mode only desired areas of the

wafer are exposed and therefore it can save a significant amount of processing time.

This method is suitable for sparse features. However, because of the frequent change of

beam direction, the beam stabilisation time is increased. The Vistec VB6 uses the vector

scanning method. Nonetheless, in both case, EBL has a very limited throughput - in

particular when compared to standard photolithography - and thus is not suitable for

high-volume manufacturing.

Extremely accurate direct writing is achieved by mean of a collimated Gaussian elec-

tron beam, i.e. a beam whose energy distribution is approximated by a Gaussian. This

type of beam can displays a spot down to about few nanometers and allows a very good

control of the dose deposited at each pixel during exposure. Typical e-beam doses are in

the hundreds of µC/cm2 but can go as low as 1 µC/cm2. The higher the dose the longer
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Raster Scanning Vector Scanning

Figure 4.7: EBL exposure protocols. EBL usually provides two exposure protocols: (left)
raster scanning and (right) vector scanning. In raster scanning mode all the points of a wafer
are scanned and the beam is turned off when an area does not need to be exposed. Instead, in
vector scanning mode only desired areas of the wafer are exposed and therefore it can save a
significant amount of processing time.

the exposure time because more electrons have to be deposited at each scanning step.

Similarly, given a same dose, the smaller the beam size the longer the exposure.

The minimum electron beam write time (T ) to expose a given area (A) for a given

electron dose (D) is given by their product divided by the beam current (I): T = D ·A/I.

For example, assuming an exposure area of 1 cm2, a dose of 100 µC/cm2, and a beam

current of 1 nA, the resulting minimum write time would be 105 seconds (just below

28 hours). Note that this minimum writing time does not include time for positioning,

scanning (blanking, deflecting, etc) nor consider possible corrections and adjustments that

may become necessary during the writing.

Despite an accurate control and electron beam widths of only few nanometers, there

are several factors that determine the feature resolution limit of an electron beam system.

In fact, even if the minimum feature size of EBL is not limited by diffraction, EBL tools

are complex and impose practical limitations. One of the main limitation to the minimum

feature size is the Proximity Effect which causes the dose distribution to be wider than

the scanned pattern, and subsequently generates variations in the pattern shapes during

exposure. This is due to the fact that when the electron beam hits the target, different

types of electron-matter interactions occur, which affect the exposure area of the beam

by providing a non-zero dose to the resist outside the scanned pattern. "For example, a
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narrow line between two large exposed areas may receive so many scattered electrons that

it can actually develop away (in positive resist) while a small isolated feature may lose so

much of its dose due to scattering that it develops incompletely." [148]

As the incident electrons penetrate the materials - resist as well as the substrate stack9

- they experience many scattering events, undergoing either inelastic (forward scattering)

or elastic (backscattering) collisions. The forward scattering process is due to electron-

electron interactions: an electron collides with an electron from one of the atoms in the

resist/substrate. This interaction typically deflects the incident electron by a small angle,

statistically broadening the beam, and leaves the atom in an excited (one of its electrons

goes in an excited state) or ionised (one electron leaves the atom, creating a secondary

electron in the material) state.

Secondary electrons are responsible for the bulk of the actual resist exposure process.

They do not typically have high energies and thus, given the short range of interactions,

they contribute little to the proximity effect. However, they also effectively broaden the

beam diameter. On the other hand, the backscattering process originated from electron

collisions with a heavy particle, such as an atom nucleus, which leads to wide-angle

scattering. The incident electron retains (most of) its energy, but drastically changes

its direction. The majority of the electrons do not stop in the resist but penetrate the

substrate and contribute to resist exposure by scattering back into the resist and causing

subsequent inelastic or exposing processes. Backscattering events are what causes to the

proximity effect.

Figure 4.8a displays the electron interaction volume generated during an EBL expo-

sure, as obtained by a Montecarlo simulation. The upper curves indicate the forward-

and back-scattered components of the beam. It is clear that the feature resolution limit

is not determined solely by the beam size but also by the forward scattering (or effec-

tive beam broadening) in the resist, while the pitch resolution limit is determined by the

backscattering process. The forward scattering can be minimised by using a thinner re-

sist and/or higher energy electrons. However, higher acceleration voltages might increase

9Typical electron acceleration voltages are 10-100 keV therefore the mean free path of an electron is 10
µm or more, which is almost two orders of magnitude greater than the resist thickness. It follows that
electrons easily penetrate either the resist and the substrate.
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a) b)

Figure 4.8: Montecarlo simulations of electron interaction volumes generated dur-
ing an EBL exposure. a) Montecarlo simulation of electron trajectories during an EBL
exposure [149]. The upper curves indicates the forward- and back-scattered components of the
beam. b) Monte Carlo simulation of electron scattering in resist on a silicon substrate at a) 10
kV and b) 20 kV. Reprinted from [Kyser, D. F., and N. S. Viswanathan.“Monte Carlo simula-
tion of spatially distributed beams in electron beam lithography” Journal of Vacuum Science and
Technology 12.6 (1975): 1305-1308.] [150] with the permission of AIP Publishing.

the backscattering [148] by increasing the backscatter depth into the substrate (see Figure

4.8b). Finally, the interaction volume increases as a function of the mean atomic weight

of the materials. Therefore, low atomic weight substrates will reduce the backscattering

process.

Given the aforementioned considerations on the proximity effect, and in spite of the

several techniques to counteract the proximity effect, it is often necessary to determine

experimentally the exact dose needed to achieve a specific result. It should also be consid-

ered that, at the resist level, the EBL tool needs to provided a minimum threshold energy,

or dose-to-clear, just clear a pixel size area in the resist for a given process. Therefore, to

figure out the right dose, it is common procedure for a new process to reproduce a same

pattern several times on the same sample, each time using a different e-beam dose. Then,

to determine the dose that produced the better result, the patterns are physically and

optically characterised.
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4.2.4 Dry Etching

Etching is used in micro- and nanofabrication to chemically remove layers or parts of

them from a surface. Surface areas that do not have to be removed must be protected by

using a ‘masking’ material. The term dry refers to the type of reactants used during the

etching process. Unlike wet etching, which uses liquid-phase etchants, dry etch reactants

come from a gas or vapour-phase source and are typically ionised. Wet etching is a cheap,

highly selective process that does not damage the substrate. On the other hand, dry

etching eliminates the handling and waste management of dangerous acids and solvents,

and it only uses a small amounts of chemicals. But, more importantly, it is a controllable

process: it provides repeatable, stable performance with a wide process window, and it

is a directional etching, i.e. etch profiles can be either isotropic or anisotropic without

the need of using crystals orientation. Dry etching requires specialised (and expensive)

equipments, but provides neat, high resolution and faithful lithographic transfer.

There are two kinds of dry etches: plasma and non-plasma based etching processes.

Plasma etching plays a key role in the fabrication of high-performances devices [151].

Plasma-based etchings exploit the generation of reactive ions or free radicals species typ-

ical of a plasma to remove materials chemically. Plasma-based deposition and etching

techniques rely exactly on the same working principle, but exploit different chemistry re-

actions to either deposit or instead remove a specific layer/material, respectively. Figure

4.9 displays a typical plasma-based process chamber. As in the case of plasma-enhanced

deposition techniques (see Section 4.2.2), the exploitation of a plasma during the etch-

ing process offer several advantages: (i) perform reactions at lower temperatures, (ii) can

provide directionality and (iii) higher process controllability. Controlling ion density, elec-

tron temperature, and the plasma potential are of the utmost importance for ensuring a

uniform etching. [152]

In the work presented in this Thesis, materials were etched by mean of Reactive

Ion Etching (RIE) tools, namely Oxford Instruments System 100 RIE T-gate and Oxford

Instruments RIE 80+. Reactive etching is a chemical process that exploits the free radicals

of the plasma. It is an isotropic process and displays very high selectivity. On the
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Figure 4.9: Illustration of the etching mechanisms within a plasma-based process
chamber [146]. A vacuum chamber is filled with reactant gas or gases. The electric fields
dissociate the reactants into high-energy electrons, ions and free radicals. The recombination
of electrons with atoms generate and sustain the plasma. The substrate is positioned on a
negatively charged electrode, therefore positively charged ions accelerates towards the surface of
the sample causing physical etching by high-energy impact. Reactive ions are then adsorpted on
the surface where react causing chemical etching. Volatile surface reaction by-products are then
desorpted and will be flushed away at the end of the process. Plasma-based etching processes
play a key role in the fabrication of high-performances devices.

other hand, ion etching is a mechanical (physical) etching. It is an anisotropic process

with low selectivity and etch rate. Reactive Ion Etching is a combination of this two

processes that involves chemically active species and energetic ion bombardment. RIE

is faster than either pure physical or spontaneous chemical etching. Moreover, because

ion bombardment is a direction etching, RIE displays anisotropic characteristics, with

reduced lateral etch rate and vertical sidewalls. RIE is essential in case of high aspect

ratio features [153].

In RIE, the selectivity is chemically provided by the choice of the gases that com-

pose the plasma. Aluminium (Al) was etched using a silicon tetrachloride (SiCl4) -based

plasma. Chlorine containing gases are commonly used to etch Al. However, aluminium

(tri)chloride (AlCl3) by-products generated in Al plasma etching through chlorinated

vapours are a major concern. The volatility of this by-products is relatively low, and so

redeposition and/or adsorption might take place on the sample as well as on the chambers
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Figure 4.10: Dry etching process flow. After the lithographic step, the resist has been
developed and the sample is ready for etching. Dry etching will reproduce the pattern in the
resist in the underlaying material. At the end of the etching process, the remain resist can be
removed, leaving the patterned layer on the substrate.

walls. Thus, it is important to remove the AlCl3 by-products from the chamber during

and after each etch run. Al etching also suffers of an initially inhibition period due to

the removal of the thin (but quite hard) native oxide layer always present on Al surfaces

- aptly called aluminium oxide breakthrough time. This time may vary according to the

plasma conditions and the type of gas used.

Silicon nitride was instead etched in CF4- or SF6-based plasmas, more specifically

using either a mixture of sulphur hexafluoride and nitrogen (SF6 / N2) or trifluoromethane

(fluoroform) and argon (CHF3 / Ar). The process is fairly straightforward, however, it

is impossible to achieve selectivity against silicon oxide in CF4- or SF6-based plasmas.

Nitride-to-oxide selectivity is roughly 2:1-10:1 [153].

Figure 8.2 illustrates a typical process flow for dry etching. After the lithographic

step, the resist has been developed and the sample is ready for etching. Dry etching will

reproduce the pattern in the resist in the underlaying material. At the end of the etching

process, the remain resist can be removed, leaving the patterned layer on the substrate.

Note that the etching will affect also the resist. Therefore, it is desirable to use a resist

with high dry etch resistance. Moreover, consideration must be given to resist thickness

with regards to the thickness of material that is to be etched and the material-to-resist

selectivity so that the resist will not be etched away before the end of the process, leaving

the whole surface of the underlaying layer unprotected.
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4.3 Physical and Optical Characterisation Techniques

Physical characterisation techniques are extremely important because allow to assess the

quality of a device and of a manufacturing process. The physical features of the photonic

nanostructure presented in this Thesis were characterised by mean of electron microscopy

- namely Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy

(TEM) - and Atomic Force Microscopy (AFM). Specifically, SEM was used to char-

acterised the feature’s horizontal dimensions, such as width of apertures and distance

between them. TEM was instead used to characterise the cross-sections of few samples.

While SEM was a readily available tool within the JWNF, TEM required the assistance of

an external laboratory and therefore it has been exploited only a couple of times, in case

of extreme necessity. Finally, AFM was used to characterise the vertical dimensions of the

nanostructures. On the other hand, the optical filters performance in the visible range

were determined through microspectrophotometry. This section provide an overview of

the basis and working principles of all the aforementioned characterisation techniques.

4.3.1 Electron Microscopy

Electron Microscopy (EM) is an imaging technique that uses a beam of accelerated elec-

tron as source of illumination (instead of light as in standard optical microscopy) to

obtain high-resolution images of biological or non-biological specimens. This technique

is fundamental for the analysis and characterisation of nanostructures because it pro-

vides extremely accurate morphological details. The wavelength of electrons can be up

to 100,000 times shorter than that of visible photons and therefore electron microscopes

have a higher resolving power and resolution than light-based microscopes, [154] which are

also limited by diffraction. Electron microscopes are an indispensable piece of equipment

for biology, life sciences, material sciences and all the disciplines associated to micro/nan-

otechnologies fabrication.

As discussed in Section 4.2.3, when highly energetic electrons penetrate a specimen

they experience many scattering events. These interactions can be either elastic or inelas-
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Figure 4.11: Schematic of the electron interaction volume. When highly energetic
electrons penetrate a specimen they experience many scattering events and thus electron inter-
actions generate different signals. Each signal results from interactions of the electron beam
at various depths within the sample and thus contains different information about its surface
topography and composition. [155]

tic, according to whether energy is transferred from the incident electrons to the sample

particles or not, respectively. More specifically, electron interactions generate different

signals (see Figure 4.11): Auger electrons (AE), secondary electrons (SE), reflected or

back-scattered electrons (BSE), X-rays, photons, cathodoluminescence (CL), plasmons,

transmitted electrons, etc. Each signal results from interactions of the electron beam

at various depths within the sample and thus contains different information about its

surface topography and composition. For example, Auger electrons and other secondary

electrons with rather small energies are readily absorbed in any material and thus only

those generated close to the surface can leave the sample. It follows that they give infor-

mation only about the surface of a sample. On the other hand, back-scattered electrons
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have the same energy as the incoming beam and thus penetrate the sample more easily.

As a consequence, they provide information about a much thicker portion of the sample.

Therefore, according to the type of electron microscope used and the type of signals that

are detected different information can be obtained.

A typical electron microscope is composed by: (i) an electron source (gun) to generate

the beam, (ii) two or more stages of electromagnetic lenses to align and collimate the beam,

(iii) deflection coils to deviate the beam during the exposure, (iv) apertures to limit and

define the beam size, (v) objective lenses to focus the beam on the sample, and finally (vi)

electron detectors to provide real-time observation and image recording of the specimen

surface. Basically an electron microscope column is almost equivalent to an EBL column.

And in fact, by using relatively low cost accessories, it is possible to convert an electron

microscope into an electron beam lithography system. This conversion is actually quite

common for labs on a limited budget. The two most common types of electron microscopes

are: Transmission Electron Microscope (TEM) and Scanning Electron Microscope (SEM).

The schematic diagrams of a typical TEM and SEM are displayed in Figures 4.12a and

4.12b, respectively.

A fundamental difference between TEM and SEM lies on the type of particles used to

create an image. Elastic interactions are manly exploited in TEM and electron diffraction

methods. Instead, inelastic electron-matter interactions are predominantly used in SEM

and analytical electron microscopy. TEM detects the electrons transmitted through a

specimen to form an image, while SEM records the electrons reflected (emitted) from

the surface of a specimen. As a result, TEM offers invaluable information on the inner

structure of the sample, such as crystal structure, morphology and stress state information,

while SEM provides information on the sample’s surface and its composition. Clearly, in

TEM the acceleration voltages are much higher than in SEM due to the necessity of

entirely penetrate the specimen. Typical acceleration voltages range between 1 and 30

kV for a SEM and between 60 and 300 kV for a TEM.

Another difference between TEM and SEM consists in the image formation. As the

name suggests, in SEM the beam of electrons is focused to a fine point and then scanned

line by line over the sample surface in a rectangular raster pattern. Electrons are captured
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Figure 4.12: Schemes of a typical Scanning Electron Microscope and Transmission
Electron Microscope at comparison. A typical electron microscope is composed by: (i) an
electron source (gun) to generate the beam, (ii) two or more stages of electromagnetic lenses to
align and collimate the beam, (iii) deflection coils to deviate the beam during the exposure, (iv)
apertures to limit and define the beam size, (v) objective lenses to focus the beam on the sample,
and finally (vi) electron detectors to provide real-time observation and image recording of the
specimen surface. The main differences between a SEM and a TEM lies in the type of particles
used to create an image and in the image formation itself. Also, TEM provide a significantly
higher optical spatial resolution.

and counted by detectors at each point and the image is displayed on a computer screen.

SEM allows to analyse large surface areas at a time. On the other hand, TEM uses

a broad(er), static beam and so only a small area of the sample can be analysed at

a time. TEM operates on the same basic principles as the light microscope. When

the electron beam emerges from the specimen, objectives lenses collect and magnify the

electron information. The image is then recorded by projecting the magnified electron

image onto a imaging device, such as a fluorescent screen, or a sensor, such as a scintillator,

connected to a CCD camera. The recorded image is basically a ‘shadow image’ of the

specimen with its different parts displayed in varied darkness according to their density.
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The darker areas of the image represent those areas of the sample that fewer electrons

are transmitted through while the lighter areas of the image represent those areas of the

sample that more electrons were transmitted through.

SEM provide a 3-dimensional image of the surface of the sample, while TEM provides

a 2-dimensional picture of the inner structure of the sample. However, one of the most

pronounced differences between the two methods is the optimal spatial resolution that

they can achieve; SEM resolution is limited to 0.5 nm, while with the recent development

in aberration-corrected TEM, images with spatial resolution of even less than 50 pm have

been reported [156]. Moreover, TEM has a much higher magnifying power than SEM. TEM

can magnify up to 2 million times compared to the 50,000 times of SEM [156,157].

Specimen to be viewed under an electron microscope may require processing to be-

come a suitable sample. Due to the requirement for transmitted electrons, TEM samples

must be very thin, generally below 150 nm, and in cases that high-resolution imaging is

required, even below 30 nm (so that the thickness is comparable to the mean free path of

the electrons that travel through the samples), whereas for SEM imaging there is no such

requirement. SEM samples need of little or no effort for sample preparation and can be

directly imaged by mounting them on an aluminium stub. For example, a quite common

sample preparation - especially important for the study of specimens with the SEM - con-

sists in a conductive coating. To prevent the accumulation of electrostatic charges at the

specimen - due to the electron irradiation at which the sample is subjected during imaging

- an ultrathin coating of electrically-conducting material (such as gold, gold/palladium,

platinum, etc.) is deposited on its surface, either by high vacuum evaporation or by low

vacuum sputter coating. [158]

In contrast, TEM sample preparation is a quite complex and technically challenging

procedure that requires additional tools to perform. The samples need to be very thin,

as flat as possible, and the preparation technique should not induce any artefacts (such

as precipitates or amorphization) to the sample. Many methods have been developed,

including electropolishing and mechanical polishing. However, more recently, focused ion

beam (FIB) methods have been used to prepare thin samples from larger specimens.

Because FIB can be used to micro-machine samples very precisely, it is possible to mill
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very thin membranes from a specific area of interest in a sample. Often, a thick conductive

coating is also deposited on top of the sample to improve contrast during imaging and

provide support to the thin membrane. TEM samples are mounted on dedicated grids

and holders. [156]

In general, if you need to look at a relatively large area and only need surface details,

SEM is ideal. If you need internal details of small samples at near-atomic resolution, TEM

will be necessary [156]. TEM allows you to observe details as small as individual atoms,

giving unprecedented levels or structural information at the highest possible resolution.

TEM give information about internal structures, which SEM cannot provide. However,

TEM can only be used on a limited range of specimens, thin enough to let electrons pass

through them, and tends to be more demanding than SEM. In particular, the thinning

process is technically challenging and requires additional tools to perform. So, while SEM

cannot see features to the level of detail as a TEM can, it is much faster, less restrictive,

and can sometimes be performed with limited or no sample preparation.

All the devices fabricated during the course of the doctorate degree were imaged using

a FEI Nova NanoSEM 630 Scanning Electron Microscope (SEM). Typical acceleration

voltage: 10 kV. Working distance: 5.5 mm. Detector: Through the Lens Detector (TLD).

Mode: Secondary Electrons (SE). This type of physical characterisation was necessary to

measure the dimensions of the features, establish the quality of the devices and also of

the fabrication process. In a couple of occasions, however, when it became necessary to

establish the internal structure of the devices, cross-sections of the samples were cut by

mean of a DualBeam Focussed Ion Beam (FIB) System and imaged with a Transmission

Electron Microscope (TEM) at the Kelvin Nanocharacterization Centre facilities (School

of Physics and Astronomy, University of Glasgow).

4.3.2 Atomic Force Microscopy

Atomic Force Microscopy (AFM) or Scanning Force Microscopy (SFM) is a type of Scan-

ning Probe Microscopy (SPM) for very-high-resolution imaging. Like a SEM, a SPM

is an instrument used for the analysis of surface properties at the nanoscale. However,
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these microscopes do not use lenses. SPMs use a physical point probe to scan a sample

back and forth and collect data. Data gathered during the scanning process originate

from the interaction of the atomically-sharp tip of the probe with the surface of the sam-

ple. The resulting two-dimensional grid of data points is then used to form an image

on a computer screen. The first SPM was the Nobel-prize winning Scanning Tunnelling

Microscope (STM) developed at the IBM Research Lab in Zurich by Gerd Binnig and

Heinrich Rohrer in 1982. This was the first technology to be recognised as having atomic

resolution capability and its invention triggered the development of several further SPM

techniques. [159,160,161]

STM is a non-optical electron-based microscope which exploits the quantum mechan-

ical effect of tunnelling10. It works by raster scanning an atomically-sharp metal tip over

a conductive surface. When the tip is brought in proximity (typically in the 4-7 Å range)

to the surface of the sample and a bias voltage is applied between the tip and the sample,

electrons can tunnel from the tip to the surface or vice versa, even though they are not

in electrical contact, which results in a net electron current. The amount of tunnelling

current depends upon tip position, applied voltage and local density state of the sample.

This provides the basis for the imaging.

The tip is mounted on a piezoelectric actuator to control its vertical position and lateral

displacement, and a feedback loop circuit can be used, for example, during constant-

current mode. STM is a very important technique in determining the atomic structures

and electronic states of a surface. It is also very useful for studying friction, surface

roughness, defects and surface reactions in materials like catalysts. However, STM is

not the optimal tool to topographically map the surface of a sample. In fact, despite

a sub-nanometer spatial and vertical resolution, STM is limited to very clean, stable,

smooth and conductive surfaces. It also require excellent isolation from vibrations and it

is extremely dependent on tip quality. [161,162,163,164]

10Quantum tunnelling occurs when a subatomic particle (such as an electron) passes through a potential
barrier even though it does not possess enough potential energy to do it, as predicted by the laws of
classical mechanics. In terms of quantum mechanics, electrons have wavelike properties that does not
end abruptly at a wall or barrier, but taper off quickly. Therefore, if the barrier is thin enough, their
probability function may extend into the next region and through the barrier. Given enough electrons,
some will indeed move through and appear on the other side. This effect is called tunnelling.
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Figure 4.13: Schematic of an Atomic Force Microscope. A sharp tip is mounted at the
end of a cantilever and raster-scanned over a sample surface. The deflection of the cantilever (in
static mode), or the amplitude and frequency of its vibration (in dynamic modes) are monitored
through a laser beam reflected off the flat, mirror-like top surface of the cantilever. This reflected
laser beam is tracked by a position sensitive photo-detector (PSPD), consisting of a four-segment
photo-detector, that picks up the vertical and lateral motion of the probe. During the imaging
process, a feedback loop system helps to modulate and maintain constant certain parameters.

Topographic imaging at the nanoscale is one of the main scopes of AFM. AFM might

not have the same atomic resolution capability of STM but it does not suffer of its limi-

tations in terms of sample requirements. AFM has the advantage of imaging almost any

type of surface, including polymers, ceramics, composites, glass, and biological samples.

Also, it can be performed in a vacuum, ambient, gas or liquid environment. The latter

becomes particularly relevant in certain aspects of biology, where hydrated samples need

to be tested. [165]

AFM is often used in combination of SEM to fully characterise a sample. Sometimes

with images generated by SEM, it can be difficult to determine the slope of a surface or

the height of a feature. Conversely, AFM provides height information, making it easy

to determine if surface features on a thin film are rising or falling. AFM also provides a

greater level of detail than SEM on a highly smooth surface, as SEM is not as efficient in

resolving subtle changes. AFM may not be able to provide information on the elemental

composition of a sample, however it can determine a number of other compositional

properties: including stiffness, friction, electrical forces, capacitance, magnetic forces,

conductivity, viscoelasticity, surface potential, and resistance.
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Figure 4.14: Atomic forces vs. Distance. Atomic forces change depending on the vertical
distance of the probe from the sample. As the tip approaches the surface, the close-range,
attractive force between the surface and the tip cause the cantilever to deflect towards the
surface. However, as the cantilever is brought even closer to the surface, such that the tip makes
contact with it, increasingly repulsive force takes over and causes the cantilever to deflect away
from the surface.

A schematic diagram of the working principle of a AFM is displayed in Figure 4.13.

Analogous to how a STM works, a sharp tip mounted at the end of a cantilever is raster-

scanned over a sample surface using a feedback loop to adjust certain parameters during

imaging. However, unlike STM, AFM uses atomic forces to map the tip-sample interaction

and not electron tunnelling. Atomic forces change depending on the vertical distance of

the probe from the sample (see Figure 4.14). As the tip approaches the surface, the close-

range, attractive forces between the surface and the tip cause the cantilever to deflect

towards the surface. However, as the cantilever is brought even closer to the surface, such

that the tip makes contact with it, increasingly repulsive forces take over and cause the

cantilever to deflect away from the surface. These forces are not measured directly, but

are calculated by measuring the deflection of the cantilever11. The deflections towards or

away from the surface are monitored through a laser beam reflected off the flat, mirror-like

top surface of the cantilever. This reflected laser beam is tracked by a position sensitive

photo-detector (PSPD), consisting of a four-segment photo-detector, that picks up the

vertical and lateral motion of the probe. [166,167]

11According to Hooke’s law: F = −kx, where F is the force, and k and x are the stiffness and the
deflection of the cantilever, respectively. Therefore, by knowing the stiffness of the cantilever and its
deflection it is possible to calculate the force that caused that deflection.
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There are three different AFM modes used for topography imaging: one static mode,

also called contact mode, and two dynamic modes, tapping mode and non-contact mode.

In contact mode, the tip is dragged across the sample surface. Near to the surface of the

sample, attractive forces can be quite strong, causing the tip to ‘snap-in’ to the surface.

Therefore, contact mode usually exploits repulsive forces which means that the tip is in

‘hard contact’ with the surface. The contours of the surface can be measured by either

measuring the deflection of the cantilever or using a feedback system that adjusts the

height of the cantilever to maintain a constant deflection. In tapping mode the cantilever

vibrates near its resonance frequency with an amplitude of up to 200 nm, touching the

surface of the sample at every oscillation. Atomic forces cause the amplitude to decrease

as the tip gets close to the surface, and the height of the cantilever adjusts through the

feedback loop to keep the amplitude constant. Instead, in non-contact mode, the tip

vibrates slightly above its resonance frequency, very close to the surface of the sample but

without touching it. The amplitude of oscillation is typically a few nanometers (< 10 nm)

down to a few picometers. In this regime, the probe measures the Van der Walls forces

which tend to decrease the resonant frequency of the cantilever. The feedback loop system

helps to maintain the oscillation frequency constant by adjusting the distance from the tip

to the sample. For all the modes, the topographic image of the surface sample is obtained

by recording the distance between the tip and sample at each point. [168] Non-contact mode

AFM does not suffer from tip or sample degradation effects. Tapping mode results in less

damage to the sample than contact mode and is more accurate than non-contact mode

when moisture is present on a sample.

The atomic force microscope is a powerful tool that is invaluable if you want to measure

incredibly small samples with a great degree of accuracy. Unlike rival technologies it does

not require either a vacuum or the sample to undergo treatment that might damage it.

One of the major downsides is the single scan image size, which is of the order of 150x150

micrometers, compared with millimetres for a scanning electron microscope. Another

disadvantage is the relatively slow scan time, which can lead to thermal drift on the

sample. [168]
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4.3.3 Microspectrophotometer

A UV-Visible-NIR microspectrophotometer is a scientific instrument used to measure the

optical spectra of microscopic samples. It consists of a microscope, capable of operation

in transmission or reflection mode, combined with dispersive optics and a CCD detector

for spectral measurements. The dispersive element is used to separate the light into its

constituent wavelengths which are then detected by the image sensor. Microspectropho-

tometers are very flexible instruments and can be configured to measure the transmit-

tance, absorbance, reflectance, polarisation, fluorescence and photoluminescence spectra

of sample areas ranging from 20 to 120 microns [169].

The optical properties of hexagonal nanohole arrays were measured in transmission

mode using a Foster+Freeman ffTA/MS Microspectrophotomer. The instrument was cal-

ibrated before each recording with an optical transmission filter manufactured from glass

doped with a mixture of rare-earth elements (Didymium = Neodymium + Praseodymium).

Furthermore, before each transmission measurement baselines must be acquired in either

bright and dark conditions. After these initial calibration steps are complete, the filter is

placed on the microscope stage and aligned using the camera. Data was collected from

a spot size of 100 µm with unpolarised halogen-bulb light, colour temperature 6000 K,

wavelength range 400 nm to 1000 nm (no IR blocking filter). Illumination was set to

bright-field mode at normal incidence. Collimator was used to ensure collimated light

was hitting the surface of the arrays. An objective lens with a optical magnification of

4.0X and numerical aperture (NA) of 0.25 was used to collect the light. The software

automatically remove the dark background and normalise the light to the spectrum from

the white light source. The normalised transmission spectrum is then displayed on the

computer and can be exported for further analysis.
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4.4 Summary

This chapter provided an overview of the techniques underlying the design, fabrication and

characterisation of the structured photonic materials that are presented in this Thesis. A

brief description of the FDTD technique has been outlined with a focus on the simulation

software: Lumerical FDTD Solutions. All devices presented in this Thesis have been

simulated using Lumerical FDTD Solutions which has been an essential tool in the design

and optimisation of the nanostructures. The fabrication techniques employed to make

the devices presented in this work have also been outlined in this chapter. Further detail

on the specifics of the fabrication processes will be explored in subsequent chapters.

Physical and optical characterisation techniques have been described and their work-

ing principle outlined. Electron microscopy was used to obtain high-resolution images of

the samples to either characterise the in-plane dimensions of the features, such as hole di-

ameters and periodicity, or to investigate specific cross-sections. Atomic force microscopy

was used to take topographic images of the samples and thus characterise the vertical

dimensions of the nanostructures, such as hole depths. Microscpectrophotometry was

necessary to characterise the optical spectra of the plasmonic devices.
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Chapter 5
2D Hexagonal Nanohole Arrays:

Analysis of the Starting Structure

In this chapter, plasmonic colour filters based on a single, optically-thick aluminium layer

patterned with periodic hexagonal nanohole arrays (HNAs) are examined. According to

literature, these nanostructures are the most promising architectures to replace integrated

CFAs in CMOS image sensor applications and therefore they have been chosen as the

starting point for the development of novel and more efficient plasmonic colour filters.

Section 5.1 introduces the state-of-the-art for single metal layer HNAs and compares

the spectral responses of the three RGB filters with commercially available alternatives.

Section 5.2 highlights the characteristic spectral features of periodic hexagonal nanohole

arrays, correlating the appearance of specific minima in transmission with the excitation

of SPPs and the emergence of diffractive effects. Section 5.3 is a detailed parametric

analysis of single metal HNAs and presents the dependence of the optical response of the

filters on their geometrical and constitutive parameters, namely diameter, metal thickness,

and also cladding and hole filling materials. Electromagnetic near-field patterns at points

of interest are plotted and examined. Finally, the main observations and remarks are

recapitulated in Section 5.4.
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5.1 Introduction

Single metal layer plasmonic filters based on periodic hexagonal arrays of subwavelength

holes have been analysed in previous literature. However, those studies had the tendency

to focus mainly on general behavioural trends, often in a restricted range of values and

mostly limited to the transmission. This chapter, instead, wants to supply a more com-

plete and broader review on this particular type of plasmonic filters. The final objective

of the simulation studies presented in this chapter is to gain enough insights so that tar-

geted modifications to improve the passband characteristics of the filters can be applied.

It will be demonstrated in Chapters 6 and 7 that the detailed analyses of each parameter

dependence have effectively provided a better understanding of the physical mechanisms

involved in the transmission process and led towards higher and narrower transmission

features.

In the last decades, PCFs based on periodic arrays of nanoholes in a single, optically

thick metal layer quickly became one of the most promising alternatives to polymer-based

filter technologies [13,14,15,16]. The most common and exploited architecture corresponds to

a 150-nm aluminium hexagonal nanohole array sandwiched between a bottom half-space

and a top 200-nm silicon dioxide layers [15,16]. This particular nanostructure was therefore

chosen to be the starting point for the development of new and more efficient PCFs. The

schematic top and side perspective views of this type of filter is displayed in Figure 5.1a

and, because of its symmetry along z-, in terms of top and bottom cladding materials,

from hereinafter it will be referred to as Symmetric Single Metal Layer (Sym-SML) PCF.

In Figure 5.1b, the simulated optical transmissions of three Sym-SML arrays (solid

lines) - having different periodicities to selectively filter the blue (ax = 240 nm), green

(ax = 340 nm) and red (ax = 420 nm) part of the visible spectrum - are plotted and

compared to the RGB spectral sensitivities of a commercial photo camera [170] (dotted

lines) and to the RGB optical efficiencies of commercially available Fabry-Pérot filters [171]

(dash-dot lines). It is evident the PCFs lack transmission efficiency when compared to

these other two technologies. Moreover, consider a target range of acquisition in the

visible spectrum of approximately 300 nm (roughly from 400 nm to 700 nm as shown
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Figure 5.1: Single, optically-thick Al layer HNA and optical response. (a) Schematic
top and side perspective view of a 150-nm Al hexagonal nanohole array sandwiched between a
bottom half-space - 500-µm - glass substrate and a top 200-nm SiO2 cap layer. The parameters ax
and ay represent the periodicities along the x- and y-direction, respectively, and their relationship
is reported on the right-hand side of the top view. The nanostructure is here-on referred to as
Symmetric Single Metal Layer (Sym-SML) because the top and bottom interfaces are composed
of the same pair of materials. (b) Comparison of the RGB transmission curves of three Sym-
SML arrays (solid lines) - having different periodicities to filter the light at different wavebands
- with the RGB spectral sensitivities of a Sony DXC 9000 camera [170] (dotted lines) and the
RGB transmission efficiencies of commercially available Fabry-Pérot filters [171] (dash-dot lines).
The blue plasmonic filter is given by an array periodicity ax of 240 nm and a diameter d = 140
nm, while the green and red plasmonic filters have ax of 340 nm, d = 180 nm and ax of 420
nm, d = 280 nm, respectively. PCFs lack in transmission efficiency. Moreover, their passband
characteristics are relatively broad and do not satisfy the requirements for multispectral imaging.

in Figure 5.1b) and assume that we want to increase the colour accuracy for example

by using twice as many filters. This means that, to avoid a significant overlap between

adjacent wavebands, the FWHM of the filters should probably be of approximately 50 nm

(or less if we want to use more filters). Therefore, the passband characteristics of PCFs

are relatively broad and do not satisfy the requirements for multispectral imaging.

In the following sections, ways to improve the transmission efficiency and the colour

discrimination of Sym-SML PCFs are investigated. Their spectral features are analysed,

the electromagnetic (EM) near-field patterns at specific points of interest are plotted,

and a systematic and detailed study on the dependence of the optical transmission on

their structural parameters - namely periodicity, diameter, metal thickness, dielectric

environment and hole filling - is presented.
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5.2 Characteristic Traits in the Optical Spectra

Single subwavelength holes - whose diameter d is smaller than half wavelength of light

- diffract light uniformly into a half sphere around the aperture [116]. A scheme of the

diffraction pattern of a nanohole is displayed in Figure 5.2a. The light diffracted by the

sharp edges of the nanoholes generates wavevectors also in the direction parallel to the

surface of the film. This allows a portion of the incident light to excite SPPs. However,

even if a single subwavelength aperture in a metallic layer displays plasmonic properties,

the EOT phenomenon needs the ’array’ to exist. In fact, it is the collective resonant

behaviour of all the holes together that boost the transmission efficiency and thus the

EOT phenomenon would not be possible without the array.

The diffraction of light from a periodic structure also causes the appearance of anoma-

lies at well-defined wavelengths. SPPs and diffractive effects such as Rayleigh Anomalies

(RAs) are important influences on the EOT spectra of periodic arrays [172]. Both of them

are closely correlated to the periodicity of the array and their position in wavelength can

be easily evaluated through a pair of simple equations. SPPs have a resonant character

and appear when the Bragg coupling condition is satisfied, i.e. when the real part of the

SPPs propagation constant kSPP matches the sum of the incident light wavevector with

one of the reciprocal wavevectors Gij provided by the periodicity of the array:

Re [kSPP] = |k sin θ +Gij| (5.1)

where k is the wave vector of the incident light and i, j are integers with i ≥ 0, j ≥ 1.

On the other hand, RAs are non-resonant spectral features that occur at the onset of

the (i, j) diffraction order of the periodic array, i.e. when: [173]

ω

c0

√
εd = |k sin θ +Gij| (5.2)

where εd is the permittivity of the medium in which the light is traveling before impinging

on the array.
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For light normally incident onto the array (θ = 0), the wavelengths λmin,ij and λRA,ij

at which the conditions 5.1 and 5.2, respectively, are met can be written as:

λmin,ij =
√

3ax
2
√
i2 + j2 + ij

nSPP|@kSPP=Gij
(5.3)

λRA,ij =
√

3ax
2
√
i2 + j2 + ij

nd|@kSPP=Gij
(5.4)

where nSPP (refer to Equation (3.33)) and nd are the indices of refraction of the SPPs and

of the dielectric the light is travelling through before impinging on the array. The RIs are

frequency dependent and thus the values used to evaluate the wavelengths are the ones

at which the conditions are met.

When Equations 5.1 and 5.2 are satisfied, minima in transmission T appear. λRA,ij and

λmin,ij can be tuned over a large spectral range by changing the surrounding dielectric en-

vironment or by changing the excitation conditions [173]. Unlike λRA,ij, λmin,ij can be shifted

in wavelength also by changing the material that composes the array. The transmission

maxima, or EOT peaks, appear then red- shifted in wavelength with respect λmin,ij. Fano

associated the excitation of SPPs along the surface of a periodic structure with the origin

to the Wood’s anomaly [124,128,129]. Therefore λmin,ij identifies also with the beginning of a

diffuse anomaly. As a consequence, the diffuse anomaly actually corresponds to the EOT

band.

5.2.1 The bottom interface

Consider the bottom aluminium/silicon dioxide (Al/SiO2) interface of the Sym-SML struc-

ture (see Figure 5.2b). This can be considered as an interface between two half-space ma-

terials because even if the thicknesses of both the layers are finite, the SPP penetration

depths δSPP inside the metal and the dielectric - δSPP,m and δSPP,d respectively1 - are both

shorter than the Al and SiO2 thicknesses, tAl and tSiO2
, respectively.

Figure 5.2 highlights the correlation between the excitation of SPPs, the occurrence

of RAs, and the appearance of minima in transmission for the three RGB filters. The

letters A, B, C indicate the position of the minima λmin,10↓, where the ↓ arrow symbol
1Refer to Equations (3.39)
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Figure 5.2: Minima in transmission, SPPs and diffractive effects at the bottom
interface of the Sym-SML structure. (a) Light diffraction pattern of a single subwavelength
hole. The sharp edges of the hole generate wavevectors also in the direction parallel to the surface
of the film. (b) Schematic diagram of SPPs at the bottom Al/SiO2 interface. The interface can
be considered a single interface because, despite the finite thicknesses of the layers, the SPP
penetration depths δSPP in the Al and SiO2 are both smaller than the thicknesses tAl and tSiO2 .
(c) Correlation between the excitation of SPPs, the occurrence of RAs, and the appearance of
minima in transmission. The letters A, B, C indicate the position of the minima λmin,10↓, where
the ↓ symbol indicates the correlation to the bottom interface. The letters E, F, G indicate
instead the position of λRA,10. D = λmin,11↓, H = λRA,11. Left graph: the solid blue, green
and red curves represent the SPP dispersion relations at the bottom Al/SiO2 interface, while
the respective blue, green and red dashed lines represent the light line k = ω/c, normalised to
three different periodicities - blue→ ax = 240, green→ ax = 340, red→ ax = 420. The vertical,
dashed-dotted black lines represent the additional wavevectors Gij provided by the periodicity
of the array. The angular frequency ω is normalised to the plasma frequency of Al ωp = 12.04
eV [174]. Wavevectors are normalised by 2π/ax. Right graph: the solid blue, green and red curves
represent the transmittance of the Sym-SML structure for the three different periodicities.

124



5.2. CHARACTERISTIC TRAITS IN THE OPTICAL SPECTRA

indicates the correlation to the bottom interface. The predicted positions for λmin,10↓ are

based on the calculations for a planar interface. Despite the presence of the nanoholes,

that seems to be a good approximation to estimate their position. The letters E, F, G

indicate instead the position of the RAs, λRA,10. Finally, the letters D and H indicate

the positions of λmin,11↓ and λRA,11, respectively, for the ax = 420 nm case. For these

last two points, there is no clear evidence of the correspondence with the appearance of

minima in the transmission spectra. This could be due to the fact they they appear at

wavelengths lower than the zero-order regime (λRA,10) thus their contribution is ’masked’

by other physical mechanisms or possibly because the contribution of the (1,1) diffraction

order is weaker than the (1,0) one.

For each periodicity, the EOT passband starts at λmin,10↓. At higher frequencies, a

zero-T band can be identified, i.e. a range of wavelengths where the transmission is (or

almost) zero. The beginning of these zero-T bands can be associated with the occurrence

of the RAs for the (1,0) diffraction order while their end, and thus the beginning of the

EOT passbands, with the excitation of SPP modes. The distance between λRA,10 and

λmin,10↓ increases with periodicity, and therefore the shorter the periodicity the wider the

zero-T band that precedes the EOT passband.

Deeper insights can be gained from the reflectance R and the extinction spectrum

E. The reflectance and the extinction efficiencies for the three Sym-SML RGB filters

are plotted in Figure 5.3. The extinction spectrum is obtained as E = 100 - R - T and

represents the sum of absorption and scattering contributions. It provides a good measure

of absorbance only in regions where no propagating diffracted orders are allowed, [85] i.e.

only in the zero-order regime, or, in other words, at wavelengths longer than λRA,10.

According to the reciprocity theorem, the transmittance is the same whether the light

is incident on the top or bottom side in the zero-order regime. However, as a direct

consequence of the extinction, reflectance data exhibit different behaviour according to

which side the light is impinging on [18,85].

Despite the mismatch between sides, studies found correlations between traits in trans-

mittance, reflectance and extinction [85,175,176]. Peaks in transmission in the EOT passband

(zero-order regime) are associated with reflectivity minima and absorbance maxima. Sim-
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Figure 5.3: SPPs excitation and RAs in the reflection and extinction spectra of
Sym-SML structures. Distinctive traits associated with the excitation of SPPs and the
occurrence of RAs can be found also in the reflection and extinction spectra of the structure.
The letters A, B, C indicate the position of the maxima (minima) in reflection (extinction)
corresponding to the values of the λmin,10↓ in transmission as seen in Figure 5.2. The letters
E, F, G indicate instead the positions of the λRA,10, which appear as maxima in reflection and
minima in extinction. D = λmin,11↓, H = λRA,11. The numbers 1-3 indicate sudden changes in
the optical spectra. Left graphs: same as described in Figure 5.2. Right graphs: the solid blue,
green and red curves represent the reflection (top graph) and extinction (bottom graph) spectra
of the Sym-SML structure for the three different periodicities.
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ilarly, transmission minima in the zero-order regime are associated with reflectivity max-

ima and absorbance minima. There are slight differences in the positions of the different

extrema but those are expected since they represent different responses of the system [85].

The maxima absorption features in correspondence to peaks in transmission are con-

sistent with the excitation of SPPs. Strong localised fields at the metal surface appear

when the incident light couples to a SPP mode. This field enhancement aids the trans-

mission process, however, it is accompanied by losses in the metal. Therefore, enhanced

absorption is expected for the same conditions that give enhanced transmission [85].

The occurrence of RAs is characterised by distinctive ‘edges’, i.e. sudden changes, in

either the transmission, reflection and extinction spectra [176] - marked 1-3 in Figure 5.3.

The sudden increases in transmission relate to sudden decreases in reflection and to sudden

increases in extinction [176]. It can be observed in Figure 5.3 that the distance between the

edges and the calculated RAs position decreases with periodicity (or wavelength). In fact,

for ax = 420 nm it appears that the λRA,10 corresponds exactly to the edge itself. On the

other hand, the minima in transmission at the condition of excitation of the SPP modes

seem to not have an explicit correspondence in the reflection and extinction spectra, in

particular for longer periodicities (wavelengths).

5.2.2 The top interface

Consider now the top Al/SiO2 interface of the Sym-SML structure. The Al layer can

again be considered as a half-space material. However, at wavelengths longer than ap-

proximately 480 nm, the SPP penetration depth δSPP,d in the silicon dioxide is greater

than the thickness of the SiO2 cap layer tcap = 200 nm. This means that the tail of the

SPPs at the top Al/SiO2 interface can ‘feel’ the presence of the surrounding air environ-

ment above the SiO2 cladding layer. It follows that the propagation constant of the SPPs

at the top interface differs from the single interface calculation.

When the thickness of the cap layer is shorter than about two-three times the SPPs

penetration depth inside the material, the top interface can be modelled as an IIM stack.

The IIM SPPs at the top interface have been evaluated numerically. Figure 5.4a shows
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Figure 5.4: SPPs at the top IIIM interface and minima in transmission. Array
geometrical parameters: ax = 340 nm and d = 180 nm. (a) Right: scheme of the SPPs at the
top IIM interface. Left: Plot of the numerical solutions of the SPPs at the top IIM interface as a
function of the SiO2 cap thickness tcap. tcap varies from 10 nm to 260 nm. For small thicknesses
the solutions tend to the SPPs propagation constant at the Al/air interface. As the thickness
increases and becomes comparable to the SPPs penetration depth inside the dielectric, the
solutions tend to the SPP propagation constant at the Al/SiO2. (b) Comparison of the minimum
λmin,10 at the bottom and top interfaces. The SiO2 cap thickness tcap is comparable to δSPP
inside SiO2 and thus it is hard to distinguish the two contributions because the IIM dispersion
relation almost matches the one for the ideal single flat interface. The angular frequency ω is
normalised to the plasma frequency of Al ωp = 12.04 eV [174]. Wavevectors are normalised by
2π/ax.
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(left) a schematic representation of the SPPs at the top interface and (right) a plot of

the respective IIM numerical solutions - normalised by 2π/ax with ax = 340 nm - in

function of the SiO2 cap thickness tcap which varies from 10 nm to 260 nm. For small

thicknesses the solutions tend to the SPPs propagation constant at the Al/air interface.

As the thickness increases and becomes comparable to the SPPs penetration depth inside

the SiO2 , δSPP,SiO2
, the solutions tend to the single interface value kSPP(Al/SiO2). Note that

the solutions do not equal kSPP(Al/SiO2) as soon as tcap > δSPP,SiO2
. This is because δSPP,SiO2

is evaluated as the distance at which the electric field equals 1/e, i.e. about a third of its

original value, not when it becomes zero. Note also that the IIM solutions converge faster

to the single interface solution kSPP(Al/SiO2) at shorter wavelengths (higher frequencies).

That is because δSPP,d is smaller in this regime and thus the condition tSiO2
� δSPP,SiO2

becomes true for thinner cap layers.

Figure 5.4b compares the position in wavelength of λmin,10↓ and λmin,10↑ at the bottom

and top interfaces, respectively, for the Sym-SML structure having an array periodicity

ax = 340 nm. The SiO2 cap thickness tcap = 200 nm is comparable to the SPPs penetra-

tion depth inside SiO2 and thus it is hard to distinguish the two contributions because

the IIM dispersion relation almost matches the one for the ideal single flat interface and

thus λmin,10↑ lies within the zero-T band. However, it will be demonstrated later on in

this chapter that the excitation condition of IIM SPPs can interfere with the length of

the zero-T band - if it happens at shorter wavelengths than λRA,10 - but more importantly

also with the optical response in the EOT band when the index of refraction of the top

cladding layer is higher than the refractive index of the substrate.

5.3 Parametric Analysis

In this section, a parametric analysis to study the influence that different geometric and

physical parameters have on the optical response of 2D hexagonal Sym-SML arrays is pre-

sented. This simulation study is used to analyse the device performance within different

sets of parameters to identify the best solution for a specific application and to establish

educated guesses for possible improvements and developments. For every parameter, the
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performances will be evaluated in terms of: (i) efficiency, (ii) optical bandwidth of the

filter and (iii) stability to process variations. An analysis of the physical mechanisms

involved in the transmission process will also be attempted by identifying characteristic

traits and behavioural patterns.

5.3.1 Diameter

The set of plots and images in Figure 5.5 establishes the influence of the size of the aper-

tures on the optical response of the Sym-SML structure. Figures 5.6a and 5.6b highlight

instead the correlation between peaks in transmission, minima in reflection and maxima in

extinction in the zero-order regime (λ > λRA,10), and compare them in terms of efficiency

and position in wavelength, respectively. Evidently, increasing the size of the holes has

two striking consequences: (i) it significantly increases the amount of light transmitted

through the array and (ii) considerably widens the optical passband bandwidth of the

filter.

The increase in transmission is a direct consequence of using larger apertures: simply

more light can pass through the holes. Consider Figure 5.6a. Note that if the diameter

is smaller than 100 nm the transmission efficiency T is less than 1%. For small values

of diameter, the efficiency quickly increases by increasing the hole size. However, as the

diameter becomes larger than the distance between two adjacent holes (d > ax/2)2, the

ratio efficiency to diameter variation reduces and the transmittance seems to saturate at

approximately 90%. Due to the intrinsic absorption properties of the metal, the maximum

transmission efficiency of the array will never reach 100%3.

The inset in Figure 5.5a highlights the variation of the FWHM as a function of the di-

ameter. For diameters smaller than approximately 150 nm the slope diameter to FWHM

is about 1 : 1. However, above that threshold the FWHM has an increase that is ap-

proximately double the increase in diameter, i.e. if the diameter increases of 20 nm, the

bandwidth will approximately be 40 nm wider. For example, if the diameter changes from

2d > ax − d, 2d > ax, d > ax/2
3When the diameter equals the periodicity, i.e. the holes physically touch each other, due to the geometry
of the array and the shape of the apertures some metal is still present within the structure.
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Figure 5.5: Influence of the size of the holes on the optical response of the Sym-
SML structure. 2D plots and corresponding 2D images of the (a), (b) transmission, (c), (d)
reflection, and (e), (f) extinction efficiencies of a Sym-SML array as a function of wavelength
and diameter of the holes. The larger the holes the higher the transmission efficiency. However,
as the size of the holes increases also the FWHM of the filter increases, reducing its colour
selectivity (inset in (a)). Insets in (c) and (e) highlights the presence of a local resonance at
approximately λ = λRA,10 (indicated with the subscript ‘LR’ in the 2D images). Finally, insets
in (d) and (f) put in evidence the origin of the resonances 1 and 2 when d → 0. Simulation
parameters: ax = 340 nm, tm = 150 nm, holes filled with SiO2, tcap,SiO2 = 200 nm.
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maxima in extinction in the zero-order regime as a function of the holes’ size.
Comparison in terms of their (a) Efficiency and (b) Position in wavelength.

180 nm to 200 nm, the FWHM will extent from approximately 100-110 nm to almost 150

nm. In other words, for a relatively small increase in diameter of about 10%4 of its value,

the bandwidth of the filter will widen as much as to cover approximately half of the total

300-nm visible region instead of only one third. Therefore, the colour selectivity of the

array considerably degrades for large values of diameter. This also means that variations

in the size of the holes due to the fabrication process might result in a significant increase

of the FWHM of the filter.

The broadening of the bandwidth is a direct consequence of the split between the two

identifiable maximum peaks in transmission, named for simplicity Tpeak,1 and Tpeak,2 and

highlighted by the white cross and circle markers, respectively, in Figure 5.5b. According

to Garcia-Vidal et al. [21], the existence of these two regimes is given by the evanescent

field coupling through the holes of the SPPs at the top and bottom interfaces, which

results in coupled symmetric (long-wavelength) and antisymmetric (short-wavelength)

electromagnetic modes.

The set of images in Figure 5.7 represents the squared amplitude of the electric and

magnetic fields at the transmission maxima Tpeak,2 and Tpeak,1, in the XZ-plane and YZ

plane respectively, for a diameter d = 180 nm. Note that the charges’ configuration

reflects Garcia-Vidal et al. [21] observations. The short-wavelength peak (Tpeak,2) is the

4Standard etching tolerances ≤ 10%.
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Figure 5.7: Electromagnetic near-field patterns at the transmission maxima. Squared
amplitude of the electric and magnetic fields at (a) Tpeak,2 and (b) Tpeak,1.

antisymmetric mode while the long-wavelength peak (Tpeak,1) is the symmetric mode.

The antisymmetric mode display a higher concentration of the electric field at the top

and bottom edges of the holes with respect the symmetric one. This translates into a

higher extinction intensity.

As the diameter increases, the two peaks grow further and further apart, widening

the transmission passband of the array. On the other hand, when the diameter decreases

the two peaks converge to a unique value in wavelength coincident to the condition of

SPP excitation kSPP = |G10| (see insets in Figures 5.5d and 5.5f, and Figure 5.6b). In

other words, the spectral location of the SPPs in the corrugated surface tends to their

corresponding value for a single flat metal/dielectric interface, without holes [21]. This is

because when the holes size decreases the coupling through the holes between the plasmon

resonances of the top and bottom surfaces is reduced and, thus, the structure tends to

behave as a flat interface with no holes, i.e. tends to resonate at a single frequency.

The two peaks display, however, a different behaviour in wavelength. As the hole size

increases, Tpeak,1 steadily red-shifts in wavelength until it converges to a specific position.

On the other hand, Tpeak,2 - reasonably assuming that it behaves like its counterparts in

reflection and extinction since it is not easily identifiable for small diameters - red-shifts

for d < ax/2 (but slower than Tpeak,1) and then blu-shifts for d > ax/2. This suggests a
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change in the optical behaviour of the structure when the distance between the apertures

becomes smaller than the size of the apertures.

Figures 5.5d and 5.5f display the variation in reflection and extinction of the structure

as a function of wavelength and hole diameter. As highlighted in Figure 5.6, there is a

clear correlation between the maximum peaks in transmission, and minima and maxima

in reflection and extinction, respectively. Notice that the minima in reflection and the

maxima in extinction make their appearance before the structure begins to transmit and

are located at the same position in wavelength for small values of diameter. Moreover, it

is interesting to observe that these two features arise exactly at λ ≡ λmin,10↓ in the limit

d→ 0 (see insets of Figures 5.5d and 5.5f).

The purple vertical dashed and dashed-dotted lines represent the positions in wave-

length of the RA10 and λmin,10↓, respectively. As expected, the RA10 location is consistent

in all the simulations results independently of the holes’ size. On the contrary, the position

of λmin,10↓ appears to be in disagreement with the transmission data when the diameter

becomes significantly large, d > ax/2, because it does not correspond to a minimum any-

more (see Figures 5.5a and 5.5b). This is probably due to the fact that the formula for

the SPP propagation constant of the single flat interface does not consider the presence

of the holes and therefore it becomes less accurate as the holes’ size increases.

This should not come as a surprise because the holes effectively introduce ‘variations’

to the refractive index properties of the metallic layer. The plasmonic filter is a type of

artificial composite material and thus its optical properties might be better portrayed for

example by an effective medium approximation where the holes are seen as periodical

cylindrical ‘inclusion’ within a uniform metal layer. To the best of my knowledge an

analytical approximation for the dispersion relation of SPP on the surface of a 2D array

of nanoholes has not been reported yet, and the SPP dispersion relation for a single

flat interface is still considered the best approximation to evaluate the position of λmin,10

outside the metal wire mesh limit of the array.

As the diameter increases, the zero-T band decreases because λmin,10↓ blue-shifts. Is

the blue-shift consistent with an increase of the holes’ diameter? Intuitively, in the limit
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of a very large diameter, the wave vector kSPP at the interface will tend to the wave vector

of light in silicon oxide because the interface tends to disappear leaving a uniform silicon

dioxide medium. This is consistent with the observed blue-shift. Therefore increasing the

silicon oxide ‘inclusions’ leads to a reduction of the SPP propagation constant and thus

to a smaller SPP effective RI. Note however that in the limit of very large diameter both

the minima caused by the RA and the SPP cease to exist because the majority of the

light simply pass through the structure.

The black arrows in Figures 5.5a and 5.5c highlights the position of two minima, and

corresponding maxima, in the transmission and reflection spectra, respectively. These

minima do not correspond to any of the matching conditions for the diffraction orders

of the array and their positions are not affected by the variation in diameter. It can be

observed in Figure 5.1b that similar minima are also present at the same positions in

wavelength in the transmittance of the Sym-SML structure having periodicity ax = 420

nm. This suggests that they are not correlated to the excitation of surface resonances but

to a kind of ‘resonant destructive behaviour’ within the structure. Further considerations

will be drawn later on in this section, during the analysis of the influence of a silicon cap

layer and its thickness on the optical properties of the structure.

The dotted white line in Figure 5.5b represents the ideal cutoff wavelength of a

nanohole milled in a perfect conductor and filled with SiO2. The ideal cutoff wavelength

is defined as λcutoff = λco = 3.4rnhole, [21] where r is the radius of the hole and nhole is

the RI of the material inside the hole. However, in reality, studies demonstrated that

the cutoff wavelength of a nanohole is larger than the limit set for a perfect conductor

and depends on the type of metal layer [19,113,115]. In fact, the evanescent electric field of

localised plasmon resonances penetrates the metal, making the hole appear larger than it

is from an electromagnetic point of view. The penetration depth inside the metal δSPP,m,

also known as skin depth, can reach several tens of nanometers for some metals (and at

specific wavelengths). Therefore, at the nanoscale the skin depth’s effect on the hole size

must be considered.

The solid white line in Figure 5.5b represents a different, effective cutoff wavelength,

estimated as λco,eff = 3.4(r + 3δ̄SPP,Al)nhole where δSPP,Al ≡ δm is the skin depth of the
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SPPs inside the aluminium. In other words, the geometrical radius has been increased of

three times the average skin depth to take into consideration the non-ideality of the metal.

The skin depth is the depth at which the intensity of the electric field inside the material

falls to about 37% of its original value. Therefore, adding three times the average skin

depth is basically equivalent to increasing the radius of the full evanescent tail. Given

that the array does not begin to transmit until the diameter is larger than 100-120 nm

and that δ̄SPP,Al ≈ 12 nm in the visible range, this means that the geometrical diameter

had been subjected to an increase between 70% and ≈ 30% with the new formula and so

the cutoff wavelength. Above λco,eff the tails of the transmission curves now remain below

approximately 10%. Therefore, this new, effective cutoff seems to be a good approximation

to estimate the maximum wavelength limit of the transmission passband of the filter.

Clearly, the increase of the geometrical radius here is quite above the experimental values

of up to 41% from literature [115]. However, this λco,eff is just an estimate to roughly

evaluate the total bandwidth of the filter in wavelength and so it shall be considered.

Figures 5.5b, 5.5d and 5.5f display the variation in transmission, reflection and ex-

tinction of the structure as a function of wavelength and hole diameter. Consider the

triangle markers, indicated as TLR, RLR and ELR. These markers highlight the presence

of a narrow peak (or dip in case of reflection) in the transmission, reflection and extinc-

tion spectra, almost exactly at the occurrence of RA10. This feature become more visible

as the diameter increases and can be associated to a Localised Resonance (LR) of the

structure. Note that the position in wavelength of this local resonance is not affected by

variation in the holes’ size.

In summary, it has been observed that the structure displays a low stability to diameter

variations and, considering the increase in transmission versus the increase in bandwidth

per diameter enlargement, there is no advantage in choosing a larger diameter’s size.

5.3.2 Metal Thickness

The set of plots and images in Figure 5.8 establishes the influence of the thickness of the

metal layer on the optical response of the Sym-SML structure. Evidently, increasing the
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Figure 5.8: Influence of the metal thickness on the optical response of the Sym-
SML structure. 2D plots and corresponding 2D images of the (a), (b) transmission, (c), (d)
reflection, and (e), (f) extinction efficiencies of a Sym-SML array as a function of wavelength
and depth of the holes. The thicker the metal layer the lower the transmission efficiency. As
the depth of the holes increases, the resonant modes converge to a unique value in wavelength.
Simulation parameters: ax = 340 nm, d = 180 nm, holes filled with SiO2, tcap,SiO2 = 200 nm.
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depth of the holes decreases the amount of light transmitted by the filter. For a metal

thickness of 500 nm the transmission efficiency lowers below 10%.

The thicker the metal layer the higher the absorption of the structure. In fact, the

extinction efficiency increases with the thickness of the metal. The thickness of the metal

does not vary the diffraction properties of the top and bottom surfaces. Moreover, we

are considering the zero-order regime. Therefore, it is safe to assume that the increase in

extinction is given solely by an increase in absorption, which is directly correlated to the

higher amount of metal within the structure.

As the depth of the holes increases, the two initial resonant modes converge to a unique

value in wavelength. This results in a range of thickness - between approximately 220

and 300 nm - for which only one peak is present in the transmission spectrum and thus a

narrower spectral bandwidth down to 60 nm can be achieved. However, the efficiency is

quite low and limited to less than 35% due to the high absorption of the structure.

A single peak in transmission can also be observed for thin metal layers. According to

Garcia-Vidal et al. [21] this is because the EM field of the SPPs is radiated before having

the time to split into the two resonant regimes. Since the depth of the holes is of the

same order of magnitude of the SPP penetration depth inside the SiO2, the tails of the

SPPs modes inside the holes are very strong. As a consequence, top and bottom interfaces

resonate at the same wavelength.

In terms of resonant EM modes within the holes, the second peak Tpeak,2 does not make

its appearance in thin metal layers because the thickness of the structure is too thin. From

Figure 5.7a, this peak arises from two electric dipoles within the hole, one at the top edge

and the other at the bottom edge of the hole oriented in opposite directions. The opposite

orientation of the electric dipoles can only exists if there is enough retardation of the

electric field between the cavity extremeties. Therefore, if the layer is too thin a second

EM mode simply cannot be excited. The fact that, as the metal thickness increases,

a third peak (mode) makes its appearance in the optical spectra of the structure (at

approximately tm = 270 nm), supports this hypothesis. Note that the second and third

mode both arise exactly at the condition of SPPs excitation, λmin,10↓.
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Note that the effective cutoff wavelength λco,eff is again a very good estimate for the

maximum limit of the bandwidth in transmission. Also, the black arrows in Figures 5.8a

and 5.8c, that highlight the position of two minima, and corresponding maxima, in the

transmission and reflection spectra, respectively, are not affected by variations in the metal

thickness. Finally, a localised narrow resonance at approximately RA10 makes again its

appearance. Quite hidden in transmission, it becomes a distinctive trait in reflection and

extinction spectra for few values of metal thickness (approximately around tm = 200 nm)

and temporarily disappears when ‘new’ modes are excited in the holes (refer to Figures

5.8d and 5.8f).

5.3.3 Top cladding layer: thickness and RI

The set of plots and images in Figure 5.9 establishes the influence of the thickness of a

silicon dioxide SiO2 cladding layer on the optical response of the Symmetry-SML structure.

Evidently the silicon dioxide cap layer does not significantly affect the filtering properties

of the array, neither in terms of transmission efficiency nor in terms of bandwidth.

However, the thickness of the cladding layer does affect the side-bands at shorter

wavelengths. This suggest that the minima in that range of wavelengths are given by

resonant modes in the cap layer, between the top metal surface and the SiO2/air interface.

In fact, the number of minima increases with the thickness of the cap layer but disappear

when the layer become of infinite thickness, i.e. in absence of the interface.

Figure 5.10 shows the electric and magnetic fields at the minimum λ = 383 nm of the

Sym-SML structure having a SiO2 cap layer of 200 nm (one of the minima highlighted

with a black arrow in Figure 5.5a or Figure 5.8a). The images confirm the hypothesis of

a resonant mode in the cap layer, propagating along the y-direction.

Consider the white asterisk markers in the 2D images of Figure 5.9. They represents

the shift in wavelength of λmin,10↑, related to the SPPs at the top IIM interface as previ-

ously illustrated in Figure 5.4. The variation in wavelength of λmin,10↑ as a function of the

top cladding thickness, is consistent with the simulation results. Note that when λmin,10↑

is smaller than RA10, the beginning of the zero-T band is given by its position instead.
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Figure 5.9: Influence of the thickness of the SiO2 cap layer on the spectral features of
the Sym-SML structure. 2D plot and 2D images of the (a), (b) transmission, (c) reflection,
and (d) extinction efficiencies of a Sym-SML array as a function of wavelength and SiO2 cap
layer thickness. The thickness of the SiO2 cap layer does not significantly affect the transmission
efficiency and the optical bandwidth of the filter. Simulation parameters: ax = 340 nm, d = 180
nm, tm = 150 nm, holes filled with SiO2.

Let us now assume to ‘remove the symmetry’ and use a different material as cap layer.

Simulation results establish that - assuming an outer air environment - a cap layer with

a RI lower than the RI of the substrate layer does not affect the performance of the filter

in the EOT band because the IIM SPP dispersion relation will vary in a range shorter

than λmin,10↓. So what would happen if the RI of the cap layer was higher than the RI of

the substrate?
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Figure 5.10: Electromagnetic near-field patterns at the minimum λ = 383 nm.
Squared amplitudes of the electric and magnetic fields at the transmission minimum λ = 383 nm
show the presence of a propagating mode along the y-direction within the top SiO2 cap layer.

The set of plots and images in Figure 5.11 establishes the influence of the thickness

of a silicon nitride Si3N4 cladding layer on the optical response of a 150-nm Al nanohole

array on top of a glass substrate. Evidently the silicon nitride cap layer interferes with the

optical response of the array. It has been demonstrated previously that the propagation

constant of the SPPs in a IIM stack lies between the two ideal single flat interface solutions

corresponding to tcap = 0 and tcap = ∞. In the case of a SiO2 cap layer, this range does

not interfere with the EOT band of the filters because it belongs to wavelengths shorter

than λmin,10↓. However, in the Si3N4 case, the region of existence of the IIM SPPs solutions

overlaps with the EOT band.

Clearly, the minima resulting from the intersection of the additional wave vector G10

with the IIM numerical solutions intersect the EOT band and interfere with the optical

response of the system (see Figure 5.11b). It looks almost as if the IIM minimum λmin,10↑

is cutting its way through the EOT band, abating everything at its passage. Tpeak,1
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(d) E vs. λ vs. tcap,Si3N4

Figure 5.11: Influence of the thickness of the Si3N4 cap layer on the spectral re-
sponse of a 150-nm Al nanohole array on top of a glass substrate. 2D plot and 2D
images of the (a), (b) transmission, (c) reflection, and (d) extinction efficiencies of a 150-nm
Al nanohole array as a function of wavelength and Si3N4 cap layer thickness. The propagation
constant of the IIM SPPs at the top interface interferes with the EOT band of the filter when the
thickness of the Si3N4 cap layer becomes thicker than 40 nm. Simulation parameters: ax = 340
nm, d = 180 nm, tm = 150 nm, holes filled with SiO2.

remains ‘confined’ to Si3N4 thickness less than approximately 40 nm and completely

disappears above that. However, as the cap thickness increases, new narrower peaks

make their appearance in the EOT band at approximately tcap,Si3N4
= 90, 170 and 250

nm. Interestingly, at approximately tcap,Si3N4
= 150−160 nm there is only a single, narrow

peak in the EOT band, which also displays a good efficiency.

142



5.3. PARAMETRIC ANALYSIS

5.3.4 RI hole filling material

The set of plots and images in Figure 5.12 establishes the influence of the refractive index

of the filling material inside the holes on the optical response of the Sym-SML structure.

Literature suggests that by increasing the RI of the material inside the holes it is possible

to increase the transmission efficiency of the EOT peaks [108]. However, from Figure 5.12a

that does not seem to be entirely the case for this configuration. The transmittance

slightly increases when the RI goes from 1 to about 1.4 but then after a small stall it

starts instead to decrease when the RI of the hole filling material rises above 2.

However, simulation results suggest that replacing the SiO2 hole filling with a higher-

RI material could be the first step to improve the transmission efficiency of the device and

narrow its bandwidth. In fact, using a higher-RI material inside the hole optically ‘splits’

the two transmission modes observed in the Sym-SML. The higher the RI the larger

the spit between the two peaks. Moreover, the higher the RI the lower the transmission

efficiency of Tpeak,1. On the down side, the higher the RI the higher the number of modes in

the optical response of the array. These modes first appear in wavelength at approximately

λmin,10↓. Their efficiency in transmission is very low for this structural configuration, but

their presence is clearly highlighted in the reflection and extinction spectra.

Studies demonstrated that introducing a cladding layer equal to the substrate material

improves the SPP coupling between the two interfaces [84]. From the simulation study on

the SiO2 cap thickness (Figure 5.9) it can be observed that - even if the SiO2 cladding does

not significantly affect the bandwidth or the efficiency - the two peaks slightly approach

each other when the thickness of the cap layer becomes considerably thick. So, in this

case, would the removal of the SiO2 cap layer affect the splitting of the two peaks by

decreasing the coupling between the two interfaces? As it turns out: yes, it does.

Figure 5.13 establishes the influence of the refractive index of the filling material inside

the holes on the optical response of the Sym-SML structure but this time without the 200-

nm SiO2 cap layer. The removal of the cladding layer considerably improves the splitting

between the two peaks. Moreover, there is a slight boost in the transmission efficiency of

the Tpeak,2 mode for a range of RI between 1.8 and 2.2.
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Figure 5.12: Influence of the RI of the hole filling material on the spectral response
of the Sym-SML structure. 2D plots and corresponding 2D images of the (a), (b) transmis-
sion, (c), (d) reflection, and (e), (f) extinction efficiencies of a Sym-SML array as a function
of the RI of the hole filling material. Increasing the RI of the hole filling material red-shifts the
position of the maxima in transmission. Moreover, the higher the RI the larger the split between
the two peaks. Simulation parameters: ax = 340 nm, d = 180 nm, tm = 150 nm, tcap,SiO2 = 200
nm.

144



5.3. PARAMETRIC ANALYSIS

300 400 500 600 700 800
Wavelength (nm)

0

20

40

60

80

100

Tr
an

sm
itt

an
ce

 (%
)

holeRI=1
holeRI=1.2
holeRI=1.4
holeRI=1.6
holeRI=1.8
holeRI=2
holeRI=2.2
holeRI=2.4
holeRI=2.6
holeRI=2.8�

R
A

,1
0

�
m

in
,1

0

Air

SiO2

Si3N4

Al Al

Li
gh

tz

x

Al

tcap 
varies

Air

SiO2

SiO2

Al Al
Li
gh

tz

x

Al

tcap 
varies

Air

SiO2

SiO2

Al Al
hole 
RI

Li
gh

t

z

x

hole 
RI Al

Air

SiO2

Al Al
hole 
RI

Li
gh

t

z

x

hole 
RI Al

(a) Transmittance

300 400 500 600 700 800
Wavelength (nm)

1

1.5

2

2.5

H
ol

e 
R

I (
a.

u.
)

0

20

40

60

80

100

Tpeak,1
Tpeak,2
Tpeak,3
TLR

�
R

A
,1

0

�co
(r

+ 3�m
)

�
m

in
,1

0

(b) T vs. λ vs. RIhole

300 400 500 600 700 800
Wavelength (nm)

0

20

40

60

80

100

R
ef

le
ct

an
ce

 (%
)

(c) Reflectance

300 400 500 600 700 800
Wavelength (nm)

1

1.5

2

2.5

H
ol

e 
R

I (
a.

u.
)

0

20

40

60

80

100

Rmin,1
Rmin,2
Rmin,3
RLR
�

R
A

,1
0

�
m

in
,1

0

(d) R vs. λ vs. RIhole

300 400 500 600 700 800
Wavelength (nm)

0

20

40

60

80

100

Ex
tin

ct
io

n 
Ef

fic
ie

nc
y 

(%
)

min,10(Al/air)
{k0nSIO2  G10}

min,10(Al/SiO2)

(e) Extinction efficiency

300 400 500 600 700 800
Wavelength (nm)

1

1.5

2

2.5

H
ol

e 
R

I (
a.

u.
)

0

20

40

60

80

100

Emax,1
Emax,2
Emax,3
ELR

�
R

A
,1

0

�
m

in
,1

0

(f) E vs. λ vs. RIhole

Figure 5.13: Influence of the RI of the hole filling material on the spectral response
of a 150-nm Al nanohole array on top of a glass substrate, i.e. a Sym-SML type
of structure without the SiO2 cap layer. 2D plots and corresponding 2D images of the
(a), (b) transmission, (c), (d) reflection, and (e), (f) extinction efficiencies of a 150-nm Al
nanohole array as a function of the RI of the hole filling material. The removal of the SiO2 cap
layer increases the splitting of the two resonances by decreasing the coupling between the two
interfaces. Simulation parameters: ax = 340 nm, d = 180 nm, tm = 150 nm, no cap.
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5.4 Summary

Sym-SML PCFs are one of the most promising alternative to polymer-based filter technolo-

gies, however, they have some limitations. Their transmission efficiency is still relatively

low and their bandwidth relatively broad when compared to commercially available filter

technologies, making them unfit for multispectral applications. In this chapter, a com-

prehensive simulation analysis on the influence of geometrical and physical parameters on

the optical response of Sym-SML arrays have been presented.

Table 5.1 summarise the dependence of the Sym-SML structure on its structural pa-

rameters. Increasing the size of the holes could considerably increase the transmission

efficiency of the filter but it also significantly degrades its colour selectivity, therefore it

is not advantageous at this stage to choose a larger value of diameter. The metal thick-

ness strongly affects the extinction/absorption properties of the array. The thicker the

metal, the higher the absorption and thus the lower the transmittance. Therefore, even

if it could be possible to achieve narrower bandwidths by using a thicker metal layer this

would not be a convenient trade-off. In fact, no matter what other optimisation would

be implemented, it will not be possible to reduce the absorption further down - and thus

increase the transmittance of the filter. This is because the absorption is directly related

to the amount of metal present in the structure. On the other hand, using a thin metal

layer can significantly improve the efficiency of the filter in transmission.

Using a cap layer having a RI equal or smaller than the RI of the substrate material

does not significantly affect the lineshape nor the efficiency of the filter. On the contrary,

implementing a thick cap layer having RI higher than the substrate can strongly interfere

with the spectral features of the EOT band. Interestingly, for a small range of Si3N4 cap

thickness (approximately around 150-160 nm) a single, narrow peak can be distinguished

in the EOT band. Therefore, it is important to consider the dielectric environment of the

filters in case the application requires integration within another device.

Finally, it has been observed that by removing the top cladding layer - to reduce the

coupling between interfaces - and utilising a higher refractive index material inside the
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5.4. SUMMARY

Structural Parameters

Diameter Metal Thickness SiO2 cap layer Si3N4 cap layer Hole RI

d↗ tm ↗ tcap,SiO2
↗ tcap,Si3N4

↗ RIhole ↗

Efficiency ↗ ↘ → → →

FWHM ↗ ↘ → ↘ ↗↘

Table 5.1: Influence of the structural parameters on the transmittance of the Sym-
SML structure. When the diameter d increases, the transmission efficiency increases but also
the bandwidth. On the other hand, when the metal thickness tm increases, both efficiency and
FWHM decrease. A SiO2 cap layer does not affect the performance of the filter. On the contrary,
a Si3N4 cap layer can significantly vary the optical response of the filter: the FWHM can be
reduced but the thicker the layer the higher the number of resonant modes in the EOT band.
Increasing the RI of the hole filling material can improve the lineshape of the filter.

nanoholes might be extremely advantageous to split the two resonant modes in transmis-

sion. The separation in wavelength of the two peaks might lead to a single-peak passband

filter and thus to a higher colour selectivity.

The above considerations are extremely important for the improvement of the filters

and represent the basis for the development of novel plasmonic colour filters, as it will be

demonstrated in the next chapter.
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Chapter 6
2D Hexagonal Nanohole Arrays:

A Change in Dielectric Environment

In the last chapter, 2D hexagonal arrays of subwavelength nanoholes milled in a 150-nm

thick Al layer have been examined through a comprehensive parametric analysis. The

objective of the simulation study was to provide an overview of the spectral characteris-

tics of the filters and their parametrical dependences but, also, to identify a novel way

to improve their optical performance. More specifically, increasing their transmission ef-

ficiency and narrowing their optical bandwidth, in order to make them more suitable for

integrated multispectral applications.

In this chapter, a novel and more selective nanostructure for filtering light in the visible

range is presented. The structure is also based on a 2D hexagonal array of subwavelength

nanoholes, but the metallic layer has been thinned down to few tens of nanometers, a

higher-RI material is used as hole filling material and asymmetry has been introduced

between the two metal/dielectric interfaces by using a higher-RI cap layer. As a conse-

quence, different physical mechanisms aid the transmission process.

Section 6.1 recapitulates the observations derived from the parametric analysis of

the previous Chapter, describes step-by-step the modifications imposed to the Sym-SML

structure and compares the results. Section 6.2 correlates the SPPs modes at the bottom

and top interfaces with the appearance of minima in transmission. The electromagnetic

near-field patterns at specific points of interest are examined in Section 6.3. Section
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6.4 is a detailed parametric analysis of the novel asymmetric, thin-metal layer structure

and presents the dependence of the optical response on its geometric and constitutive

parameters, namely diameter, metal thickness, and also cladding and hole filling materials.

Finally, the main observations and remarks are summarised in Section 6.5.

6.1 Introduction

The parametric analysis in Chapter 5 established that the transmission efficiency of the

Sym-SML structure could be increased by either increasing the size of the holes or reducing

the thickness of the metal layer. On the other hand, the FWHM could be reduced by

increasing the metal thickness or by using either a high-RI cap layer either a high-RI

material inside the holes. Increasing the diameter of the holes significantly increases the

transmission efficiency of the filter, however it also significantly broadens its passband.

Similarly, increasing the thickness of the metal layer can narrow the FWHM of the filter

but also considerably reduce its efficiency in transmission because of the higher absorption

caused by the higher amount of metal present in the structure. Therefore, both of these

options have been discarded.

Simulation results suggested that the efficiency of the filter in transmission would

benefit if a thinner layer of metal was used. Therefore, to improve the efficiency of the

filter, it has been decided to reduce the amount of metal within the structure, and thus

the metal has been thinned down to 40 nm. The 40-nm thickness has been chosen because

it is thin enough to reduce the absorption losses but thick enough to be approximately

3-4 times the SPP penetration depth inside the Al. In this way, the metal layer can still

be considered as an half-space material and it does not allow SPP coupling between the

top and bottom interfaces1.

In addition, to narrow the bandwidth, the SiO2 hole filling has been replaced with a

higher RI material. Simulation data suggested that the best choice for a high-RI material

- in terms of either transmission efficiency and bandwidth - would be for it to have a

RI of approximately 2. Si3N4 has a RI between 2-2.1, accordingly to the deposition

1Refer to Figure 3.10.
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process utilised [177]. Moreover, it is already a well-known and standard material in CMOS

fabrication, commonly used in CMOS image sensors, for example, as a dielectric spacer

between the metal layer or as a passivation layer [178]. This means that Si3N4 matches all

the necessary requirements and thus it has been chosen as the higher-RI material.

However, simulation results also established that the number of resonant modes within

the structure depends on its thickness. Previous studies compared the subwavelength holes

of plasmonic filters to resonant cavities in which the top and bottom surfaces - thanks

to the presence of surface plasmon waves - behave like mirror-like interfaces [84]. As a

consequence, the depth of the holes represents the length of the cavity. This implies that

it might be necessary to ‘maintain’ the cavity length in order to either see the appearance

of a certain mode or either avoid a possible interference introduced by the presence of a

supplementary resonant mode.

Therefore, to increase the total thickness of the cavity, it has been decided to introduce

a cladding layer made of the same high-RI material of the hole filling material on top of the

40-nm metal layer. Similarly to a slab waveguide, the difference in permittivities between

the high-RI material and the substrate (at the bottom) and the outer air environment

(at the top) provides (enhances) electromagnetic confinement. In this way, it is as if the

cavity - represented by the hole - would virtually extend to the top surface of the cladding

layer so that the total thickness of the structure ttot = tcap + tm will act as the effective

cavity length of the resonator.

Figure 6.1 compares the transmission characteristics of two SML structures - having

silicon nitride inside the holes and a metal thickness of (i) 150 nm2 and (ii) 40 nm - with

respect to the new configuration (iii). The new configuration presents a single, narrow

peak within the waveband of interest and thus has a relatively higher optical selectivity

with respect the other two configurations. Note the effect that the Si3N4 cap layer has

on the optical response of configuration (iii) with respect configuration (ii). Without the

cap layer there is no narrow peak, because the total thickness of the cavity is not large

enough to excite this mode. On the other hand, note that Tpeak,2 arises at approximately

2Note that the SiO2 cap has been removed from the Sym-SML structure in order to reduce the coupling
between top and bottom interfaces.
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Figure 6.1: From broad- to narrow-band plasmonic colour filters. (a) Top view (right)
of a hexagonal nanohole array and cross-sections for three different configurations of plasmonic
filters on half-space SiO2 substrates having silicon nitride inside the holes and a metal thickness
of (i) 150 nm and (ii), (iii) 40 nm. The latter configuration is also capped with a 110-nm Si3N4
layer. (b) Comparison of the transmission efficiencies of the three configurations of HNAs. The
introduction of a high-RI material results in narrower passband features when the total thickness
of the structure is large enough to allow the excitation of the second resonance Tpeak,2. For all the
structures: periodicity ax = 340 nm and diameter d = 180 nm. The vertical lines represent the
positions in wavelength of the minima corresponding to RA10 and the conditions of excitation
of SPPs at the bottom and top interfaces.

the same resonant wavelength for configurations (i) and (iii), which have the same total

stack thickness and the same hole filling material. Therefore, this resonance is highly

dependent on the total stack thickness and the hole filling material, in the same way that

the resonance of a cavity resonator depends on its effective length and its material.

Configuration (iii) utilises a thin metallic layer of 40 nm to reduce the absorption

losses of the filter but has a total stack thickness of 150 nm. The 150-nm value has been

chosen accordingly to the simulation data on the effect of a Si3N4 cap thickness on the

optical response of the Sym-SML structure3 where for a Si3N4 thickness of 150 nm the

transmission spectrum displayed a single narrow peak within the EOT band. From now

onward configuration (iii) will be referred to as the Asym-(thin)SML structure because of

the asymmetry between the top and bottom interfaces in terms of pair of materials and

the thin metal layer used.

As expected, the positions of λRA,10 and λmin,10↓ are unchanged with respect the Sym-

SML structure presented in the previous Chapter. This is because the type of metal,

3Refer to Section 5.3.3

151



6.2. CHARACTERISTIC TRAITS IN THE EOT SPECTRA

substrate and periodicity are the same. In contrast, the top interface introduces a new

minimum in the optical spectra. Configurations (i) and (ii) have a top Al/air interface.

Since the dispersion relation kSPP[Al/air] is smaller than kSPP[Al/SiO2], the corresponding

minimum λmin,10(air)↑ appears at a shorter wavelength than λmin,10↓.

On the other hand, the insulating material at the top metal/dielectric interface of

the Asym-(thin)SML structure has a higher-RI than SiO2. Therefore, the new minimum

related to the top interface appears at a wavelength longer than λmin,10↓, within the EOT

band. However, the top interface of the Asym-(thin)SML structure can not be modelled

as single interface between two half-space materials, because the thickness of the Si3N4

cap layer is of the same order of magnitude of the SPPs penetration depth. Therefore, to

evaluate λmin,10↑ of (iii) the top interface has to be modelled as an IIM stack.

6.2 Characteristic Traits in the EOT Spectra

Figure 6.2 highlights the correlation between the excitation of SPPs, the occurrence of

RAs, and the appearance of minima in the optical response of the Asym-(thin)SML

structure in transmission. The letter A represents the position of λRA,10 while the letter

B represents the position of λmin,10↓, where the symbol ↓ indicate that it refers to the

bottom interface of the structure. λRA,10 and λmin,10↓ are the same as in the case of the

Sym-SML structure because the type of metal, substrate and periodicity are the same.

As expected, the introduction of a higher-RI (than the substrate) cap layer caused

the appearance of a second minimum in transmission at longer wavelengths with respect

λmin,10↓. However, since the Si3N4 cap thickness is of the same order of magnitude of the

SPPs penetration depth inside the silicon nitride4, the tail of the surface wave can ‘feel’

the outer air environment. As a consequence, the top interface cannot be considered a

single interface between two half-space materials but has to be modelled as a IIM stack,

as described in Section 3.7.4. The letter C1 indicates where would be the position of

the minimum in case of a top single interface between Al and Si3N4, while the letter

C2 indicates the position λmin,10↑ - where the symbol ↑ indicate that it refers to the top

4Refer to Figure 3.5.
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Figure 6.2: Minima in transmission and IIM SPPs in the Asym-(thin)SML struc-
ture. (a) Correlation between the excitation of SPPs, the occurrence of RAs, and the appearance
of minima in transmission. The letter A represents the position of λRA,10 while the letter B rep-
resents the position of λmin,10↓. The letter C1 indicates where would be the position of the
minimum in case of a top single interface between Al and Si3N4. On the other hand, the letter
C2 indicates the position λmin,10↑ of the ‘real’ minimum given by the excitation of the SPPs
at the top IIM interface. SPPs dispersion relations and light lines are labelled in the Figure,
as well as the vertical, dashed-dotted black lines that represent the additional wavevectors Gij
provided by the periodicity of the array. (b) Right image: schematic diagram of SPPs at the top
air/Si3N4/Al IIM interface. Left plot: numerical solutions of the SPPs at the top IIM interface
as a function of the Si3N4 cap thickness. The solutions tend to kSPP(Al/air) for thin cap layer
and converge to kSPP(Al/Si3N4) as the thickness of the cap layer increases and become larger than
the δSPP inside the Si3N4 layer. For both the plots, the angular frequency ω is normalised to
the plasma frequency of Al ωp = 12.04 eV [174]. Wavevectors are normalised by 2π/ax.
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interface of the structure - of the actual minimum given by the excitation of the SPPs at

the top IIM interface.

The numerical solutions of the IIM air/Si3N4/Al interface are plotted in Figure 6.2b

as a function of the Si3N4 cap thickness. Note that the dispersion relations of the IIM

SPPs as a function of the Si3N4 cap thickness lie in between kSPP(Al/air) and kSPP(Al/Si3N4).

If the Si3N4 cap thickness tends to zero the solutions tend to the propagation constant

kSPP(Al/air). On the other hand, if the Si3N4 cap thickness becomes larger than the SPPs

penetration depth δSPP inside the Si3N4, the numerical solutions converge to kSPP(Al/Si3N4).

It has been established in Section 3.6 that the SPP dispersion relation of a single interface

proportionally increases or decreases as a function of the RI of the dielectric layer if the

metal remains the same. This means that in the IIM case, if the cap is thin enough so

that the tail of the SPP can ‘feel’ the air environment, the effective refractive index of the

top interfaces lowers as a function of the cap thickness. As a consequence, the thinner

the cap layer, the higher the blu-shift in wavelength of λmin,10↑ with respect the the single

interface value.

Note that the resonance Tpeak,2 appears between the two minima λSPP,10[Al/SiO2] and

λSPP,10[Al/110nmSi3N4/air]. This is an extremely interesting feature because it allows to

locate the peak independently of all the geometrical parameters of the structure [179].

6.3 Electromagnetic Near-Field Patterns

Physical insights can be obtained from the electric and magnetic near-field pattern of the

structure. Figures 6.3a and 6.3b show the squared amplitudes of the electric and magnetic

fields at the transmission maxima Tpeak,2 and Tpeak,1 of the Asym-(thin)SML structure, in

the XZ-plane and YZ-plane respectively.

The charge configurations and the electric field lines at the top and bottom interfaces

are similar to that in the Sym-SML case (refer to Figure 5.7). The short-wavelength peak

is still the asymmetric mode, while the long-wavelength peak is the symmetric mode. For

Tpeak,1, the magnetic field is still concentrated at the sidewalls of the hole in the YZ-plane

while an electric dipole arise inside the hole in the XZ-plane. On the other hand, at
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Figure 6.3: Electromagnetic near-field patterns at the transmission maxima. Squared
amplitude of the electric and magnetic fields at (a) Tpeak,2 and (b) Tpeak,1. (c) Squared amplitude
of the electric and magnetic fields, and respective components, at the transmission maximum
Tpeak,3 nm show the presence of a propagating mode along the y-direction within the top 110-
nm Si3N4 cap layer. The white arrows in the background represent the electric and magnetic
vectors potential, respectively. The green circle represents an electric current loop, while the
green arrow an electric dipole. Direction of electric field lines at the metal/dielectric interfaces
are highlighted with yellow arrows.

Tpeak,2, an electric displacement current loop appears inside the hole, centred between the

bottom and the top interface, which induces an orthogonally-oriented magnetic dipole

moment.

In the transmittance of the Asym-(thin)SML structure plotted in Figure 6.2a, a third

peak is visible just before Tpeak,2. Figure 6.3c shows the electric and magnetic fields at

the this maxima Tpeak,3. Note that in this case a propagating mode inside the Si3N4 cap,

along the y-direction, is discernible from the EM patterns, similarly to the one observed
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in the SiO2cap layer for the Sym-SML case. However, in that case the peak appeared

outside of the EOT band.

6.4 Parametric Analysis

In this Section, a parametric analysis to study the influence that different geometric and

physical parameters have on the optical response of 2D hexagonal Asym-(thin)SML arrays

is presented. As for the case of the Sym-SML architecture, this study is used to analyse

the device performance within different sets of parameters to identify the best solution

for a specific application and to establish educated guesses for possible improvements

and developments. For every parameter, the performance will be evaluated in terms of:

(i) efficiency, (ii) optical bandwidth of the filter and (iii) stability to process variations.

An analysis of the physical mechanisms involved in the transmission process will also be

attempted by identifying characteristic traits and behavioural patterns.

6.4.1 Cap Layer Thickness and Cavity Length

In Chapter 5 it has been observed that a Si3N4 cap layer strongly affects the optical

response of the Sym-SML filter in the EOT band. New resonances appear and the number

of resonances depends on the thickness of the cap layer. The thicker the cap layer the

larger the number of resonances within the structure. Therefore, it is fair to assume that

the cap layer thickness is the parameter that will mostly affect the optical response of the

Asym-(thin)SML structure.

The set of plots and images in Figure 6.4 establishes the influence of the thickness of

the top cap layer on the optical response of the Asym-(thin)SML structure. The white

stars indicate the position of λmin,10↑ as a function of the Si3N4 cap layer. Note how the

variation of λmin,10↑ is a perfect fit for a minimum in transmission.

For a total stack thickness ttot = tm + tcap less than approximately 90 nm (tcap = 50

nm) there is only one peak in transmission, Tpeak,1, at wavelengths longer than λAl/Si3N4
.

In absence of the cap, Tpeak,1 appears approximately at the condition kSPP(Al/Si3N4) = G10.
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Figure 6.4: Influence of the thickness of the Si3N4 cap layer. 2D plots and corresponding
2D images of the (a), (b) transmission, (c), (d) reflection, and (e), (f) extinction efficiencies of
a Asym-(thin)SML array as a function of the Si3N4 cap layer thickness. Simulation parameters:
ax = 340 nm, d = 180 nm, tm = 40 nm, holes filled with Si3N4.
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According to the EM of Figure 6.3b, Tpeak,1 arises from the oscillation of an electric dipole

along the x-direction in between the sidewalls of the holes. This mode does not have a

cut-off. On the other hand, Tpeak,2 requires a stack thick enough to allow to generation of

the electric displacement current loop between the bottom interface and the top surface

of the cap layer. In fact, this resonant mode makes its appearance only for ttot > 90 nm.

As the Si3N4 cap thickness increases, new resonant modes arises. Note that each of

these modes, including Tpeak,2, appears at λmin,10↓ and then redshifts in wavelength as

the stack becomes thicker. However, these modes remain confined between λmin,10↓ and

λmin,10↑.

For a range of thickness between 90 < ttot ≤ 140 nm there is only one peak in the EOT

band between λmin,10↓ and λmin,10↑. This is the ‘optimal’ range to avoid the appearance

of other resonant modes but only for the periodicity under analysis, i.e. ax = 340 nm. In

fact, it is well-known that cavity-based resonances occur when the length of the cavity is

an integral number of half-wavelength of the wave. The effective optical length of a cavity

mode can be approximated as heff ≈ αλres/(2n), where α is a positive integer larger than

zero, λres is the resonant wavelength of the peak and n is the RI of the material inside the

cavity. Therefore, for a constant RI n, the shorter the resonant wavelength, the smaller

the cavity length needed to sustain a mode and vice versa.

Hence, the question at which we need to find an answer is: is there a value of thickness

for which the Asym-(thin)SML structure display a single-peak characteristic in the EOT

band that is suitable for the entire visible range? In order to provide an adequate answer

we should analyse the behaviour of the structure at different working wavelengths: one

at the lower limit of the visible spectrum, in the blue regime, and another at the upper

limit, in the red regime.

The two plots in Figure 6.5 establish the influence of the thickness of the top cap layer

on the optical response of the Asym-(thin)SML structure in the blue and red regimes of

the visible spectrum, respectively. As expected, in the blue range Tpeak,2 makes its first

appearance for lower values of total thickness, with respect the previous case, while in

the red part of the spectrum for higher values. We establish that a Si3N4 cap thickness of
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Figure 6.5: Influence of the thickness of the Si3N4 cap layer. 2D images of the transmis-
sion efficiency of a Asym-(thin)SML array as a function of the Si3N4 cap layer thickness for peri-
odicities ax of (a) 280 nm and (b) 480 nm. Simulation parameters: diameter d = round(ax/1.8)
nm, Al thickness tm = 40 nm, holes filled with Si3N4.

100 nm is the best choice to optimise the performance of the Asym-(thin)SML filter for

the whole visible regime.

6.4.2 Metal Thickness

We have seen in the previous Section that the total stack thickness of the structure has a

significant effect on the optical properties of Asym-(thin)SML PCFs. However, the total

thickness of the stack cannot only be varied as a function of the Si3N4 cap thickness but

also as a function of the metal thickness tm. The set of plots and images in Figure 6.6

establishes the influence of the thickness of the metal layer on the optical response of the

Asym-(thin)SML structure.

Comparing this simulation study with the one in the previous Section, it is evident

that increasing the total stack thickness through the increase of the metal thickness does

not affect the performance of the filter in the same way. First of all, as the metal thickness

increases the transmission efficiency decreases. Also, unlike the previous case, it appears

that only one resonance at the time occupies the EOT band between λmin,10↓ and λmin,10↑.

The resonance appears at λmin,10↓. As the total stack (metal) thickness increases, the reso-

nance redshifts. It increases in intensity. It reaches the maximum efficiency in the middle

of the EOT band and then the efficiency begins to decrease, until the resonance disappears
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Figure 6.6: Influence of the thickness of the metallic layer on the optical response
of the Asym-(thin)SML structure. 2D plots and corresponding 2D images of the (a), (b)
transmission, (c), (d) reflection, and (e), (f) extinction efficiencies of a Asym-(thin)SML array
as a function of the thickness of the metal layer. Simulation parameters: ax = 340 nm, d = 180
nm, tcap = 100 nm, holes filled with Si3N4.
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next to the upper limit of the waveband. As the resonance decreases, a new resonance

arises at the lower limit of the waveband which goes through the same behavioural path,

and so on.

Another major difference lies in the fact that - in both the reflection and extinction

spectra - the new resonances of the system, that before were entirely confined between

λmin,10↓ and λmin,10↑, are now crossing the upper limit and converge to the same position

in wavelength as Tpeak,1.

In this case the Si3N4 cap thickness is constant and has a value of 100 nm for which the

only resonance in the EOT band between λmin,10↓ and λmin,10↑ - for the Asym-(thin)SML

structure having ax = 340 nm and tm = 40 nm - is Tpeak,2. In addition, EM fields in

Figure 6.3c already confirmed the resonance connected to the appearance of a third peak

- unlike Tpeak,2 that is resonant cavity mode - is given by a propagating mode in the Si3N4

cap layer. Therefore, it should not come as a surprise that the Tpeak,3 resonance does not

appear in this case.

6.4.3 Diameter

The set of plots and images in Figure 6.7 establishes the influence of the size of the holes

on the optical response of the Asym-(thin)SML structure. As expected, as the diameter

increases, the transmission efficiency of the filter increases. However, the transmission

efficiency of Tpeak,1 grows significantly faster than Tpeak,2. As a consequence, Tpeak,1 prevails

over the other peak as the diameter becomes larger than the distance between two adjacent

holes (d > ax/2).

Note that in comparison with the Sym-SML array, the Asym-SML structure starts

transmitting at smaller diameter values. In fact, in this case, for a diameter d = 100 nm

the transmittance of the second peak has almost reached an efficiency of 10% while in the

previous case for the same size of the holes the structure just started to transmit, with a

transmittance of less than 1%. This is probably due to the higher-RI material inside the

holes which makes the holes ‘appear larger’ by increasing their cutoff wavelength.

Figure 6.8a compares the FWHM of Tpeak,1 and Tpeak,2 as a function of the holes’ size.
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Figure 6.7: Influence of the size of the holes on the optical response of the Asym-
(thin)SML structure. 2D plots and corresponding 2D images of the (a), (b) transmission;
(c), (d) reflection and (e), (f) extinction efficiencies of a Asym-(thin)SML array as a function of
wavelength and diameter of the holes. The larger the holes the higher the transmission efficiency.
However, for d > ax/2 the first peak introduces a considerable amount of colour cross-talk that
reduces the optical selectivity of the filter. Simulation parameters: periodicity ax = 340 nm,
diameter d = 180 nm, Al thickness tm = 40 nm, holes filled with Si3N4, tcap,Si3N4 = 100 nm.
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Figure 6.8: FWHM and peaks’ position as a function of the diameter. (a) FWHM and
(b) Correlation between the position of peaks in transmission, minima in reflection and maxima
in extinction in the zero-order regime as a function of the holes’ size.

The FWHM of the first peak greatly increases as the diameter increases. On the other

hand, the FWHM of Tpeak,2 remains fairly constant, displaying a maximum deviation

from the mean value of merely ± 5-6 nm. In addition, the resonant wavelength λ{Tpeak,2}

undergoes a very small variation in wavelength, with a maximum deviation of only ± 8

nm. These features are extremely interesting because they ensure the stability of the peak

towards possible process variations during the fabrication.

Figure 6.8b shows the correlation between the position of peaks in transmission, min-

ima in reflection and maxima in extinction in the zero-order regime (λ > λRA,10). Ev-

idently, Tpeak,1 and Tpeak,2 display a different behaviour in wavelength as a function of

the diameter. As the hole size increases, Tpeak,2 remains basically constant while Tpeak,1

red-shifts for d < ax/2 and blue-shifts for d > ax/2, quickly approaching the second peak.

To maximise the distance between the two peak it would be better to chose a diameter

equal to the distance between two adjacent holes, i.e. d = ax/2.

Finally, notice the presence of two localised resonances at approximately λRA,10 and

λmin,10↓. The presence of a local resonance at the condition λ = λRA,10 was already

observed during the analysis of the diameter dependence for the Sym-SML structure.

However, the resonance at λ = λmin,10↓ did not appear in the optical response of the Sym-

SML structure. This resonance is extremely narrow and significantly strong in either

reflection and extinction. The positions of both the resonances are unaffected by the size
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of the holes. However, the intensity increases as the size of the holes increases.

6.4.4 Array Periodicity

The set of plots and images in Figure 6.9 establishes the influence of the periodicity on the

optical response of the Asym-(thin)SML structure. As explained previously, varying the

periodicity shifts the optical response of the filter along the electromagnetic spectrum5.

The smaller the periodicity the shorter the working wavelength of the device. In this

case, the total stack of the structure is maintained constant to 140 nm (tm = 40 nm

and tcap = 100 nm) as well as a periodicity to diameter ratio equals 1.8 . Note that, in

the visible range, the filters efficiency remains quite constant in the 40-45% range. The

FWHM is wider at shorter wavelengths and lessen as the periodicity increases. However,

it is still confined in quite a small range, between 25 and 35 nm (refer to Figure 6.10a).

As expected Tpeak,2 remains confined between λmin,10↓ and λmin,10↑. However, the peak

is closer to the upper limit in the short wave regime and tends to approach the lower

limit as the periodicity increases. Figure 6.9e compared the lineshape of Tpeak,2 as a

function of wavelength. The peaks have been overexposed by normalising the wavelength

to λ − λmin,10↓ and confirm the previous observation on the position of the peak. Tpeak,2

leans towards λmin,10↓ at shorter wavelength and towards λmin,10↑ at longer wavelengths

and presents a hint of a new resonance pushing the peak from the left side. Note that

for ax = 340 nm, i.e. for the periodicity at which we have optimised the device, Tpeak,2

is approximately at half way between the λmin,10↓ and λmin,10↑. Would it be possible to

maintain Tpeak,2 at half way between the two minima for each value of periodicity?

The set of plots and images in Figure 6.10 establishes the influence of the periodicity on

the optical response of the Asym-(thin)SML structure but this time the total stack of the

structure varies with the periodicity. Note that now Tpeak,2 remains at approximately half

way between λmin,10↓ and λmin,10↑ for every value of periodicity. Figure 6.10e compared the

lineshape of Tpeak,2 as a function of wavelength. Note that now the lineshape is constant

with the periodicity. This has been obtained by varying the thickness of the Si3N4 cap

5Refer to Section 3.8.3
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Figure 6.9: Tuning the optical response of the Asym-(thin)SML structure in wave-
length. 2D plots and corresponding 2D images of the (a), (b) Transmission; (c) Reflection and
(d) Extinction efficiencies of a Asym-(thin)SML array as a function of wavelength and array
periodicity. The smaller the periodicity, the shorter the resonant wavelength(s) of the filter. (e)
Lineshape comparison of Tpeak,2 as a function of wavelength. The peaks have been overexposed
by normalising the wavelength to λ − λmin,10↓. Tpeak,2 leans towards λmin,10↓ at shorter wave-
length and towards λmin,10↑ at longer wavelengths. Simulation parameters: d = round(ax/1.8),
Al thickness tm = 40 nm, holes filled with Si3N4, tcap,Si3N4 = 100 nm.
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Figure 6.10: Tuning the optical response of the Asym-(thin)SML structure in wave-
length. 2D plots and corresponding 2D images of the (a), (b) Transmission; (c) Reflection and
(d) Extinction efficiencies of a Asym-(thin)SML array as a function of wavelength and array
periodicity. The smaller the periodicity, the shorter the resonant wavelength(s) of the filter. (e)
Lineshape comparison of Tpeak,2 as a function of wavelength. The peaks have been overexposed
by normalising the wavelength to λ− λmin,10↓. The lineshape is now constant with the period-
icity. Simulation parameters: d = round(ax/1.8) nm, Al thickness tm = 40 nm, holes filled with
Si3N4, tcap,Si3N4 = round(ax ∗ 0.23 + 23) nm.
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layer. The shorter the working wavelength the thinner the cap layer, and vice versa

at longer working wavelengths. Now the FWHM is confined in an even smaller range,

between 30 and 35 nm, while the transmission efficiency lies mainly around 45%. The ratio

periodicity to cap thickness (total stack thickness) have been calculated by optimising the

structure in the blue and red regime and then evaluating the linear relationships between

them.

Notice that the intensity of Tpeak,1 varies also with the periodicity. The smaller the

periodicity the higher the transmission efficiency of Tpeak,1. This appears somehow con-

tradictory to what it has been observed in the diameter study of Section 6.4.3 where the

smaller the diameter the lower the transmission intensity of the peak; because if that was

the case the maximum intensity of Tpeak,1 should be lower when the periodicity (and thus

the diameter) is smaller. Instead, it appears that the actual relationship between the

diameter and the transmission efficiency of Tpeak,1 is: the smaller the distance between

the holes the higher the transmission efficiency. In fact, when the diameter increases, the

distance between the holes decreases and the intensity increases. Similarly, the smaller

the periodicity, the smaller the size of the holes but also the shorter the distance between

the holes and thus the higher the intensity. This suggests that the total transmittance

at Tpeak,1 does not come solely from the electric dipole in between the sidewalls of the

holes, but also from another ‘source’, placed on the top surface of the metal layer. Note

in Figure 6.3b the magnetic dipoles that arise in between the holes, on the top surface of

the metal layer. Simulation results then suggest that these magnetic dipoles are the main

responsible to the transmittance of Tpeak,1.

6.5 Summary

The simulation study on the Asym-(thin)SML structure provided an overview on the

spectral characteristic of the filters and their parametrical dependencies. It has been

observed that the asymmetry between the bottom and top metal/dielectric interfaces

splits the two peaks in transmission - observed in the Sym-SML structure - and confines

the narrower peak in wavelength, between the SPPs (1,0) minima of the two interfaces.
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The whole bandwidth of this peak is thus given by the distance between those two minima.

This notion is extremely helpful to locate the position of the narrow peak in transmission

because - independently of the geometrical parameters - it will always appear in that

range of wavelengths.

It has also been observed that the total stack thickness of the filter - given by the sum

of the metal thickness and the Si3N4 cap thickness - strongly affects the position of the

narrow peak within the aforementioned range. The peak makes its appearance right next

to the condition of existence of the SPP at the bottom interface for ttot ≥ 80 nm and

red-shifts in wavelength as the total stack thickness increases. Moreover, the thicker the

stack the higher the number of resonant modes within the holes.

The Asym-(thin)SML represents a considerable improvement in selectivity with re-

spect the Sym-SML design. Simulation data suggest that a set of filters that covers the

entire visible range with a FWHM of 30 nm and transmission efficiency above 40% can

be obtained. The transmission efficiency did not improve significantly when compared to

the previous case, but the FWHM had been narrowed down to less than a third. How-

ever, the main drawback of this configuration is the considerable optical interference of

the long-wavelength peak, whose transmittance is given by two contributions: an electric

dipole inside the hole in the XZ-plane and magnetic dipoles on the top Al surface in the

YZ-plane.

Simulation results presented in this chapter helped to understand some of the physical

mechanisms involved in the transmission process of the Asym-(thin)SML structure. In

the next chapter it will be demonstrated that by adding a second, thin metal layer on top

of the Si3N4 cap layer the performance of the filter can be improved further.
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Chapter 7
2D Hexagonal Nanohole Arrays:

The Metal-Insulator-Metal Stack

In the last chapter, the Asym-(thin)SML structure - composed of a 2D hexagonal array of

subwavelength nanoholes milled in a 40-nm Al layer and capped by a 100-nm Si3N4 layer

that fills also the holes - has been examined through a comprehensive parametric analysis.

The design was derived by applying targeted modifications to the Sym-SML plasmonic

filter described in Chapter 5. The Asym-(thin)SML design displays a relatively narrow

peak in the waveband of interest and represents a significant improvement in selectivity

with respect standard PCFs. However, the presence of a second peak at longer wavelengths

considerably reduces the optical performance of the filter because - having a transmission

efficiency of the same order of magnitude of the narrow peak and a considerably wide

bandwidth - it generates a significantly high amount of optical cross-talk.

This chapter establishes how the addition of a second metallic layer on top of the

Si3N4 cap layer of the Asym-(thin)SML structure changes the optical properties of the

filter and considerably reduces the optical contribution from the long-wavelength peak

while maintaining the characteristic features of the narrow, short-wavelength peak intact.

The new, final structure is composed by a 3-layer metal-insulator-metal (MIM) stack [23].

Insights on the physical mechanisms involved in the transmission process are provided and

the spectral characteristics of the MIM filters examined in detail through a comprehensive

parametric simulation analysis. By the end of the chapter an ‘optimal’ set of structural
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parameters will be defined for the fabrication of the devices.

Section 7.1 recapitulates the observations derived from the parametric analysis of

the previous chapter, describes step-by-step the modifications imposed to the Asym-

(thin)SML structure and compares the results. Section 7.2 studies the SPPs modes at

the bottom, top and middle interfaces and looks for correlations in the characteristic

traits of the EOT spectra of the MIM filters. Electromagnetic near-field patterns at the

transmission maxima are examined in Section 7.3 and compared with the electromagnetic

near-field patterns at the transmission maxima of the two previous configurations, Sym-

SML and Asym-(thin)SML respectively. Section 7.4 is a detailed parametric analysis of

the MIM structure and presents the dependence of the optical response on its geomet-

ric and constitutive parameters, namely diameter, stack thickness, metal thickness and

also cladding, middle layer and hole filling materials. Finally, the main observations and

remarks are summarised in Section 7.5.

7.1 Introduction

In the transmission spectrum of a Asym-(thin)SML structure two resonances can be

identified: a narrower, antisymmetric resonant mode at shorter wavelengths, Tpeak,2, and

a broader, symmetric resonant mode at longer wavelengths, Tpeak,1. Unlike the case of the

Sym-SML structure, the two resonant modes have well-defined positions in the EOT band

of the Asym-(thin)SML structure. The parametric analysis in Chapter 6 demonstrated

that Tpeak,2 is always confined in a specific range of wavelengths, between λmin,10↓ and

λmin,10↑, independently from the geometric and constitutive parameters of the filter; while

Tpeak,1 remains above λmin,10↑.

Tpeak,2 displays a relatively high transmission, above 40%, and a considerably narrow

FWHM, of approximately 30 nm, along the entire visible range. Therefore, it would be

a quite competitive passband filter for integrated multispectral applications, which as

mentioned before should have FWHM of approximately 50 nm or less. However, despite

a separation in wavelength of approximately 200 nm between Tpeak,2 and Tpeak,1, the latter

still generates a considerable amount of cross-talk (in particular for shorter periodicities)
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because it has a transmittance that is of the same order of magnitude of the transmittance

of Tpeak,2.

The dependence of Tpeak,1 on the geometrical parameters of the structure has been

established from the simulation results. The transmission efficiency of Tpeak,1 could be

decreased by reducing the size of the holes or by increasing the metal thickness. However,

both of these approaches decrease also the intensity of Tpeak,2 and thus they have been

discarded. On the other hand, simulation results also established that the main contribu-

tion to the transmittance of Tpeak,1 originates from magnetic dipoles on the top Al surface,

in between adjacent holes. It is then fair to assume that if we could somehow ‘block’ or

‘screen’ the radiation pattern from these magnetic dipoles, the transmittance of Tpeak,1

should be considerably lowered in intensity.

A second Al layer - exact copy of the bottom one - has been then added on top of

the Si3N4 cap layer of the Asym-(thin)SML structure to ‘screen’ the contribution from

the magnetic dipoles. The structure is now composed of a 3-layer Al/Si3N4/Al stack.

However, given the previous considerations on the effect that the total thickness of the

filter has on the optical properties of Tpeak,2, the thickness of the Si3N4 layer has been

reduced to 70 nm so that the total thickness of the structure is 150 nm, given that the

metal layers have both a thickness tm = 40 nm.

The optimum value for the total thickness of the Asym-(the)SML filter, evaluated

in the previous Chapter, was 140 nm (tm = 40 nm and tcap,Si3N4
= 100 nm). So why

the thickness has been increased to 150 nm? The periodicity of the structure chosen

as starting development point has been increased from 340 nm to 380 nm, so that the

narrow peak Tpeak,2 would be centred in the green region of the visible spectrum, and thus

according to simulation results the optimum cap thickness should be increased of 10 nm1.

Figure 7.1a presents the schematic top view and cross-section of the proposed (iii)

MIM architecture, in comparison with the cross-sections (i) and (ii) of the two previously

reported configurations - Sym-SML and Asym-(thin)SML, respectively. Their transmis-

sion characteristics are presented and compared in Figure 7.1b. The three filters have

1Refer to Figure 6.10e. The cap thickness and the periodicity have a linear relationship according to
tcap,Si3N4

= round(ax ∗ 0.23 + 23) nm. Hence, for a periodicity ax = 380 nm, tcap,Si3N4
= 110 nm
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Figure 7.1: From broad- to narrow-band plasmonic colour filters. (a) Top view of a
hexagonal nanohole array and cross sections of three different configurations of plasmonic filters
on half-space SiO2 substrates: (i) Sym-SML: a thick Al layer capped with a SiO2 layer, holes
filled with SiO2; (ii) Asym-(thin)SML: a thin Al layer capped with a Si3N4 layer, holes filled
with Si3N4; (iii) MIM: a metal-insulator-metal stack of Al-Si3N4-Al, holes filled with Si3N4. (b)
Comparison of the transmission efficiencies of the MIM structure with the Asym-(thin)SML and
Sym-SML designs. MIM: tm = 40 nm, td = 70 nm, no cap. Asym-(thin)SML: tm = 40 nm,
tcap = 110 nm. Sym-SML: tm = 150 nm, tcap = 200 nm. For all the structures: periodicity
ax = 380 nm and diameter d = 210 nm. The introduction of a high-RI material results in a
narrow passband feature in the waveband of interest, while the addition of a second metallic
layer, an exact copy of the bottom one, greatly reduces the transmission of the broad peak at
longer wavelengths and thus the optical colour crosstalk. The vertical lines represent the minima
in transmission corresponding to the conditions of SPP excitation at the different interfaces and
the appearance of diffractive effects such as RAs, as indicated.

the same total thickness tstack = 150 nm. Note how the addition of the second top thin

metallic layer in the MIM structure (from configuration (ii) to (iii)) greatly reduces the

transmission efficiency of the second broad peak at longer wavelengths, Tpeak,1, down to a

third with respect the Asym-(thin)SML structure. On the other hand, the transmission

efficiency and the lineshape of Tpeak,2 remain basically unaffected.

Note however that Tpeak,2 in the MIM configuration is slightly blue-shifted, with respect

the Asym-(thin)SML case, and its lineshape is asymmetrical, skewed towards λmin,10↓.

According to previous simulation data on the total stack thickness of the Asym-(thin)SML

filter, this suggests that the addition of the second metallic layer has slightly reduced the

effective length of the cavity. Therefore, to restore the symmetry in the lineshape of the

peak the total stack thickness of the filter should probably be increased.

The vertical lines in Figure 7.1b represent the wavelengths evaluated from the condi-

tions (5.1) and (5.2), for the SPPs excitation and occurrence of RAs as a function of SPP
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dispersion relations and additional wavevectors Gij. Note that λRA,10↓ and λmin,10↓ are the

same for all the three structures because the type of metal, substrate and periodicity are

the same. On a different note, the second minimum in transmission λmin,10↑(Al/Si3N4/air)

present for the Asym-(thin)SML structure does not seem to find a counterpart in the

MIM structure, even if Tpeak,2 remain confined in the same waveband.

λmin,10↑(Al/air) and λRA,10↑ refer to the SPPs and RAs at the top Al/air interface of MIM

structure. λG-SPP,10 is given by the condition kG-SPP = G10, where kG-SPP is the dispersion

relation of the gap surface plasmon polariton G-SPP generated from the SPPs coupling

between the middle interfaces2. λ10(Al/Si3N4) indicates where would be the position of the

minimum in case of a single interface between Al and Si3N4.

7.2 Characteristic Traits in the Optical Spectra

Figure 7.2 analyses the correlation between the excitation of SPPs, the occurrence of

RAs, and the appearance of characteristic traits in the transmittance and reflectance of

the MIM structure. The letters A, B, C and D indicate the positions of λRA,10↑, λmin,10↑

and λRA,10↓, λmin,10↓, where the symbol ↑ and ↓ indicate that they refer to the top inter-

face and bottom interface, respectively. These wavelengths correspond to minima in the

transmission spectrum. Note the characteristic ‘edges’ in transmittance and reflectance

just before the Rayleigh anomalies.

The letter E indicates where it would be the position of a minimum in case of a single

interface between Al and Si3N4. This point does not correspond to a specific trait in

the optical spectra of the MIM structure, however it seems to be a good approximation

to indicate the separation of the two peaks in transmission: Tpeak,2 belongs to the range

of wavelengths between D and E, while Tpeak,1 is confined at wavelengths longer than E.

Assigning the peaks to specific wavebands is useful because it allow us to know in advance

what to expect in the optical spectra of a specific structural configuration, in this case

the MIM design, even before running a simulation.

2Refer to Section 3.7.3 on symmetric MIM plasmonic waveguides.
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Figure 7.2: SPPs and diffractive effects at the interfaces of the MIM structure.
Correlation between the excitation of SPPs at the bottom, top and middle interfaces of the MIM
structure and characteristic traits in the optical spectra of the MIM structure. The bottom
Al/SiO2 and the top Al/air interfaces can be considered as single interfaces because, despite
the finite thickness of the metal layers, the SPP penetration depth δSPP inside the Al is 2-3
times smaller than the metal thickness of the layers tm = 40 nm. Instead, the SPPs at the
middle Al/Si3N4 interfaces couple with each other and the result is the so called Gap-SPP. The
letters A, B, C and D indicate the positions of λRA,10↑, λmin,10↑ and λRA,10↓, λmin,10↓. The
letter E coincides with the matching of the condition kSPP(Al/Si3N4) = G10 for a single Al/Si3N4
interface. Finally, the letter F indicates the position of λG-SPP,10. Left graph: the cyan, purple,
green and red solid lines represent the SPP dispersion relations while the the respective dashed
lines represent the light lines, as indicated in the image. The vertical dashed-dotted black lines
represent the additional wavevectors Gij provided by the periodicity of the array. The angular
frequency ω is normalised to the plasma frequency of Al ωp = 12.04 eV [174]. Wavevectors are
normalised by 2π/ax. Right graph: the solid green line represents the transmittance of the
MIM structure, while the dashed green line represents the reflectance. Periodicity ax = 380 nm,
diameter d = 210 nm, metal thickness tm = 40 nm and middle Si3N4 layer thickness td = 70
nm.

It is interesting to notice, however, that the wavelength λmin,10↑(Al/110Si3N4/air) - derived

from the SPP at top IIM interface of the Asym-(the)SML structure - seems to be an even

better approximation for the upper limit of the narrow peak waveband3. It is almost as if

the tail of the SPP at the lower middle interface could ‘feel’ the air environment through

the holes and this could somehow constrain the position of the peak in a smaller range,

similarly to the Asym-(the)SML structure.

In the MIM structure the top and bottom interfaces are different (asymmetric) but the

dielectric at the top interface has a lower RI than the substrate material and thus λmin,10↑

3Refer to Figure 7.1b
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Figure 7.3: Gap SPP between the middle interfaces of the MIM structure. (a) Scheme
of the coupling of SPPs between the middle interfaces of the MIM structure. (b) Plot of the
numerical solutions of G-SPP in a Al/Si3N3/Al MIM structure for different gap distances (Si3N4
thicknesses) between 10 and 500 nm. The cyan, purple, green and red solid lines represent SPP
dispersion relations while the the respective dashed lines represent the light lines, as indicated
in the image. The vertical dashed-dotted black lines represent the additional wavevectors Gij
provided by the periodicity of the array. The angular frequency ω is normalised to the plasma
frequency of Al ωp = 2.24e16 rad/s [174]. Wavenumbers are normalised by 2π/ax, with ax = 380
nm.

appears at shorter wavelengths than λmin,10↓. However, note that the EOT peak does not

appear in between those two minima. This implies that the previous observations on the

position of Tpeak,2 - while accurate for the Asym-(thin)SML structure - they do not apply

to this case. It seems that a better generalisation would be that the peak Tpeak,2 appears

between λmin,10↓ and λ10(hole material/Al) (for nhole 6= nsub).

Finally, the letter F indicates the position of λG-SPP,10, i.e. represents the intersection

between the dispersion relation of the bound SPP at the middle interfaces - also known

as G-SPP - and the additional wavevector G10. Figure 7.3a is a schematic representation

of the coupling of SPPs between the middle interface of the MIM structure, while Figure

7.3b is a plot of the numerical solutions of the G-SPP in a Al/Si3N4/Al MIM structure

for different gap thicknesses. The G-SPP is the only mode that exist in a symmetric

MIM waveguide for all values of the gap thickness [89,95]. As the gap thickness increases,

the solutions tend to the single interface solution kSPP(Al/Si3N4). The dispersion relation

of the G-SPP mode is greater than or equal to the dispersion relation of the flat (middle

layer)/Al interface, and therefore, for any gap thickness, F ≥ E. However, the point F
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does not correspond to a specific trait in the optical spectra of the MIM structure.

The G-SPP mode is the only mode that exists for all values of the gap thickness

td
[89,95], however that is not the only mode that can arise in a MIM plasmonic waveguide.

In fact, in addition to the plasmonic modes, there are also oscillatory modes [19,89].

7.2.1 MIM oscillatory modes

According to the pre-defined initial guess, numerical Matlab solvers might provide differ-

ent solutions to a higher order equation. During the evaluation of the G-SPP we have

‘stumbled upon’ other solutions for the MIM stack, as a function of the gap thickness.

These solutions are plotted in Figures 7.4(a-d). It is apparent that, unlike SPPs modes,

they do not belong to the region of bound modes4. The wavevectors of the numerical so-

lutions in Figures 7.4b, 7.4c and 7.4d are limited to the range of values 0 ≤ β ≤ k0
√
εSi3N4

.

Therefore, according to the theory of Orfanidis [89] reported in Section 3.7.2, they are os-

cillatory modes. As expected, the larger the gap thickness, i.e. the distance between the

two metal surfaces, the higher the number of modes inside the waveguide.

Note, however, that the mode in Figure 7.4a differs from the others. In fact, unlike

the others that converge to the upper limit β = k0
√
εSi3N4

at infinite gap width, this mode

have an upper cut-off thickness at β = k0
√
εSi3N4

. However, this mode does not stop at

the upper cut-off thickness, it continues through the light line and thus its wavenumber

becomes larger than k0
√
εSi3N4

. This means that this mode is an oscillatory mode be-

tween 0 ≤ β ≤ k0
√
εSi3N4

and then becomes a plasmonic mode for k0
√
εSi3N4

≤ β ≤ ∞.

Therefore, the upper cutoff thickness of the oscillatory mode corresponds exactly to the

lower cutoff thickness of the plasmonic mode. According to the theory this mode is the

TM1 oscillatory/plasmonic mode [89].

Note that for a gap thickness td = 70 nm there is only one oscillatory mode, the

TM1 oscillatory/plasmonic mode, and it does not cross the EOT band (λTM1 < λmin,10↓).

Oscillatory modes start crossing the EOT band when td ≥ 130 nm.

4Refer to Figure 3.4a
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Figure 7.4: Oscillatory modes between the middle interfaces of the MIM structure.
Oscillatory modes arise in a MIM waveguide when the thickness of the insulating layer is large
enough. The cyan, purple, green and red solid lines represent the SPP dispersion relations
while the respective dashed lines represent the light lines for different dielectric. The vertical
dashed-dotted black lines represent the additional wavevectors Gij provided by the periodicity
of the array. The angular frequency ω is normalised to the plasma frequency of Al ωp = 2.24e16

rad/s [174]. Wavenumbers are normalised by 2π/ax, with ax = 380 nm.

7.3 Electromagnetic Near-Field Patterns

Figures 7.5 and 7.6 display the squared amplitude of the electric and magnetic fields at

the transmission maxima, in the XZ-plane and YZ-plane respectively, for the three con-

figurations represented in Figure 7.1. For the MIM and Aym-(thin)SML designs, a clear

confinement of either the magnetic or the electric field suggests that the nanoholes behave

like dielectric optical cavity resonators. The two identifiable maximum peaks in transmis-
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Figure 7.5: Magnetic and electric dipoles at optical wavelengths in the MIM struc-
ture. Squared amplitudes of the electric and magnetic fields at resonances, in the XY-plane and
YZ-plane respectively, for the MIM structure. The white arrows in the background represent
the electric and magnetic vectors potential, respectively. The orange and blue circles represent
electric and magnetic current loops, respectively. The yellow and blue thick lines represent elec-
tric and magnetic dipoles, respectively. The MIM structure shows a clear confinement of either
the magnetic, λres,1, or electric, λres,2 field, which corresponds to a magnetic or electric dipole
respectively.

sion are caused by a magnetic dipole (MD) in the YZ-plane, λres1, and an electric dipole

(ED) in the XZ-plane, λres2. The appearance of magnetic and electric resonant modes

in subwavelength dielectric resonators (DRs) at visible frequencies has been successfully

demonstrated in several studies, from dielectric nanoparticles [180,181,182,183] to dielectric

resonators nanoantennas [184].

Usually, electromagnetic (EM) confinement in DRs arises from a large difference in

permittivity, of the order of tens of units [88,184], between the material that composes the

resonator and the dielectric environment. Moreover, the resonance of isolated DRs is

solely given by their structural parameters. However, in this case, the confinement of the

fields is sustained by the presence of metal at the sidewalls of the holes and the resonant

wavelength depends strongly on the coupling of SPRs. Consequently, the resonant modes

are given by a collective response of the nanoholes and shift in wavelength with the

178



7.3. ELECTROMAGNETIC NEAR-FIELD PATTERNS

-100 0 100
x (nm)

-200

-100

0

100

200

300

z 
(n

m
)

0 10 20 30

(i)   𝛌res1 = 551 nm (ii)   𝛌res2 = 768 nm

-100 0 100
x (nm)

-200

-100

0

100

200

300
z 

(n
m

)
0 10 20 30

-200 0 200
y (nm)

0 1 2 3

XZ-plane (y=0) YZ-plane (x=0)
|H2| (A2/cm2)|E2| (V2/m2)

-200 0 200
y (nm)

0 1 2 3

XZ-plane (y=0) YZ-plane (x=0)
|H2| (A2/cm2)|E2| (V2/m2)

Asym-(thin)SML

-100 0 100
x (nm)

-200

-100

0

100

200

300
z 

(n
m

)

0 10 20 30

(i)   𝛌res1 = 546 nm (ii)   𝛌res2 = 616 nm

-100 0 100
x (nm)

-200

-100

0

100

200

300

z 
(n

m
)

0 10 20 30

-200 0 200
y (nm)

0 1 2 3

XZ-plane (y=0) YZ-plane (x=0)
|H2| (A2/cm2)|E2| (V2/m2)

-200 0 200
y (nm)

0 1 2 3

XZ-plane (y=0) YZ-plane (x=0)
|H2| (A2/cm2)|E2| (V2/m2)

Sym-SML

Figure 7.6: Magnetic and electric dipoles at optical wavelengths in the Asym-
(thin)SML and Sym-SML structures. Squared amplitudes of the electric and magnetic
fields at resonances, in the XY-plane and YZ-plane respectively, for the (top) Asym-(thin)SML
and (bottom) Sym-SML structures. The white arrows in the background represent the electric
and magnetic vectors potential, respectively. The orange and blue circles represent electric and
magnetic current loops, respectively. The yellow and blue thick lines represent electric and
magnetic dipoles, respectively. Similarly to the MIM design, the Asym-(thin)SML structure
shows a clear confinement of either the magnetic, λres,1, or electric, λres,2, field which corresponds
to a magnetic or electric dipole respectively. MIM and Asym-(thin)SML structures display a
higher degree of confinement of the modes along z due to the higher difference in RI between
the hole filling material and the substrate/cap layers. In fact, in the Sym-SML case, the fields
can extend inside the substrate and cap layers, which are composed by the same material of the
hole filling, and thus the effective length of the cavity modes is larger.

periodicity ax of the array, which in turn provides the matching condition for the SPP

excitations, and establishes the polarisation of the charges and, as a result, also the near-

electric field pattern within the nanostructure.

The MD mode is characterized by an electric displacement current loop, which induces

an orthogonally-oriented magnetic dipole moment [181,183]. The current loop requires op-
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posite orientation of the electric field along z, and thus can only exist when there is

enough retardation of the Ex(z) field between the cavity extremities [181]. In contrast, the

ED mode originates from the collective polarisation of the nanoholes in response to an

external driving field, parallel to the polarisation of the electric field. A magnetic current

loop is then induced by the oscillating ED. This current loop can also extend outside

the dielectric cavity, enabling the ED mode to exist even when the cavity is too short to

support the MD mode. Clearly, the resonant wavelength of the modes depends on the

optical length of the cavity.

Knowing that a resonance within a cavity occurs when its length is an integral number

of half-wavelength of the wave [88,181,184,185], we can approximate the effective optical length

of a cavity mode as heff ≈ αλres/(2n), where α is an integer larger than zero, λres is the

resonant wavelength and n is the RI of the cavity. As in the case of DRs or a slab

waveguide [88], the higher the RI of the core material with respect the cladding, the higher

the degree of confinement and thus the shorter the effective optical length of the mode.

This effect can be observed from the fact that the MIM and Asym-SML architectures

clearly display a higher degree of confinement of the fields at resonances. In the Sym-

SML case, the magnetic field extends into both the silicon dioxide substrate and cap layer,

which results in an optically thicker cavity. This means that the resonances of all three

structures appear in the same wavelength range despite the difference in RI of the cavity

material.

The identification of magnetic and electric dipoles at resonances is extremely inter-

esting for the development of the plasmonic filters. Above the first-order transmission

minimum λmin|@kSPP(ω)=G10 , the transmission of the array is given by the superposition of

the magnetic and electric dipoles contributions. This insight makes it possible to con-

trol these two physical phenomena and thus to optimise the transmission properties of a

nanohole array for a specific application by tailoring the choice of geometrical and material

parameters.
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7.4 Parametric Analysis

In this Section, a parametric analysis to study the influence that different geometric

and physical parameters have on the optical response of 2D hexagonal MIM arrays is

presented. This study is used to analyse the device performance and to identify the best

set of parameters for the fabrication of the devices. For every parameter, the performance

will be evaluated in terms of: (i) efficiency, (ii) optical bandwidth of the filter and (iii)

stability to process variations.

The final objective of this study is to optimise the MIM structure so that it could

be used as an integrated multispectral filter for imaging applications in the visible range.

The main objectives are: (i) to increase further the transmission efficiency, ideally above

60% so that it becomes comparable with the transmittance of some of the commercially

available filters5; (ii) maintain a reasonably narrow bandwidth in the range 30-50 nm.

Finally, the MIM structure should be optimised to offer the best performance in every

range of the visible spectrum but the filters should all have the same total stack thickness

in order to be fabricated all in one single lithographic step.

7.4.1 Diameter

The set of plots and images in Figure 7.7 establishes the influence of the size of the holes

on the optical response of the MIM structure. By increasing the diameter of the holes

it is possible to increase the transmission efficiency of the filter. At the same time, the

larger the diameter, the broader the linewidth. Nonetheless, even at the largest value of

diameter plotted in Figure 7.7a, the FWHM is approximately 75 nm, which is still 25%

narrower than the FWHM of the Sym-SML filters6, while the maximum transmission

reaches 80%.

As expected, because the effective length of the cavity - given by the retardation of

the Ex(z) - remain constant, the MD resonant peak (Tpeak,2) displays good stability to

variations of the size of the holes. This was already observed for the Asym-(thin)SML
5Refer to Figure 5.1b.
6Refer to Figure 7.1b.
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Figure 7.7: Influence of the size of the holes on the optical response of the MIM
structure. 2D plots and corresponding 2D images of the (a), (b) transmission, (c), (d)
reflection, and (e), (f) extinction efficiencies of a MIM array as a function of wavelength and
diameter. The larger the size of the holes the higher the transmission efficiency of Tpeak,2. Its
FWHM also increases but not as significantly as in the Sym-SML case. When d = 2/3ax,
the distance between Tpeak,1 and Tpeak,2 is maximised. Simulation parameters: ax = 380 nm,
tm = 40 nm, td = 70 nm, middle layer is Si3N4, holes are filled with Si3N4, no cap layer.
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structure. However in the Asym-(thin)SML case the transmission efficiency did not reach

- for the same ratio periodicity to diameter - such high efficiency values. This means

that, with the MIM design, the efficiency of the cavity has been effectively increased with

respect the Asym-(thn)SML case.

Note that Tpeak,1 shifts in wavelength following a pattern similar to that observed for

the Asym-(thin)SML structure. For small diameters, the peak red-shifts as the size of the

hole increases but it starts to blue-shift when the diameter of the holes becomes larger

than approximately 2/3 of the periodicity ax and not for d > ax/2, as for the Asym-

(thin)SML structure. Moreover, in the MIM case the peak originates from the condition

λ = λmin,10↓, related to the bottom interface, and not from the condition of excitation of

the SPPs at the top Al/Si3N4 interface.

Given the aforementioned considerations, it has been decided to increase the diameter

from 210 to 250 nm. In this way, we increases the transmission efficiency of Tpeak,2 from

40% to above 60% and ‘push’ the secondary peak Tpeak,1 as far as possible in wavelength.

As the diameter increases, the transmission efficiency of Tpeak,1 increases as well but of less

than 5% with respect the previous value. The FWHM of Tpeak,2 almost doubles, reaching

approximately 60 nm which is slightly higher that what we hoped for but this is probably

the best trade-off between efficiency, FWHM and distance between the peaks.

7.4.2 Thickness of the middle dielectric layer

The set of plots and images in Figure 7.8 establishes the influence of the gap thickness, i.e.

of the thickness of the Si3N4 middle layer, - and thus also of the total stack thickness - on

the optical response of the MIM structure. As for the Asym-(thin)SML case, the thicker

the stack the higher the number of resonant modes within the cavity. However, in the MIM

case, it appears that these modes are somehow ‘interrupted’, ‘cut-through’ by the higher-

order oscillating modes of the MIM waveguide that when they match the SPPs dispersion

relation kSPP(Al/air) at the top interface generate a minimum in transmission, probably

result of a destructive interference behaviour (see Figure 7.8b). Note that when the mode

TM1 matches the reciprocal wavevector G10 another minimum appears. However, as the
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Figure 7.8: Influence of the middle layer thickness on the optical response of the
MIM structure. 2D plots and corresponding 2D images of the (a), (b) transmission, (c)
reflection, and (d) extinction efficiencies of a MIM array as a function of wavelength and middle
layer thickness (and thus also total stack thickness). The thicker the MIM stack the larger the
number of resonant modes within the structure. These modes are confined between λmin,10↓ and
λmin,10(Al/Si3N4). Simulation parameters: ax = 380 nm, d = 250 nm, tm = 40 nm, middle layer
is Si3N4, holes are filled with Si3N4, no cap layer.

gap thickness increases, this minimum does not ‘cut-through‘ the Tpeak,2 in the EOT band,

but instead it seems to be ‘pushing’ the peak towards longer wavelengths.

Note that even for a Si3N4 thickness of 600-700 nm the transmittance does not show

any major decrease in efficiency as the gap thickness increases. However, at that point the

thickness of the middle layer is already more than 6 times larger than the SPP penetration

depth in the Si3N4. Therefore, the top and the bottom metal layers are not coupled

anymore. The structure effectively works solely as a resonant cavity where the top and

the bottom metal layers behaves like mirrors. However, it is interesting to notice that the
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Figure 7.9: Comparison of the influence of the middle layer thickness on the optical
response of the MIM structure in different optical regimes. 2D plots of the transmit-
tance of the MIM filter as a function of wavelength and middle layer thickness. (a) ax = 280
nm, (b) ax = 480 nm. Simulation parameters: d = 250 nm, tm = 40 nm, middle layer is Si3N4,
holes are filled with Si3N4, no cap layer.

resonances in transmission remain confined between λmin,10↓ and λmin,10(Al/Si3N4).

Simulation results on the Asym-(thin)SML structure established that the ‘optimal’

stack thickness is not the same in every regime of the visible spectrum. However, to limit

the lithography to a single step, a constant tstack for all the filters is preferable. Therefore,

we need to chose a stack thickness that is suitable for the entire visible range. The two

plots in Figure 7.9 establish the influence of the gap thickness on the optical response

of the MIM structure in the blue and red regimes of the visible spectrum, respectively.

As expected, in the blue range Tpeak,2 makes it first appearance for lower values of gap

thickness while in the red part of the spectrum for higher values. In line with the simu-

lation results, we decided that a Si3N4 thickness of 70 nm is the best choice to optimise

the performance of the MIM filter for the entire visible spectrum and avoid interference

from higher order modes.

7.4.3 Metal Thickness

In order to gain better insights on the physical mechanism involved in the transmission

process of the MIM structure, two cases will be considered: (i) varying the metal thickness

while maintaining the same total stack thickness, (ii) varying the metal thickness while
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(b) T vs. λ vs. tm

Figure 7.10: Influence of the total stack thickness on the optical response of the
MIM structure by varying the thickness of the metallic layers, constant tstack. (a) 2D
plot and (b) 2D image of the transmittance of the MIM array as a function of wavelength and
metal thickness while maintaining constant the total thickness of the MIM stack tstack = 150
nm. Simulation parameters: ax = 380 nm, d = 250 nm, middle layer is Si3N4, holes filled with
Si3N4, no cap layer.

maintaining the same middle layer thickness. For simplicity both metal layers have the

same metal thickness.

Figure 7.10 establishes the influence of the metal thickness on the optical response of

the MIM structure when the total stack thickness of the filter is kept fixed at 150 nm.

As the metal increases the transmission efficiency of Tpeak,2 slowly decreases. However,

significant variations are recorded only when the metal thickness becomes larger than

40− 45 nm or, in other words, when the gap thickness becomes smaller than 30− 25 nm.

In fact, for 10 < tm < 40 the position of the narrow peak Tpeak,2 is basically constant as

well as the FWHM of the peak. When the thickness of the middle layer becomes of the

order of few tens of nanometers, the transmission of the long-wavelength peak suddenly

increases and the peak starts to blue-shift in wavelength until the lineshape matches the

one of the Sym-SML structure with the holes filled with Si3N4. These observations confirm

that the narrow resonance is a cavity resonance and thus doesn’t vary in wavelength if the

cavity length is maintained and the top and bottom surface are not too close to makes

the structure behaves like a single metal layer.

On the other hand, Figure 7.11 establishes the influence of the metal thickness on

the optical response of the MIM structure when the gap thickness of the middle layer
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Figure 7.11: Influence of the metal thickness on the optical response of the MIM
structure, constant gap thickness td. (a) 2D plot and (b) 2D image of the transmittance of
the MIM array as a function of wavelength and thickness of the metallic layers while maintaining
constant the gap thickness td = 70 nm between them. 2D images of the (c) Reflectance and (d)
Extinction efficiency. The metal layers have both the same thickness. Simulation parameters:
ax = 380 nm, d = 250 nm, td = 70 nm, middle layer is Si3N4, holes filled with Si3N4, no cap
layer.

is kept fixed at 70 nm. Similarly to the Asym-(thin)SML case, the resonant modes in

reflection and extinction now cross the upper limit set by the condition kSPP(Al/Si3N4) = G10

and converge towards the position of Tpeak,1. On the other hand, in the MIM case the

resonances in transmission seem to be paired and as one pair disappears the next one

appears and so on. Unsurprisingly, the transmission efficiency decreases as the metal

thickness increases. This is because the higher the amount of metal in the structure the

higher the absorption.

It is evident that increasing the metal thickness of the layers does not improve the
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performance of the MIM structure.

7.4.4 RI hole filling material and middle layer

The set of plots and images in Figure 7.12 establishes the influence of the RI of the hole

filling material and of the middle layer on the optical response of the MIM structure for a

constant tstack. In the top pair of images, the transmission varies as a function of the RI

of the hole filling material. In the middle pair, the transmission varies as a function of the

RI of the middle layer material. In the bottom pair, the hole filling and the middle layer

are composed of the same material and the transmission varies as a function of their RI.

As expected, both the modes red-shift as the RI of the hole filling material increases

and the MD dipole resonance appears only when the cavity becomes optically thick enough

to sustain the mode. Moreover, the lower the RI of the filling material the stronger the

overlap of the modes, in particular when the RI is lower than the RI of the substrate.

It can be observed that: (i) the type of hole filling material has a major impact on the

optical response of the filter than the material used as middle layer; (ii) using a middle

layer with a lower RI narrows the bandwidth of Tpeak,1, but also significantly increases the

transmission of Tpeak,2 and considerably blue-shifts its position in wavelength; (iii) a RI

of approximately 2-2.2 is the best choice when both the hole filling and middle dielectric

are composed by the same material and therefore Si3N4 remains the optimum choice for

the hole filling material and middle layer.

Finally, consider the oblique lines in Figures 7.12b and 7.12f. These lines represent

the intersections between the SPP dispersion relation kSPP,(Al/holeRI) and the reciprocal

wavevectors Gij. The majority of these lines matches maxima or minima in both the

reflection and extinction spectra (see Figure 7.13). One possible explanation to these

minima is that the sidewalls of the holes behave like a symmetric MIM system and that

G-SPP modes arise between them. However, given the dimensions of the holes the G-

SPP dispersion relation matches the dispersion relation of the single interface (for td =

∞), i.e. kSPP,(Al/holeRI). Note how Tpeak,2 is confined between λmin,10(hole) and λmin,11(hole),

independently whether or not the middle layer and the hole filling material are the same.
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(f) T vs. λ vs. RIh&ml

Figure 7.12: Influence of the RI of the hole filling material and middle layer on
the optical response of the MIM structure. 2D plots and corresponding 2D images of the
transmittance of the MIM structure as a function of wavelength and (a) RI of the hole filling
material (Si3N4 middle layer) (b) RI of the middle layer material (holes are filled with Si3N4),
(c) RI of the hole filling and middle layer which are both composed of the same material. The
pink areas in the scheme highlight where the RI is varied. Simulation parameters: ax = 380 nm,
d = 250 nm, tm = 40 nm, td = 70 nm, no cap layer.
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(b) E vs. λ vs. RIh

Figure 7.13: Minima and maxima trends on the optical response of the MIM struc-
ture as a function of the hole RI . 2D images of the (a) reflectance and (b) extinction
efficiency of the MIM structure as a function of wavelength and RI of the hole filling material.
Simulation parameters: ax = 380 nm, d = 250 nm, tm = 40 nm, td = 70 nm, middle layer is
Si3N4, no cap layer.

7.4.5 Cap Layer Thickness and RI

According to SPP theory, changing the dielectric of a metal/dielectric interface changes

the SPPs propagation constant kSPP. For the same frequency, the higher the permittivity

of the dielectric at the interface, the larger the SPPs propagation constant. In this section

it will be presented that, as for the case of a single metal layer structure, when the thickness

of the dielectric at a metal/dielectric interface is of the same order of magnitude of the

SPP penetration depth inside the material, the optical transmission properties of the

structure might be affected. If the cap layer is the same as the substrate material, its

influence is limited to small variations. Instead, if the cap layer has a refractive index

higher than the one of the substrate, accordingly to its thickness, one or more resonant

peaks can be generated that might interfere with the transmission properties of the filter

in the EOT band.

Figure 7.14 shows how the presence of a SiO2 or a Si3N4 cap layer affects the optical

response of the MIM design. As stated before, the difference in RI between the hole

filling material and the environment provides the degree of confinement along z. In fact,

a SiO2 cap layer does not significantly affect the filter behaviour. In contrast, when the

cap layer matches the hole filling material, the effective length of the cavity increases.
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Figure 7.14: Influence of the RI and thickness of the cap layer on the optical
response of the MIM structure. 2D plots and corresponding 2D images of the transmittance
of the MIM structure as a function of wavelength and thickness of a (a) SiO2 cap layer and (b)
Si3N4 cap layer. Simulation parameters: ax = 380 nm, d = 250 nm, tm = 40 nm, td = 70 nm,
middle layer is Si3N4, holes filled with Si3N4.

As a consequence, the MD resonance red-shifts in wavelength. In fact, for a given RI,

the ratio λres/heff is constant and thus a thicker optical cavity corresponds to a longer

resonant wavelength, and vice versa.

However, as the Si3N4 cap becomes thicker and thicker new resonant modes appear.

However, these modes are generated on the top surface of the Al layer and not inside the

cavity, as in the case of the Asym-SML structure. Note in fact how the minima given by

the intersection of the dispersion relation of the SPP at the top IIM interface with the

reciprocal wavevector G10 cross the EOT band as a function of the cap thickness, affecting

the transmission of the MIM structure. Above that line, the resonant modes belong to

the top IIM waveguide.
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Figure 7.15: Influence of the periodicity on the optical response of the MIM struc-
ture. (a) 2D plot and corresponding (b) 2D image of the transmittance of the MIM structure
as a function of the array periodicity. The transmission band shifts in wavelength with the
periodicity. The smaller the periodicity the shorter the wavelength of the maximum peak in
transmission. The main transmission band is confined between λmin,10↓ and λ10,(Al/Si3N4). How-
ever, λ10,(Al/110Si3N4/air) - where 110 nm indicate the distance between the top of the bottom
Al layer and the top of the structure - seems to be an even better approximation to estimate
the upper limit in wavelength of the transmission band. Simulation parameters: d = 250 nm,
tm = 40 nm, td = 70 nm, middle layer is Si3N4, holes filled with Si3N4, SiO2 cap of 50 nm7.

7.4.6 Periodicity

Figure 7.15 displays the transmission efficiencies of MIM arrays for a selected set of

structural parameters as a function of the periodicity. This represents the chosen target

for the nanofabrication. For a tstack = 150 nm and a fixed periodicity to diameter ratio

of 1.53, the MIM structure exhibits an almost constant transmission above 60% and

FWHM of the order of 50-60 non along the entire optical visible range. Moreover, a 10

nm variation in periodicity corresponds to a 10 nm step in wavelength between adjacent

peaks. Therefore, MIM filters can be easily designed to accurately target a desired working

wavelength. Note that the bandwidth of Tpeak,2 can be more accurately defined by λmin1↓

for the lower limit and λ10,(Al/Si3N4/air) for the upper limit, instead of λ10,(Al/Si3N4).

7which provides the highest transmission efficiency (see Figure 7.14a).

192



7.5. SUMMARY

7.5 Summary

In this chapter, the optical characteristics of the MIM structure have been presented and

described. Parametric dependences have been thoroughly examined and insights on the

physical mechanisms of the transmission process provided.

Electromagnetic near-filed patterns established that the transmission spectrum of the

MIM structure in the EOT band is dominated by the superposition of magnetic and

electric resonant modes. The nanoholes behave like dielectric optical cavity resonators

where the confinement of the field - instead of being the result of a large difference in

permittivity between the resonator and the environment - is sustained by the presence of

the metal at the top and bottom interfaces and the resonant wavelength depends strongly

on the coupling of SPRs. As a consequence, the resonant modes arise from a collective

response of the array and shift in wavelength with the periodicity, i.e. their resonance

does not only depend on the structural parameters.

Since the nanoholes behave like cavity resonators, the total thickness of the MIM stack

strongly affect the optical response of the filter. For small gap thicknesses td between the

two thin metallic layers, the MIM structure displays two resonant peaks in the EOT band.

A narrow, magnetic dipole (MD) mode at shorter wavelengths, Tpeak,2 and a broader,

electric dipole (ED) mode at longer wavelengths, Tpeak,1. The MD is characterised by

an electric displacement current loop, which induces an orthogonally-oriented magnetic

dipole moment. The current loop can only exist when there is enough retardation of the

Ex(z) field between the cavity extremities. Therefore, the magnetic resonance depends on

the effective optical length of the cavity, which can be approximated as heff ≈ αλres/(2n),

where α is an integer larger than zero, λres is the resonant wavelength and n is the RI

of the cavity. It follows that if the thickness of the stack increases, or the RI of the hole

filling material increases the MD mode red-shifts in wavelength. However, simulation

results established that this mode, independently of the structural parameters, belongs

to a specific waveband where the lower limit is given by λmin,10↓ and the upper limit by

λ10,(Al/hole RI), when the RI of the material inside the holes is higher than the RI of the

substrate.
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Simulation data showed that the MD mode displays a very good stability to diameter

variations. This is an excellent quality because implies that variations in the fabrication

process that might affect the size of the holes will not affect the position of the resonant

peak in wavelength. Finally, for the purpose of, eventually, integrate the MIM filter

directly on top of a CMOS sensor, the presence of a dielectric cap layer on top of the

MIM stack has been carefully considered. Simulation results established that in order to

preserve intact the optical response of the MIM filter an additional cap layer must have a

refractive index lower than or equal to the refractive index of the silicon dioxide substrate.

To conclude this chapter, we provide a list of the optimum set of structural param-

eters that has been chosen for the fabrication of the MIM filters. In the next Chapter,

fabrication processes developed for the realisation of the MIM filters are described and

the experimental data obtained presented.

• Thickness of the metallic layers: 40 nm.

• Thickness of the middle layer: 70 nm.

• Middle layer material: Si3N4.

• Hole filling material: Si3N4.

• Ratio periodicity to diameter: 1.53.

• Cap layer: SiO2 or material with lower RI.
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Chapter 8
Nanofabrication and Experimental Results

In the last chapter, MIM arrays of subwavelength nanoholes have been examined through

a comprehensive parametric analysis. The simulation study provided an overview on the

spectral characteristics of the filters and their parametric dependences, and allowed the

determination of an ‘optimal’ set of structural parameters to use during the fabrication of

the devices. Simulation data also established some of the physical mechanisms involved

in the transmission process so that the structure might be optimised at need, accordingly

to applications and filtering requirements.

In this chapter, the fabrication steps used to realise the MIM PCFs are described

in detail and the experimental results presented. Issues and challenges in the fabrication

process are addressed and viable solutions demonstrated. Nanofabrication of novel designs

can be extremely challenging and often the results might not be what we expected, but I

believe that it is important to record and make publicly available not only the successful

data but also the negative outcomes. This provides knowledge and experience that might

be at use one day to facilitate the development of a similar fabrication process that requires

the patterning of nanoapertures in multilayer structures.
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8.1. PATTERNING OF THE HEXAGONAL NANOHOLE ARRAY

500 μm Glass Substrate 500 μm Glass Substrate 500 μm Glass Substrate 500 μm Glass Substrate500 μm Glass Substrate

a) Layers deposition
- 40 nm Al deposition 
- 70 nm Si3N4 deposition 
- 40 nm Al deposition 
- 50 nm Si3N4 deposition

b) Resist spin coat c) E-beam lithography 
and resist development

d) 4-step dry etching
- 50 nm Si3N4 etching 
- 40 nm Al etching 
- 70 nm Si3N4 etching 
- 40 nm Al etching

e) Resist removal 
(O2 plasma)

1st phase: Nanohole Arrays Nanofabrication
Aluminium
Silicon Dioxide

Silicon Nitride
2:1 ZEP520A

Figure 8.1: Patterning of the periodic hexagonal nanohole arrays in a MIM stack.
Illustration of the fabrication steps used to pattern the periodic hexagonal nanohole arrays in
the three-layer MIM stack. The process begins with the sequential deposition of the three layers
that compose the MIM stack. An additional Si3N4 layer is deposited on top of the structure to
improve adhesion of the resist. A positive resist is spun on the sample, baked and then exposed
with e-beam lithography. After the development of the resist, a sequential 4-step plasma reactive
ion etching (RIE) process reproduces the developed patterns in the underlying layers. A last
Oxygen plasma removes eventual resist residual from the top surface.

8.1 Patterning of the hexagonal nanohole array

The nanofabrication process has been divided in two phases: (i) the patterning of periodic

hexagonal nanohole arrays in the MIM stack and (ii) the filling of the nanoholes. Figure

8.1 depicts the steps for the first phase of the nanofabrication process. Devices have been

fabricated on top of glass substrates, in order to allow the optical characterisation of the

filters in transmission1.

Phase I of the fabrication starts with the deposition of the three layers that compose

the MIM structure: in sequence, Al, Si3N4, and Al. The chosen thicknesses of the metal

and Si3N4 layers are 40 nm and 70 nm, respectively, as indicated in the image. Note that

an additional Si3N4 film of 50 nm is deposited on top of the structure. This layer is used to

improve the adhesion of the resist on top of the last metal layer and works as well as a hard

mask, to protect the underlying structure during the etching process. The Al deposition

was carried out by means of en electron beam evaporator, while Si3N4 deposition was

performed using ICPECVD as described in Sections 4.2.1 and 4.2.2, respectively.

The sample is now ready for the lithographic step. A 2:1 dilution of positive resist

1Substrates were bought from MicroChemicals: 15 mm x 15 mm borosilicate pieces, 2-side polished and
a thickness of 500 ± 25 µm.
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8.1. PATTERNING OF THE HEXAGONAL NANOHOLE ARRAY

ZEP520A [186] is spun on the substrate, baked at 180 °C and then exposed by mean of a

EBL tool, as described in Section 4.2.3. After the development of the resist, the sample

is ready for dry etch. Before the etching step, however, it is good practice to measure

the thickness of the resist. The thickness of the resist gives information about the quality

of the resist. For example, older resists tend to thickening which causes the generation

of thicker films that thus require higher exposure doses. Moreover, the thicker the resist

the higher the aspect ratio of the features in the developed pattern. This has to be

considered during the etching process because it might require longer over-etching time.

A resist heigh of approximately 230 nm is a typical value.

A sequential 4-step plasma reactive ion etching (RIE) process reproduces the e-beam

patterns developed in the resist in the underlaying layers. To identify the correct etching

time for each of the layers, an interferometer laser source is positioned inside a 1 mm x 1

mm square developed in the resist. The interferometer is used to measure the refractive

index change that takes place when a layer is gradually etched way. This opening has

been purposely made to allow an interferometer reading during each of the etching steps.

Figure 8.2 depicts the sequence of dry etching steps used to milled the nanohole array

through the MIM stack. On top of each step there is a plot of the interferometer reading

recorded during that specific step. When a layer has been completely removed the output

of the interferometer becomes stable. However, due to the high aspect ratio height to

width of the nanoholes, it is necessary to account of an over-etch time (cyan regions).

This is because the interferometer square is very large with respect the nanoscale of the

features and thus it will be etched faster than the bottom of the holes. The over-etch is

usually estimated as an additional 30% of the time at which the interferometer reading

became stable.

For single-metal layer devices the patterning of the array is a quite straightforward

process because involves only two etching steps, the hard mask and the aluminium layer.

That is not the case for multilayer structures, in particular when the layers that compose

the stack repeat in terms of materials. This is because the etching of one layer will affect

all the layers composed by the same material and will likely increase the size of the features

in the previously etched layers, especially if the etching process is not strictly anisotropic.
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Figure 8.2: Dry etching process. Illustration of the 4-step plasma reactive ion etching
process to reproduce the pattern in the resist in the underlying layers and oxygen plasma etching
to remove eventual resist residual. The plots on top of each step display the interferometer
readings recorded during the etching. The cyan regions indicate the over-etching time which is
usually evaluate as an additional 30% of the time at which the interferometer stopped recording
a variation in the refractive index.

At the end of the 4-step etching process, the remaining ZEP on top of the structure

is removed through a five minutes oxygen plasma. This plasma does not affect either the

Al or Si3N4 layers and thus it is not necessary to time-check its length. Finally, the hard

mask should be removed. The removal of the hard mask is a critical step because if the

the etching process utilised is not anisotropic, or it is simply performed for too long, that

could affect also the Si3N4 middle layer and thus significantly modify the optical response

of the filters. And this is, in fact, what happened.

8.1.1 Issue 1: Under-Etch of the Middle Layer

The under-etch of the Si3N4 middle layer caused severe interference to the transmittance

of the filters. Figure 8.3a shows the simulated expected transmittance of six hexagonal

nanohole arrays with different periodicities at the completion of the first phase of the

fabrication process. In comparison, Figure 8.3b displays the experimental data obtained

from six 1 mm x 1mm MIM hexagonal nanohole arrays from one of the samples affect by

a conspicuous amount of under-etch of the middle Si3N4 layer. The spectral lineshapes of

the filters are completely distorted.

The under-etch issue was identified by imaging a cross-section of one of the ‘faulty’

samples. Figure 8.3c is a TEM image of the MIM stack between two adjacent holes which

shows how the additional Si3N4 etching step caused a considerable amount of under-etch
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Figure 8.3: Under-etch of the middle layer. (a) Simulated optical transmission efficiency
of six arrays and (b) corresponding experimental data of one of the samples (S21940) after Phase
I of the fabrication process. Periodicities are indicated in the legends. Clearly, the experimental
data do not resemble the expected results. (c) Sketch of the cross-section within the hexagonal
array and respective TEM image (sample S21940) of the MIM stack in between two consecutive
nanoholes along the x-direction. The removal of the hard mask results in a significant under-etch
of the Si3N4 middle layer. Scale bar: 20 nm.

to the Si3N4 middle layer, of approximately 60-70 nm per side. It also caused a significant

etch of the SiO2 substrate at the bottom of the holes. In spite of that, some Si3N4 residuals

are still visible on the top Al surface.
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Figure 8.4 is a simulation study on the effect of the under etch on the optical response

of the MIM filters. It seems as if the G-SPP mode could ‘feel’ the variation in the refractive

index of the middle layer. Consider the middle layer as an effective medium, the larger the

under-etch the lower the effective refractive index and thus the dispersion relation of the

G-SPP would become smaller. As a consequence, the condition kG-SPP = G10 would be

met at higher frequencies causing the minimum λG-SPP,10 to blue-shift in wavelength. The

larger the under-etch, the larger the blue-shift. Note, in fact, an imaginary blue line that

crosses the EOT band from right to left as the depth of the under-etching increases. This

interference ‘pushes’ the peak in the EOT band to lower wavelengths until it disappears

and the lineshape of the peak becomes unrecognisable. To maintain almost intact the

transmission efficiency of the filter and its lineshape, the under-etch should not exceed

approximately 10 nm per side.

The first attempt to avoid the under-etch consisted in the replacement of the top Si3N4

layer with a primer. The primer does not ‘have a thickness’. It is extremely thin and thus

is function is merely as an adhesion layer and not as a hard mask. The samples displayed

a significant improvement in transmission, a clear sign that the under-etch issue had

been solved. However, SEM images showed a much larger difference in diameter between

the top and the bottom layer. Likely, the absence of the hard-mask made the top Al

layer more vulnerable to the multi-steps etching process. The ZEP resist is a quite ‘soft’

resist that get etched with a rate that is basically 1:1 to the etching rate of the material,

so without the hard mask the top Al layer is more subjected to the effect of a double

etching. Moreover, some SEM and AFM images also showed unexpected ‘damages’ in

the proximity of the arrays that did not appear in the samples with the hard mask. We

assigned those defects to adhesion issues between the resist and the top Al layer and thus

decided to discard this approach.

Simulation results in Section 7.4.5 showed that a thin cap layer of Si3N4 - of few

tens on nanometers - does not significantly affect the optical response of the filters in

transmission. It was then decided to re-introduce the Si3N4 hard mask but contemporary

to reduce its thickness down to 20 nm so that it could be left on top of the MIM stack

without influencing its optical properties.
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(b) T vs. λ vs. Under-Etch Depth
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(d) R vs. λ vs. Under-Etch Depth
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Figure 8.4: Influence of the under-etch of the Si3N4 middle layer on the spectral
features of the of the 407040-MIM structure. 2D plots and corresponding 2D images of
the (a), (b) transmission, (c), (d) reflection, and (e), (f) extinction efficiencies of a MIM array
as a function of wavelength and amount of under-etch of the middle Si3N4 layer. Simulation
parameters: ax = 350 nm, d = 240 nm, tm = 40 nm, td = 70 nm, , middle layer is Si3N4, holes
filled with air, no cap layer.
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8.1. PATTERNING OF THE HEXAGONAL NANOHOLE ARRAY
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Figure 8.5: Experimental data after Phase I of the fabrication process. (a) Optical
transmission efficiency of the six 300 µm x 300 µm arrays of sample S23800 (solid lines) after
the last step of Phase I of the nanofabrication in comparison with the fitted simulation results
(dashed lines). Structural parameters used in the simulations are listed in Appendix A.1, under
the section dedicated to the sample S23800. Experimental measurements are in very good
agreement with the simulated results. (b) Optical transmission of Square 4 (sample S23800).
Sidewall (i) indicates the ideal case. In case (ii), it is assumed that the Si3N4 middle layer has
been etched up to the top hole dimension, while in case (iii) a uniformly stepped sloped sidewall
is considered. Excluding the ideal case (i) which is ruled out by Figure 8.5c, sidewall (iii) is the
best parametric fitting. (c) SEM image of Square 4 (sample S23800) after the last step (v) of
the first phase of the PCFs nanofabrication. Two circumferences, one at the bottom Al layer
(db) and one at the top Al layer (dt) can be identified. That means that the sidewalls of the
nanoholes are not perfectly vertical. Scale bar: 400 nm.
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Figure 8.5a shows the optical transmission efficiency of six 300 µm x 300 µm MIM

hexagonal nanohole arrays (solid lines) after the last step of Phase I of the nanofabrication

process - terminated before the removal of the hard mask - in comparison with the fitted

simulation results (dashed lines). The good agreement of the simulated results with the

experimental data is reflected by the high-quality matching of the critical features in the

transmission spectra.

Each array was optically characterised by means of a SEM and a Microspectropho-

tometer. The SEM image in Figure 8.5c shows that each nanohole is composed by two con-

centric circles with a top, dt, and a bottom, db, diameter. This means that the nanoholes

in the bottom aluminium layer are slight smaller than the nanoholes in the top aluminium

layer, by approximately 40 nm, and thus that the sidewalls of the apertures are not per-

fectly vertical. However, the top surface of the arrays appears free from resist residuals

and the holes are nicely circular-shaped.

Figure 8.5b displays the measured transmission curve of one of the array in compari-

son with the simulated transmission efficiencies of three possible sidewall configurations,

indicated in the inset. The ideal sidewall (i) can be ruled out by Figure 8.5c while the

bandwidth of the simulation curve with a sidewall of the (ii)-type does not match the ex-

perimental data. Therefore, the (iii)-type sidewall profile is used to fit the remaining five

squares with differing periodicities (Figure 8.5a). Finally, we have established a successful

fabrication process for the patterning of the periodic HNAs in the MIM stack and so we

can move on to the second phase of the fabrication.

8.2 Filling of the nanoholes

Phase II of the fabrication consists in the filling of the nanohole arrays, more specifically

with silicon nitride, as depicted in Figure 8.6a. The planned fabrication method included

(a) the deposition of a thick layer of silicon nitride by PECVD to fill the holes. A thick

layer is supposed to reduce the steps at the nanoholes sidewalls given by the difference

in height, (b) a slow chemical-mechanical polishing or RIE back-etching of the silicon

nitride up to the top aluminium using an interferometer, and last (c) a silicon dioxide
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Figure 8.6: Phase II of the fabrication process. (a) Illustration of the fabrication steps
to fill the holes with Si3N4. (b) Sketch of the cross-section within the hexagonal array and
respective TEM image of one of the fabricated arrays (sample S23801 - see dedicated section in
Appendix A.2). The deposition displays non-conformality, with a higher deposition rate on the
top surface which creates mushroom-shaped accumulations at the side of the nanoholes that do
not allow complete filling of the subwavelength apertures. Scale bar: 200 nm.

cap layer deposition. Unfortunately, the optical characterisation of the samples after the

silicon nitride deposition did not show the expected results and a TEM image of the cross-

section of one of the sample revealed that the problem lay in the silicon nitride deposition

itself (see Figure 8.6b).
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8.2. FILLING OF THE NANOHOLES

The image confirms that if the hard mask is left in situ, the under-cut of the middle

layer is avoided. However, the Si3N4 deposition is highly non-conformal. A large void is

visible inside each nanohole, a consequence of the mushroom-shaped accumulations be-

tween the holes - result of a higher deposition rate on the top surface with respect the

bottom of the holes - that prevent complete filling. The presence of the voids interferes

strongly with the filters’ transmission by lowering the effective RI of the holes and thus

decreasing the effective length of the cavity heff. As a result, the magnetic dipole disap-

pears while the electric dipole mode blue-shifts significantly. The experimental data of

the sample whose cross-section is displayed in the TEM image are reported in Appendix

A.2.

The first approach to overcome the non-conformal deposition issue was to deposit a

much thicker layer of Si3N4, planarise the top surface down to a few tens of nanometer

above the top Al layer by mean of Chemical Mechanical Polishing (CMP) techniques,

proceed with another Si3N4 deposition and so on until the holes were uniformly filled.

However, optimisation of the CMP process demonstrated to be harder than expected

and the Al had the tendency to easily peel off the substrate during the planarisation

step, destroying the entire sample. On the other hand, using a RIE back-etching had

simply removed the Si3N4 also from the holes. These unexpected difficulties in fabrication

necessitated the identification of an alternative material to fill the holes.

8.2.1 Alternative Filling Material

Section 7.4.4 - on the influence of the RI of the hole filling material on the optical response

of the MIM structure for a constant tstack - established that both the resonant modes red-

shifts as the RI increases and the MD resonance appears only when the cavity becomes

optically thick enough to sustain the mode. Moreover, the lower the RI of the filling

material the stronger the overlap of the modes, in particular when the RI is lower than

the RI of the substrate. Based upon these results and the knowledge that a spinnable

material could reduce the possibility of a non-uniform filling and of an irregular top

surface, the S1805 Shipley [187] resist was chosen as the hole filling material.
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Figure 8.7: Simulation study of the new optimised structure with S1805 inside
the holes. Expected optical transmission efficiency for 40-100-40 MIM arrays having different
periodicities ax (indicated on top of the peaks). The periodicity to diameter ratio is 1.53, tm =
40 nm, td = 100 nm, no cap. A 10-nm Si3N4 hard mask is assumed. The chosen thickness td
= 100 nm optimises the transmission efficiency in the middle range of the visible spectrum, but
gives inferior passband characteristics in the blue and red parts of the spectrum, which would
instead require a shorter and a longer stack thickness, respectively.

The RI of S1805 is in the range 1.6-1.7, [187] lower than the RI of Si3N4, and thus, to

maintain the optical length, the total tstack of the MIM filters was increased. Figure 8.7

displays the final expected transmission characteristics using S1805 hole filling instead of

Si3N4, for several periodicities ax and a taller tstack = 180 nm. In this case, it appears

that it is not possible to utilise the same thickness to uniformly filter the entire visible

spectrum. The chosen thickness td = 100 nm optimises the transmission efficiency in the

middle range of the visible spectrum, but gives inferior passband characteristics in the blue

and red parts of the spectrum, which would require instead a shorter and a longer stack

thickness, respectively. This is due to the fact that, for the first mode, δheff ≈ δλ/(2n),

and thus, given the fixed wavelength range of visible light, a lower RI material requires

a larger variation of the thickness δheff. Therefore, by filling the holes with a high-RI

dielectric, narrowband filters can be realised across the entire visible spectrum with a

single tstack thickness.

The fabrication steps for the 40nm-100nm-40nm MIM hexagonal nanohole arrays filled

with S1805, and the optical characterisation of an array from a 4010040-MIM sample
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Figure 8.8: Fabrication steps and experimental results for the S1805 nanohole fill-
ing. (a) Illustration of the fabrication steps used to fill the holes with S1805. A10-nm Si3N4
hard mask was used. (b), (c), (d) Optical characterisation of Sample S24734: tm = 40 nm,
td = 100 nm, 10-nm hard mask. Each array occupies an area of 200 µm x 200 µm. See the
dedicated section in Appendix A.3 for sample layout and measured hole dimensions. Measured
transmission efficiencies of square 11, ax = 380 nm, e-beam dose 408 µC/cm2, (b) after Phase
I of the fabrication process in comparison with parameterised simulation curves having differ-
ent hole sidewalls, (c) after S1805 spin in comparison with simulated results having different
cap thicknesses, and (d) as a function of the S1805 cap thickness after 10-minute steps of O2
back-etching.

are reported in Figure 8.8. As previously, following the SEM characterisation of the top

surface of the sample, the experimental measurements were compared to simulated results

to determine the best fit for the hole sidewall profiles (see Figure 8.8b). Figure 8.8c shows

that after the S1805 spin, the thickness of the resist on top of the MIM structure was

of the order of around 100 nm. As in the case of the SiO2 cap, etching back the resist

decreases the optical length of the cavity. As expected, when the S1805 top layer is etched

back the peaks blue-shifts in wavelength and only a smaller number of modes are allowed
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Figure 8.9: Final experimental results and microscope images of MIM arrays filled
with S1805. (a) Comparison of measured transmission efficiencies (solid lines) of the arrays
of sample S24734 exposed to a dose of 408 µC/cm2 with the parameterised simulation results
(dashed lines) obtained using a (ii)-type hole sidewall (refer to Figure 8.8d) and the diameters
estimated from the SEM characterisation of each array. (b) Transmission microscope image of
the 16 MIM colour filter whose measured transmittance curves are plotted in (a). (c) Measured
transmission efficiencies of the arrays of sample S24734 exposed to a dose of 300 µC/cm2 and
respective transmission microscope image (d). Periodicities are indicated on top of the peak-
s/squares in each image. See the dedicated section in Appendix A.3 for details on the sample
layout and measured hole dimensions.

inside the cavity, i.e. the second longer wavelength peak disappears (see Figure 8.8d).

The experimental results of two sets of the 40nm-100nm-40nm arrays after 40 minutes

O2 back etching, that were exposed to two different doses as indicated, are plotted in

Figures 8.9a and 8.9c. For each set, Figure 8.9b and 8.9d are the respective transmission

microscope image of the 16 MIM colour filter. For the lower dose (Figure 8.9b), which

corresponds to smaller hole diameters, the colour cross-talk between filters is evidently

lower when compared to the higher doses (refer to microscope images). On the other
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hand, the transmission efficiency is significantly reduced by using the lower dose. In fact,

for the higher dose, the sample displays transmission efficiencies up to 60%, and FWHM

in the blue and green part of the spectrum between 45 and 55 nm. The experimental

results are in very good agreement with the simulations, establishing the accuracy and

validity of the simulation study with the Si3N4 hole filling.

8.3 Summary

In this chapter, the fabrication steps used to realise the MIM PCFs are described in

detail and the experimental results presented. Issues and challenges in the fabrication

process are addressed and viable solutions demonstrated. Through the high quality of the

measured results obtained from the fabricated samples, we were able to demonstrate the

impressive performance and versatility of our MIM plasmonic nanostructures. The MIM

filters overcome the limitations of both existing PCFs and CMOS focal plane colour filters,

and thanks to a reduced optical bandwidth down to as little as 45 nm in the visible range,

and transmission efficiencies up to 60%, high accuracy image sensors will be made possible.

Moreover, because these narrow band-pass filters for the entire visible range are fabricated

using one single lithographic step, this CMOS-compatible plasmonic nanostructure is cost-

efficient and extremely competitive with current multispectral filtering technologies.

Further improvements of the MIM filters will require a more reliable fabrication pro-

cess, so that a higher refractive index material can be used to fill the holes and a lower

colour cross-talk achieved between the blue and the red part of the spectrum. However,

when we optimised the MIM structure to a different hole filling material in just few steps

we clearly demonstrated that the concept presented in this manuscript is extremely ver-

satile, and can be successfully extended to other materials or even to other wavelengths

of the electromagnetic spectrum.

209



Chapter 9
Conclusions and Future Work

In the work presented in this Thesis I have developed a novel plasmonic colour filter

architecture based on periodic hexagonal arrays of subwavelength holes milled through a

Metal-Insulator-Metal stack of less than 200 nanometers. This structure overcomes the

limitations of all previously reported PCFs, namely relatively low transmission efficiency

and considerably broad bandwidth, and represents a potential candidate for integrated

multispectral imaging sensors in the visible regime.

Thanks to comprehensive simulation studies and detailed analyses of the simulation

data I was able to identify some of the physical mechanisms involved in the transmission

process of the MIM structure and establish the influence that each of the structural and

constitutive parameters has on the optical response of the device. This allows for a

relatively easy and straightforward optimisation of the structure for different materials

and applications.

The conclusions from the development of the MIM structures, in addition to some

discussion on future work, are presented below.
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9.1. FROM BROAD- TO NARROW-BAND
PLASMONIC COLOUR FILTERS

9.1 From Broad- to Narrow-Band

Plasmonic Colour Filters

In the last decades, transmissive plasmonic colour filters based on periodic arrays of

nanoholes in an optically thick metal layer quickly became one of the most promising

candidate to replace integrated colour filters for image sensor technologies [13,14,15,16]. Plas-

monic colour filters are based upon the phenomenon of extraordinary optical transmis-

sion [17]. While transmission through a single isolated nanohole is extremely small, hole

arrays can display surprisingly high transmission efficiency, sometime exceeding unity

when normalised to the area of the holes [17,18]. This is because the surface plasmon po-

laritons launched at each hole interact and give rise to a collective resonant behaviour of

all the holes together that boost the transmission efficiency.

Periodic hexagonal nanohole arrays milled in a 150-nm Al layer sandwiched between

a bottom-half space and a top 200-nm silicon dioxide layers - in this Thesis referred to

as the Sym-SML filters - were chosen to be the starting point for the development of

more efficient plasmonic colour filters. At the time the project started, they were the

most common and exploited architecture for CMOS image sensor applications and many

studies were published on them. However, with transmission efficiencies below 50% and

FWHM larger than 100 nm, the Sym-SML filters did not represent an actual competitive

alternative to standard filter technologies.

In Chapter 5, the spectral characteristics of Sym-SML arrays have been re-examined in

details through a comprehensive parametric simulation analysis in order to identify a novel

way to improve their optical performance. The goal was to increase their transmission

efficiency and narrow their optical bandwidth, in order to make them more suitable for

integrated multispectral applications.

Simulation results established that the optical efficiency of the filters would benefit

from a reduced amount of metal. Therefore, the metal has been thinned down to 40 nm.

The thickness was chosen thin enough to reduce the absorption losses but contemporary

thick enough to be approximately 3-4 times the SPPs penetration depth inside the Al
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and thus avoid SPPs coupling between the top and bottom interfaces. The spectral

lineshape of the Sym-SML structure was the result of the substantial overlap of two

resonances. However, simulations results demonstrated that by filling the hole with a

higher-RI material (than SiO2) the two resonant modes could be separated in wavelength.

The higher the RI the larger the split between the two resonances. A slight boost in the

transmission efficiency of the narrower peak was observed for a range of RI between 1.8 and

2.2. Si3N4 was chosen as the hole filling material because it is a standard CMOS material

and has the RI in the appropriate range of values. Simulation results also established that

the number of resonant modes within the structure depends on its thickness. Therefore,

to maintain unaltered the total thickness of the cavity, a cap layer made of the same

high-RI material of the hole filling has been introduced on top of the 40-nm metal layer.

In the transmission spectrum of a Asym-(thin)SML structure two resonances can be

identified: a narrower, antisymmetric resonant mode at shorter wavelengths, Tpeak,2, and

a broader, symmetric resonant mode at longer wavelengths, Tpeak,1. Tpeak,2 displayed a

relatively high transmission, above 40%, and a considerably narrow FWHM, of approx-

imately 30 nm, along the entire visible range. Moreover, this peak presented extremely

interesting features: (i) it was stable to diameter variations; (ii) it was limited to a spe-

cific waveband, defined by the two minima resulting from the excitation of SPPs at the

bottom and top interfaces, λmin,10(Al/SiO2) and λmin,10(Al/Si3N4); (iii) its lineshape could be

easily optimised by varying the thickness of the cap layer.

The main drawback of the Asym-(thin)SML configuration was the considerable optical

interference of a long-wavelength peak, in particular for shorter periodicities, because it

had a transmittance that was of the same order of magnitude of the transmittance of

Tpeak,2. Simulation results established that the main contribution to the transmittance of

the long-wavelength peak could be attributed to the formation of magnetic dipoles along

the y-direction on the top Al surface, in between adjacent holes. Therefore, to ‘screen’

the radiation pattern from these magnetic dipoles and thus reduce the optical efficiency

of Tpeak,2, a second Al layer - exact copy of the bottom one - has been added on top of the

Si3N4 cap layer of the Asym-(thin)SML structure. However, knowing that the resonance

of the narrow peak was sensitive to the total thickness of the structure, the thickness of
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the Si3N4 has been reduced to maintain the latter unvaried. The addition of a second

metallic layer not only reduced the interference from the long-wavelength peak observed in

the Asym-(thin)SML structure, but also increased the efficiency of the short-wavelength

cavity mode by increasing the confinement of the resonant mode inside the nanoholes.

In Chapter 7, the optical characteristics of the MIM structure have been presented

and described. Parametric dependences have been thoroughly examined and insights on

the physical mechanisms of the transmission process provided. Electromagnetic near-filed

patterns established that the transmission spectrum of the MIM structure in the EOT

band was dominated by the superposition of magnetic and electric resonant modes. For

small gap thicknesses td between the two thin metallic layers, the MIM structure displayed

two resonant peaks in the EOT band. A narrow, magnetic dipole (MD) mode at shorter

wavelengths, Tpeak,2 and a broader, electric dipole (ED) mode at longer wavelengths,

Tpeak,1. The MD resonance displayed a strong dependence to the thickness of the MIM

stack and to changes in RI of the hole filling material that could be explained in terms of

cavity resonator and effective optical length of the cavity.

The thicker the effective length of the cavity, the higher the red-shift of the peak.

Moreover, the thicker the stack the higher the number of resonant modes within the

structure. Similarly, the higher the RI of the hole filling material, the higher the red-shift

of the peak and vice versa. In addition, it has been established that the thicker the gap

thickness between the two metal layers the higher the number of oscillatory modes that

arise in the MIM waveguide. These modes should be avoided because they can interfere

with the transmission features of the EOT band.

These insights on the physical mechanisms involved in the transmission of the MIM

structure and a comprehensive analysis of the effect that the structural parameters have

on the optical response of the MIM structure enabled the determination of an ‘optimal’

set of structural parameters to use during the fabrication of the filters with the required

characteristics. The optimal set of structural parameters read as follow: ratio periodicity

to diameter equals 1.53, metal thickness of the array tm = 40 nm, distance between the

metal layers td = 70 nm, Si3N4 has been chosen as both filling of the hole and middle

layer material.
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The nanofabrication of the MIM filters has been divided in two phase: the patterning

of the hole array in the MIM stack and the filling of the holes. The fabrication process

presented a few challenges in either of the phases. In Phase I, a conspicuous under-etch

of the middle layer made it necessary to remove an etching step and re-evaluate the

thickness of the top Si3N4 layer, used as adhesion layer between the top metal layer and

the resist and as hard mask layer during the etching. In Phase II, the non-conformal

Si3N4 deposition made it necessary to substitute the hole filing material. Since the hole

filling material had a different RI the structural parameters of the MIM structure had

to be re-evaluated accordingly. Thankfully the MIM structure is an extremely versatile

structure and the understanding acquired on its physical mechanisms meant that the

re-optimisation was relatively quick and straightforward.

Once the fabrication process had been developed, measured transmission efficiencies

up to 60% and FWHM between 45 and 55 nm along the entire visible range were achieved

- an impressive and unique combination of features that has never been reported before

in a plasmonic colour filter. Experimental results were in very good agreement with the

simulations, establishing the accuracy and validity also of the simulations study with the

Si3N4 hole filling.

9.2 Future Works

The objective of the work presented in this Thesis has been the development of a photonic

nanostructure that could overcome the limitations of previously reported plasmonic colour

filter technologies, namely relatively low transmission efficiency and considerably broad

bandwidth, and eventually replace current filter technologies for integrated multispectral

CMOS image sensors.

Experimental results were in good agreement with the simulations and demonstrated

the versatility of the MIM structure. However, it was necessary to replace the initial

CMOS-compatible choice of the hole filling material with an organic substitute. In addi-

tion, the alternative filling material had a much lower refractive index that prevented to

achieve uniform spectral filtering characteristics along the entire visible spectrum. There-
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fore, in the immediate term, the next step would be to develop a process to fill the holes

with silicon nitride and demonstrate the resulting performance improvement.

Once the MIM filters have been successfully fabricated with Si3N4 as the hole filling

material, in the medium to long term, the next step would then be the integration of the

devices directly on top of a photodetectors or within the first layers of the CMOS layer

stack. At that stage, it would also be necessary to develop imaging processing algorithms

to extract the individual colours, perform interpolation and reconstruct the full colour

image. Initially, the colour filter array could be composed of the standard red, green and

blue channels. Without the restriction of multiple colour bands, the size of the holes could

be increased in order to increase the efficiency of the filters. For example, with a ratio

periodicity to diameter of 1.26, transmission efficiencies up to 80% could be achieved. The

FWHM of the filters would be of about 75 nm, i.e. still 25% smaller than the Sym-SML

case. After the acquisition of the first colour image using a trichromatic colour filter array,

colour reproduction could be improved by using a larger number of colour filters so to have

a multispectral image sensor. The ratio periodicity to diameter could be varied at need

according to the requirements on the number of wavebands and transmission efficiency.

Plasmonic nanostructures are renowned for their sensitivity to refractive index varia-

tions. In this thesis, we have established with several simulation studies that the optical

response of the arrays varies as a function of the RI of the material inside the holes or

as a function of the top cladding material. Therefore, the MIM structure could also be

exploited for sensing applications.

In addition, I believe that one interesting feature worth to explore further is the local

resonance that appeared at the condition kSPP,(Al/SiO2) = G10 in the reflectance of the

Asym-(thin)SML structure during the analysis of the size of the holes. That resonance

reaches a zero-reflection minimum for large diameters and is very narrow, with a FWHM

of less than 10 nm. Therefore, it might display a quite interesting figure of merit if

exploited in sensing applications.
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9.2. FUTURE WORKS

(a) (b)

(c) (d)

Figure 9.1: Light diffraction patterns from MIM nanohole arrays.

Finally, during the optical characterisation of the devices I noticed a diffraction be-

haviour which intrigued me. Figure 9.1 shows some images of samples under the light of

the microspectrophotometer. The arrays seem to diffract the light (almost) horizontally,

along the two-dimensional plane of the array, and in six specific directions which resemble

the hexagonal pattern. The light seems to be diffracted in each direction with the ‘shape’

of the square and varies colour according to the periodicity, the smaller the periodicity

the shorter the wavelength of the diffracted light. So maybe the MIM arrays could be

used for example as optical router for nanophotonic applications.
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Appendix A
Samples

This Appendix provides the e-beam layouts, the optical measurements and the SEM

characterisations of the MIM plasmonic filter arrays presented in this Thesis.
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A.1. SAMPLE S23800: 40/70/40 MIM

A.1 Sample S23800: 40/70/40 MIM
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Figure A.1: Sample S23800: (a) E-beam layout, (b) Optical characterisation and (c) SEM
characterisation.
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A.2. SAMPLE S23801: 40/70/40 MIM

A.2 Sample S23801: 40/70/40 MIM
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(c) Optical characterisation
after nanohole patterning
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Figure A.2: Sample S23801: (a) E-beam layout, (b) TEM characterisation of Square 3, (c) Op-
tical characterisation after nanohole patterning (empty holes) and (d) Optical characterisation
after 200 nm Si3N4 ICP deposition as imaged in (b).
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A.3. SAMPLE S24734: 40/100/40 MIM

A.3 Sample S24734: 40/100/40 MIM
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Figure A.3: S24374 E-beam layout
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A.3. SAMPLE S24734: 40/100/40 MIM

Table A.1: SEM characterization Dose 408 µC/cm2
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