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Abstract 

In this dissertation, optical fibre surface plasmon resonance sensors based on a metallic array 

of sub-wavelength apertures are investigated. Metallic sub-wavelength apertures may be 

designed to support surface plasmon resonances that are sensitive to the surrounding 

environment when embedded at the end-face of an optical fibre. Factors contributing to the 

liquid refractive index sensitivity are explored systematically through simulation, theory, and 

experiment. The optical fibre sensor (OFS) is a novel sensing device based on surface 

plasmon resonance technology and metallic nanostructure materials. The sensitivity of the 

sensor can be tailored by designing a suitable periodic array of sub-wavelength apertures. In 

the sensing mechanism, liquids such as water, acetone and iso-propyl alcohol were used to 

test the sensing surface of the optical fibre end-face. The identification of different refractive 

indices can be achieved by measuring the wavelength difference variations of spectral 

features and the light intensity from the reflection spectra of the OFS. The proposed sensor is 

compact in size and suitable for remote sensing. The sensor needs only a small volume of the 

liquid being tested and it is easy to use. It is evident that experimental results are in good 

agreement with theoretical results. However, the result of this study determined that it is 

unlikely that an OFS based on a periodic metallic nanostructure at the fibre end-face will 

produce a sensor with superior sensitivity to variations in liquid refractive index (RI) as 

compared to cheaper existing technologies. 
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ĵ: Unit vector in the y-direction in a Cartesian coordinate system 

Physical Constants: 

c: Speed of light in a vacuum  

ℏ: Planck's constant  

e: Charge on an electron  

𝜇0: Vacuum permeability, or permeability of free space  

𝜀0: Vacuum permittivity, or permittivity of free space 

 m: Electron mass 

Physical Symbols: 

x: Position vector  

E: Electric field 

|𝐄|𝟐: Electric field intensity 

|𝐄𝐭𝐨𝐭𝐚𝐥|𝟐: Total electric field intensity 

|𝐄𝐢𝐧𝐜𝐢𝐝𝐞𝐧𝐭|𝟐: Incident electric field intensity 

H: Magnetic field 

 



xv 
 

𝜇: Permeability 

𝜀: Permittivity (or dielectric constant) 

𝜀𝑑: Dielectric constant of a dielectric material 

𝜀𝑚: Dielectric constant of a metal 

𝜀𝑝: Dielectric constant of a prism (glass) 

𝜔: Angular frequency 

𝒌: Wave-vector 

𝒌𝟎: Wave-vector of incident light 

K: Absorption constant 

𝜆: Wavelength 

𝜆0: Wavelength of incident light 

𝜃a: Acceptance angle 

𝜃c: Critical angle 

𝑑𝑝: Penetration depth of the evanescent field 

n: refractive index 

N: Conduction electron density  

𝜔𝑝: Plasma frequency 

𝛤𝑝: Collision frequency 

𝜏: Average collision time of free electrons 

𝛿: Skin depth 

𝛿1: Skin depth in dielectric  

𝛿1: Skin depth in metal  



xvi 
 

𝜎𝑠: Surface charge density 

V: Coupling term 

Chemical Symbols: 

Ag: Silver (𝜔 dependent) 

Au: Gold (𝜔 dependent) 

Refractive index (25 oC) of common materials 

Acetone: n= 1.36 

Air: n= 1.00 

Glass: n= 1.50 

Iso-propyl alcohol: n= 1.38 

Water: n= 1.33 

Abbreviations: 

2D: 2-dimensional 

3D: 3-dimensional 

FIB: Focused ion beam 

CAD: Computer-aided design 

CDEW: Composite diffractive evanescent wave 

EM: Electromagnetic 

EOT: Extraordinary optical transmission 

FDTD: Finite-difference time-domain method 

FBG: Fibre Bragg grating 

FEM: Finite-element method 

IPA: Iso-propyl alcohol 



xvii 
 

LPG: Long period grating 

LSP: Localized surface plasmon 

LSPP: Localized surface plasmon polariton 

OFS: Optical fibre sensor 

PDE: Partial differential equation 

PEC: Perfect electric conductor 

PML: Perfect matched layers 

RF: Radio frequency 

RI: Refractive index 

RIU: Refractive index unit 

SEM: Scanning electron microscope 

SERS: Surface-enhanced Raman scattering 

SNR: Signal to noise ratio 

SP: Surface plasmon 

SPP: Surface plasmon polariton 

SPR: Surface plasmon resonance 

TE: Transverse electric 

TIR: Total internal reflection 

TM: Transverse magnetic 



 

xviii 
 

Table of Contents 

Declaration................................................................................................................................ ii 

Acknowledgements ................................................................................................................ iii 

Abstract .................................................................................................................................... iv 

List of Tables ............................................................................................................................ v 

List of Figures .......................................................................................................................... vi 

List of Symbols and Abbreviations ..................................................................................... xiv 

List of Publications ............................................................................................................... xxi 

Chapter 1. Introduction .......................................................................................................... 1 
1.1. Motivation ....................................................................................................... 1 

1.2. Contributions to knowledge ............................................................................ 4 

1.3. Outline of this thesis ....................................................................................... 5 

Chapter 2. Optical Fibre Sensors ........................................................................................... 7 
2.1. Optical fibre wave guide principles ................................................................ 7 

2.2. Optical fibres as sensors ................................................................................ 10 

2.2.1. Intrinsic sensors .................................................................................. 11 

2.2.2. Extrinsic sensors ................................................................................. 12 

2.2.3. Optical fibre sensing ........................................................................... 12 

2.2.3.1. Refractive index sensor ......................................................... 12 

2.2.3.2. Microbend fibre optic sensors ............................................... 13 

2.2.3.3. Surface enhanced Raman scattering (SERS) fibre sensor..... 14 

2.2.3.4. Surface Plasmon Resonance (SPR) fibre sensor ................... 14 

Chapter 3. Surface Plasmon Resonance (SPR) and SPR-Based Optical Fibre Sensors . 16 
3.1. SPR theory and optical properties of metals ................................................. 16 

3.2. Properties of SPPs ......................................................................................... 19 

3.2.1. Dispersion relation of surface plasmons on a smooth metal surface .. 19 

3.2.2. Propagation length and skin-depth of SPs on a smooth surface ......... 22 

3.3. Surface plasmons excitation by light ............................................................ 24 

3.3.1. Prism configuration ............................................................................ 24 

3.3.2. Excitation of SPR in an optical fibre .................................................. 27 

Chapter 4. Metallic Sub-wavelength Apertures .................................................................. 35 
4.1. Introduction ................................................................................................... 35 



 

xix 
 

4.2. Surface plasmon excitation on a periodic array of sub-wavelength apertures.
 ...................................................................................................................... 36 

4.3. Mechanism of transmission via surface plasmon coupling in a periodic 
nanohole array .............................................................................................. 39 

4.4. Localized surface plasmon polaritons (LSPPs) ............................................ 40 

4.4.1. LSPPs of metallic nanoholes .............................................................. 41 

4.5. Composite diffractive evanescent wave (CDEW) ........................................ 42 

4.5.1. The principle of the CDEW ................................................................ 43 

4.5.2. The CDEW for an aperture with a periodic corrugation .................... 46 

4.5.3. The CDEW for an array of sub-wavelength apertures ....................... 47 

4.6. Fano profile analysis ..................................................................................... 48 

4.7. Fabry-Perot resonance on periodic arrays of sub-wavelength apertures ...... 49 

4.8. Types of metallic sub-wavelength apertures ................................................. 50 

Chapter 5. Numerical Modeling Techniques....................................................................... 55 
5.1. Introduction ................................................................................................... 55 

5.2. Finite-difference time-domain (FDTD) ........................................................ 55 

5.2.1. Finite difference approximation ......................................................... 56 

5.2.2. The Yee cell ........................................................................................ 58 

5.2.3. Lumerical FDTD solutions ................................................................. 60 

5.3. Finite element method (FEM) ....................................................................... 60 

5.3.1. Comsol Multiphysics .......................................................................... 61 

5.4. Lumerical FDTD solutionTM versus Comsol MultiphysicsTM ...................... 61 

Chapter 6. Fabrication and Experimental Techniques ...................................................... 65 
6.1. Introduction ................................................................................................... 65 

6.2. Transmission-based configuration ................................................................ 65 

6.2.1. Analytical solution .............................................................................. 66 

6.2.2. FDTD simulation ................................................................................ 66 

6.2.3. Experimental and simulation results comparison ............................... 69 

6.3. Reflection-based configuration ..................................................................... 70 

6.3.1. Simulation ........................................................................................... 71 

6.3.2. Fabrication .......................................................................................... 73 

6.3.3. Experimental and simulation results comparison ............................... 79 

6.3.4. Surface tension between liquids and sub-wavelength apertures ........ 84 

Chapter 7. Simulations, Comparison and Discussion......................................................... 87 



 

xx 
 

7.1. Introduction ................................................................................................... 87 

7.2. Reflection spectra from an array of circular apertures (nanoholes) .............. 87 

7.3. Reflection spectra from an array of cross-shaped apertures ......................... 92 

7.4. Reflection spectra from an array of cross-shaped apertures with rounded 
corners .......................................................................................................... 98 

7.5. Reflection spectra from an array of annular apertures ................................ 100 

7.6. Reflection spectra from an array of rectangular apertures .......................... 104 

Chapter 8. Conclusion and Outlook ................................................................................... 111 

Appendix A ........................................................................................................................... 113 

Appendix B ........................................................................................................................... 114 

Bibliography ......................................................................................................................... 115 

 



 

xxi 
 

List of Publications 

The body of original research presented in this thesis has been published, in part, in the 

following:  

1. Nguyen H, Sidiroglou F, Collins S F, Baxter G W, Roberts A and Davis T J, 2012, 

"Periodic array of nanoholes on gold-coated optical fiber end-faces for surface 

plasmon resonance liquid refractive index sensing", 3rd Asia Pacific Optical Sensors 

Conference, Sydney Australia, Proc. SPIE 8351, 835128 (6pp). 

2. Nguyen H, Baxter G W, Collins S F and Roberts A, 2010, "Metallic nanostructures on 

optical fibre end-faces for refractive index sensing", 35th Australian Conference on 

Optical Fibre Technology (CD-ROM: 19th Australian Institute of Physics Congress, 

Australian Institute of Physics, Australian Optical Society & Engineers Australia, 

ISBN 978-0-9775657-6-4), paper no. 694. 

3. Nguyen H, Milicevic M, Roberts A, Baxter G W, Collins S F and Davis T J, 2009, 

"Towards a refractive index sensor utilizing nanostructures surface plasmon 

resonance on the endface of an optical fibre", Proceedings of the Australasian 

Conference on Optics, Lasers and Spectroscopy and 34th Australian Conference on 

Optical Fibre Technology in association with the International Workshop on 

Dissipative Solitons 2009 (ACOFT ACOLS 09), Australian Optical Society & 

Engineers Australia (ISBN 1 876346 61 2), ACOFT paper 20, pp. 475-476. 

4. Roberts A, Lin L, Goh X-M, Milicevic M, Nguyen H and Baxter G W, 2009, 

"Noughts and crosses: Resonances in nanometric apertures and hole arrays", 7th Asia-

Pacific conference on Near-Field Optics. pp. 41. 

5. Milicevic M, Roberts A, Lin L, Nguyen H and Baxter G W, 2009, "Angular 

dependence of localised surface plasmon modes", 7th Asia-Pacific conference on 

Near-Field Optics. pp. 161. 

 



 

Chapter 1: Introduction Page 1 
 

Chapter 1. Introduction  

1.1. Motivation 

During the last decades, the continuing need for faster and improved means of 

detection, communication, and data processing has encouraged rapid growth in the field 

of all-optical components. This has led to the development of a variety of new sensing 

optical devices able to detect, measure, and process data using electromagnetic 

radiation. In addition, materials technology and fabrication methods, particularly for 

semiconductors, have advanced, allowing devices to be built with fine structural details. 

In combination, these developments have brought technology to a point that new 

applications can be envisaged, where all-optical sensing components and circuits are 

replacing conventional mechanical and electrical sensors. 

The motivation behind research and development activities in optical sensing relies on 

the expectation that properties of the optical sensing field are significantly advantageous 

over conventional sensing. Some of the advantages of optical over non-optical sensors 

are enhanced sensitivity, wide dynamic range, electrical passivity, insensitivity to 

electromagnetic interference, small size, and multiplexing capabilities [1]. In this 

context, surface plasmon resonance (SPR) based sensing possesses the majority of these 

advantages. Operation of these devices is based on the excitations of surface plasmons 

at a metal-sample interface [2]. Surface plasmons (SPs), also known as surface plasmon 

polaritons (SPPs) are surface modes that propagate at metal-dielectric interfaces and 

constitute an electromagnetic field coupled to oscillations of the conduction electrons at 

the metal surface as shown in Figure 1.1. The fields associated with the SPPs are 

enhanced at the surface and decay exponentially into the media on either side of the 

interface.  
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Figure 1.1: The surface charge and electromagnetic field of  the SPPs propagating 

on a surface in the x direction [3]. 

 

The conventional excitation of surface plasmons using a prism requires a very 

sophisticated and bulky experimental setup, their large detection spot and the need of a 

coupling prism limits their effectiveness for probing nanovolumes and single cells. For 

example, a commercial SPR system from BIAcore [4] has a price of several hundred 

thousand US dollars, and weighs over 40 kg, and is shown in Figure 1.2.  

 

Figure 1.2: A commercial SPR sensing system from BIAcore Inc. [4]. 
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Over the past few years, several types of optical fibre sensors based on the SPR effect 

have been proposed. Many researchers have used the core or end-face of an optical fibre 

in place of prism for the excitation of the surface plasmons [5-7].  

In 1998, a group of researchers published the results of a crucial experimental on the 

transmission of light through sub-wavelength aperture arrays in thin metallic films [8]. 

Their experiment indicated that transmitted light through sub-wavelength aperture 

arrays at certain wavelengths had a much higher intensity than estimated by the classical 

theory [9]. Recently, due to the impressive progress in nano-fabrication technology [10] 

[11], many researchers have pursued this idea in a quest to create sensitive sensors by 

fabricating an array of nanostructures at the end-face of an optical fibre, for instance 

nanorods [12], nanoholes [13] and nanoparticles [14]. However, these early proposals 

offer preliminary designs with little theoretical or experimental evidence to show that 

the performance of optical fibre sensors would be enhanced by a metallic nanostructure. 

The search for a thin film nanostructure that is situated at the optical fibre's end-face and 

possesses high refractive index (RI) sensitivity becomes a challenging task for design 

and fabrication technology and is the motivation behind this thesis. Due to the scope of 

the subject, this thesis investigates the effect of a periodic metallic sub-wavelength 

aperture array on the sensitivity of an SPR based OFS, including detailed simulations of 

light reflection and transmission from an array of sub-wavelength apertures. One of the 

advantages of inscribing an array of sub-wavelength apertures on a fibre end-face is that 

one can overcome the light focusing difficulty; i.e. a pre-focused plane wave can be 

directed to the metallic array. This offers the convenient approach of analyzing the 

wavelength properties of the reflected beam within the resonant reflection dip. Such, a 

reflection based sensor, which is considered to be simple, compact and useful for many 

applications, is presented in Figure 1.3. 

 

Figure 1.3: Illustration of an array of sub-wavelength apertures embedded on the 

fibre end-face, which is integrated by analysis of reflected light. 
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1.2. Contributions to knowledge  

As outlined in the motivation section, the primary objective of this work was to explore 

the development of an optical fibre SPR sensor operating in reflection mode based on 

an array of sub-wavelength apertures embedded at the fibre's end-face hopefully 

demonstrating superior performance when compared to alternative techniques. The 

performance of the sensor in terms of its sensitivity to refractive index change was to be 

measured. In light of the objective of this research work, it is believed that the following 

contributions have been made: 

The critical elements of the integration of metallic sub-wavelength apertures at the end-

face of both single mode and multimode optical fibres were determined. 

Design, fabrication, and optical characterization of gold sub-wavelength apertures 

deposited on the end-face of an optical fibre was achieved. Results obtained 

demonstrated the optical sensing capability of the device through the RI measurement 

of a known liquid. 

A modeling and design methodology was developed to evaluate the influence of the 

critical metallic sub-wavelength aperture parameters of shape, size, and periodicity, on 

the optical properties of the metallic film when placed at the end-face of an optical fibre. 

Details of the findings of a suitable numerical modeling technique show that there was 

excellent agreement between the experimental observation and the commercial software 

package Finite-Difference Time-Domain (FDTD) simulation.  

A comparison of the sensitivity of various possibilities in using metallic sub-wavelength 

apertures (e.g. circular, rectangular, annular and cross-shaped) on the fibre end-faces 

was achieved. 

When considering the experimental practicality of this sensor, an issue arose believed to 

be due to surface tension between the liquid and the metal. This caused a shift in the 

wavelength of the reflectance dip and may compromise the reliability of a developed 

sensor. 
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1.3. Outline of this thesis 

This doctoral dissertation explores an exciting approach of integrating metallic sub-

wavelength apertures with an optical fibre for sensing purposes. Specifically, this 

dissertation aims to exploit the multi-functionality of gold sub-wavelength apertures and 

nanostructures for liquid RI sensing based on surface plasmon and localized surface 

plasmon resonances. 

This dissertation is structured as follows. A review of basic properties of an optical fibre 

with an emphasis on fibre sensing is presented in Chapter 2. In Chapter 3, an 

introduction to the SPR effect and available SPR techniques is given including 

information about SPR theory, the basic optical properties of metals and a review of the 

properties of propagating surface plasmon polaritons (SPPs) at a planar metal-dielectric 

interface by solving Maxwell's equations with the proper boundary conditions. In 

addition, the main techniques that are currently employed in the SPR field such as prism 

and fibre configurations are described and a review of the literature regarding available 

SPR fibre-based sensors is also presented.  

In Chapter 4, the theory of surface plasmon excitation on periodic arrays of sub-

wavelength apertures and the mechanism of transmission via surface plasmon coupling 

in a periodic apertures array are discussed. In addition, a brief overview of the 

composite diffractive evanescent wave method (CDEW), Fano and Fabry-Perot analysis 

is presented. In Chapter 5, the computational methods that are used to solve Maxwell's 

equations of electromagnetic are reviewed. Particular focus is on the finite-difference 

time-domain (FDTD) method and the finite-element method (FEM).  

Chapter 6 discusses the fabrication, experiments and comparison with theory. Specific 

emphasis is placed on the sensor's sensitivity and a comparison between the measured 

and calculated transmission (and reflection) spectra of an array of gold sub-wavelength 

nanoholes (and cross-shaped) on a single mode fibre end-face. Chapter 7 presents in 

detail the simulations and comparison of an array of gold sub-wavelength apertures 

deposited on fibre end-faces with various aperture shapes and sizes. 
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Chapter 8 summarizes the study of optical fibre surface plasmon resonance sensors 

based on a metallic array of sub-wavelength apertures and comments on its application 

as a RI sensing platform.  
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Chapter 2. Optical Fibre Sensors 

This chapter includes on the structure of optical fibres, light propagation principles, and 

the modification of the optical fibre structure to form different types of optical fibre 

sensors. This includes the evanescent mode, leaky mode and partial leaky mode sensing 

mechanisms based on the relative RI of the modified cladding and the core. This chapter 

also presents a brief review of optical fibre sensors with special emphasis on chemical 

sensors.  

2.1. Optical fibre wave guide principles 

An optical fibre is a cylindrical dielectric waveguide that transports energy at 

wavelengths in the visible and infrared portions of the electromagnetic spectrum, using 

the Total Internal Reflection (TIR) phenomenon occurring at the interface between two 

media with different refractive indices. Figure 2.1 is a schematic of the basic structure 

of an optical fibre. It consists of a cylindrical core, cladding, coating buffer, and outer 

jacket. A typical single mode fibre has a core diameter between 8 and 10 µm and a 

cladding diameter of 125 µm, whereas multimode fibres generally have large core 

diameters, e.g. 50 µm, 62.5 µm, or 100 µm.  

Propagation of light in an optical fibre occurs through TIR, which is governed by the 

refractive indices of the core and cladding. The central core, in which light is guided, is 

embedded in an outer cladding which has a slightly lower RI. To form guided rays in 

the fibre, the ray should be incident on the core such that upon refraction into the core it 

makes an angle smaller than 𝜃′𝑐 with the fibre axis as shown in Figure 2.2, where 𝜃a is 

the acceptance angle and 𝜃c is the critical angle between the fibre core and cladding. 

Jacket

Buffer

Cladding

Core

 

Figure 2.1: Schematic of the key elements of an optical fibre. 



 

Chapter 2: Optical Fibre Sensors Page 8 
 

 

Figure 2.2: Schematic of the propagation of light in an optical fibre launched into 

the core. 

The light ray incident outside of the acceptance cone loses part of its power to the 

cladding at each reflection and is not guided (a so-called “leaky” or "refracting" modes), 

as shown in Figure 2.3(a). For this refracting ray, a fraction of its power is lost and it 

attenuates as it propagates in the cladding. 

If the path of a light ray is entirely confined within the core by TIR, this ray is referred 

to as a guided or bound ray, as shown in Figure 2.3(b). Since, a bound ray is contained 

completely within the core it can propagate indefinitely without loss of power in the 

absence of absorption and scattering losses in the core. These rays are categorized by a 

value of 𝜃z, according to the condition given below [15]: 

Bound or guided rays: 0 ≤ 𝜃z ≤ 𝜃c, 

Refracting or leaky rays: 𝜃c ≤ 𝜃z ≤ 𝜋/2. 

 

Figure 2.3: Schematic of the (a) refracting or leaky rays and (b) bound or guided 

rays in an optical fibre waveguide. 
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According to Maxwell's equations, when light undergoes total internal reflection, the 

electromagnetic field cannot be discontinuous at the boundary of two optical media. 

Consequently, a stationary wave is formed that extends into the cladding normal to the 

interface [16]. This is known as the evanescent wave, and the electric field strength 

decays exponentially away from the boundary as illustrated in Figure 2.4. The 

penetration depth of the evanescent field is given by: 

𝑑𝑝 =   
𝜆0

2𝜋�(𝑛𝐶𝑜𝑟𝑒2 sin2 𝜃 −  𝑛𝐶𝑙𝑎𝑑𝑑𝑖𝑛𝑔2 ) 
 , 

where:  

 𝜆0: wavelength of light in free space 

 𝜃: angle of incident 

 𝑛𝐶𝑜𝑟𝑒: refractive index of core 

 𝑛𝐶𝑙𝑎𝑑𝑑𝑖𝑛𝑔: refractive index of cladding 

 

 

 

Figure 2.4: Illustration of the evanescent wave formed when light undergoes total 

internal reflection, showing the variation of the electric field with distance from the 

interface.  

The evanescent field is part of the guided light that travels through a region that extends 

outward, ~ 100 nanometre, into the media surrounding the waveguide. When there is a 

Core

CladdingEvanescent 
field

E

θ
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change in the optical characteristics of the outer medium (i.e. refractive index change), a 

modification in the optical properties of the guided wave (phase velocity) is induced via 

the evanescent field. Integrated optical sensors make use of the evanescent field 

detection principle extensively. 

2.2. Optical fibres as sensors 

In the modern world there is an ever increasing need to monitor environmental factors 

such as temperature, stress, humidity, the presence or concentration of a chemical or 

biological species. 

Optical fibre sensing competes with other sensing technologies but it is attractive in 

applications due to: 

1. Precision and sensitivity: because of the dielectric nature of glass, the OFS 

has high immunity to electromagnetic and radio frequency interference that 

affects the measurement accuracy and precision in most electrical sensors. 

An OFS is sensitive to small perturbations in its environment. 

2. Remote sensing: it is possible to use a segment of the fibre as a sensor gauge 

with a long segment of another fibre (or the same fibre) conveying the 

sensing information to a remote station. Optical fibre transmission cables 

offer significantly lower signal loss, as compared to signal transmission in 

other sensors, and can maintain a high signal-to-noise ratio (SNR). 

3. Distributed measurement: an optical fibre communication network allows 

the user to carry out measurements at different points along the transmission 

line without significant loss when the signal passes through it. This provides 

a method to monitor, control, and analyze the parameter being monitored 

over an extended length or area. 

4. Operation in hazardous environments: optical fibre sensors have been proven 

to be able to work under extreme conditions, such as high temperature, high 

pressure, corrosive and toxic environments, high radiation, large 

electromagnetic fields and other harsh environments. 

5. Compactness and flexibility: optical fibres are intrinsically small-size, which 

helps when building a compact measurement and acquisition system. 
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Furthermore they have been proven to be very adaptable because of their 

demonstrated ability to perform well in many types of measurement. 

6. Easy transportation: optical fibres are very light weight; it is easy to 

transport them to remote locations. 

 

With these advantages, optical fibre sensors have been employed to replace 

conventional sensors in some chemical sensing applications. They have also been used 

in experimental research as tools to provide accurate and stable measurements in the 

laboratory. The use of optical fibres to sense the chemical concentration of analytes has 

been reported in the literature since the 1960s. Optical fibre sensors have found 

applications in chemical [17-19], biochemical [20-23], biomedical and environmental 

[24-27] sensing. In general, optical fibre sensors are classified as intrinsic or extrinsic, 

as illustrated in Figure 2.5.  

 

 

Figure 2.5: Schematic showing the general design scheme of (a) intrinsic and (b) 

extrinsic optical fibre sensors. 

2.2.1. Intrinsic sensors 

The intrinsic sensors operate on the principle that the sensing takes place within the 

fibre itself as shown in Figure 2.5(a). The propagating light never leaves the fibre and is 

altered in some way by an external phenomenon which can be tracked by changes in 

one or more features, i.e. intensity, phase, polarization, wavelength, etc. There are four 

general sensor designs for intrinsic optical fibre chemical sensors: fibre refractometer 

[28], evanescent-wave spectroscopic [29], active coating [30,31]and active core [32,33]. 

External
perturbation

Optical
fibre

(a)

External
perturbation

(b)

Input fibre Output fibre

Light 
modulator
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2.2.2. Extrinsic sensors 

Extrinsic sensors are distinguished by the characteristic that the sensing takes place in a 

region outside the fibre as shown in Figure 2.5(b). The optical fibre is only used as the 

means of light delivery and collection. The propagating light leaves the fibre in a way 

that can be detected and collected back by another or the same fibre. 

An optrode is a good example of an extrinsic OFS. The design consists of a source fibre 

and a receiver fibre connected to a third optical fibre by a special connector [34]. The 

end-face of the third fibre is coated with a sensitive material, e.g. applied by the dip 

coating procedure. The chemical to be sensed may interact with the sensitive end-face 

by changing the absorption, reflection, or scattering properties, or by changing the 

luminescence intensity, RI or polarization behaviour. The fibre in this case acts as a 

light pipe transporting light to and from the sensing region. 

Another example of an extrinsic OFS is an optical fibre liquid level sensor that has been 

developed in recent years based on direct interaction between the light and liquid. The 

most common method in commercial products employs a prism attached to the ends of 

two single optical fibres [35].  

In general, there are advantages and disadvantages to using either class of sensor. 

Extrinsic sensors are less sensitive, more easily multiplexed, and easier to use. 

However, they possess some connection problems (into and out of the light modulator), 

whereas, intrinsic sensors are more sensitive and therefore more difficult to shield from 

unwanted external disturbances [36]. 

2.2.3. Optical fibre sensing 

2.2.3.1. Refractive index sensor 

Various chemical substances as well as several different physical and biological 

parameters can be detected through the measurement of RI. This has motivated OFS 

researchers to put significant effort into developing optical fibre RI sensors. Optical 

fibre RI sensors have found applications in in-situ monitoring of chemical processes in 

harsh environments, as well as pollution monitoring in water supply and other public 

utilities. Many different RI related parameters and techniques such as interferometry 
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[37], fibre gratings [38-40], and specialty fibres [41-43]  have been proposed as design 

elements for optical fibre RI sensors. 

An interferometer-based RI sensor [37] consists of two beams; one beam is exposed to 

the external medium and thus serves as the sensing arm while the other beam is used as 

the reference. When these two arms are combined to generate an interference pattern, a 

change in the external RI alters the optical path length of the sensing arm and thus 

causes a shift in the interference pattern. These types of sensors require a mechanism to 

split the incoming light into two arms, with the advent of fibre optic couplers such 

systems have been greatly simplified and can result in a robust fibre optic sensor 

system. 

Fibre Bragg grating (FBG) and long period  grating (LPG) are commonly employed for 

RI measurement. RI changes are measured from the shifts of the transmission or 

reflection spectra due to the influence of the external RI on the coupling conditions of 

the fibre gratings. As an LPG sensor couples the light from the core mode to the 

cladding modes,  its transmission spectrum is sensitive to changes of the external RI 

[38]. Compared to the LPG sensors, the FBG-based RI sensors are usually less 

sensitive. As a result, the cladding surrounding a FBG is usually etched or thinned in 

order to increase the sensitivity [39,40,44]. RI sensors based on fibre gratings can be 

expensive due to either the grating fabrication processes or the need for specialty fibres. 

Specialty fibres such as D-shaped fibre [41,45], microstructured fibre [42], and cladding 

stripped fibre [43] have also been used for biochemical sensing. These types of optical 

fibre chemical sensors require accessing the evanescent field at the interface of the fibre 

core and the surrounding medium. Therefore, a precision micromachining is required to 

remove a part of the fibre cladding. 

2.2.3.2. Microbend fibre optic sensors 

Microbend fibre optic sensors operate on the principle of intensity loss through a curved 

section of an optical fibre [46-49]. The intensity loss changes when the fibre bend radius 

is changed making it possible to calibrate the applied force with the change in the 

transmitted intensity. Such intensity-modulation-based approaches are simple and 

inexpensive. A change in the bend radius by applied force, temperature, or any other 

parameter causes the transmitted laser intensity to change, which can be detected and 
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used in sensing. Existing applications of microbend sensors can be found in detection of 

stress, strain [50], cracks [49], pH in a solution [48], and chemical species [51]. Other 

reports of intensity modulation based sensors are found to be in measuring humidity 

[52,53], RI of a liquid [54], liquid level in a vessel [55], and noise in a combustion 

engine [56]. While this principle is simple and provides a robust sensor, the size of the 

sensor and complexities in maintaining close control over curvature still pose 

challenges. 

2.2.3.3. Surface enhanced Raman scattering (SERS) fibre sensor 

SERS is a form of Raman spectroscopy which involves the study of samples adsorbed 

to or interacting in some manner with metal surfaces. In the case of conventional Raman 

scattering, no metal particles are present and the target analyte interacts directly with the 

incident electromagnetic field. In surface enhanced Raman scattering the substrate is 

coated with metal colloids and the chemical to be examined is on the metal surface. This 

metal coating involves the creation of a surface plasmon on the substrate surface, which 

transfers energy through an electric field to the target molecules allowing otherwise 

inaccessible vibrational structures to be determined. The signal obtained is much 

enhanced in the case of SERS as compared to conventional Raman spectroscopy. 

The effect of SERS has been exploited in an optical fibre for chemical sensing [57]. The 

sensor consists of a single optical fibre with its end-face coated with a thin layer of 

nanoparticles as a waveguide for the transmission of an excitation laser beam, resulting 

in a high quality SERS signal. A variety of fabrication techniques for optical fibre SERS 

sensors have been reported such as a long optical fibre made of side-polished and end-

polished fibres [58], an angle-polishing technique of the fibre tip in which the signal can 

be enhanced by a factor of six [59], a unique optimized fibre tip geometry which helped 

to improve the sensor's detection limit [60,61] applied nanoimprint technology to copy 

nanostructures to the end-face of an optical fibre for SERS applications. Although the 

integration of SERS systems with optical fibre technology has been attracting many 

researchers it is still posing some issues with sensitivity and stability. 

2.2.3.4. Surface Plasmon Resonance (SPR) fibre sensor 

Over the past years, many fibre-based surface plasmon resonance (SPR) sensors were 

reported. For examples, SPR sensor configurations with multimode, single mode and 
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polarization maintaining fibres coated with a thin metallic layer have been proposed 

[62-65]. A surface plasmon resonance is an electromagnetic phenomenon which occurs 

when light is reflected off a thin metal film (e.g. Ag, Au) deposited on a substrate (e.g. 

glass, quartz, prism) when the angle of incidence is greater than the angle of total 

internal reflection (TIR). A fraction of this light energy interacts with the collective 

oscillation of free electrons in the metal film therefore reducing the reflected light 

intensity. SPR has been widely demonstrated to be an effective optical technique for 

many types of interface studies [66]. The unique physical properties of SPR have 

attracted a lot of attention in recent years in optical biosensing research communities. 

For instance, if analyte molecules bind to the immobilized target the local RI changes, 

leading to a change in SPR angle. This change can be monitored in real-time by 

detecting changes in the intensity of the reflected light.  

Optical fibres provide an alternative to prism-based SPR sensors as discussed in Section 

2.2. More details of the SPR phenomenon and fibre optic-based SPR sensors will be 

discussed in Chapter 3. 
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Chapter 3. Surface Plasmon Resonance (SPR) and SPR-Based Optical 

Fibre Sensors 

In 1902, Wood observed narrow dark bands in the spectrum of the diffracted light that he 

referred to as anomalies, when he used a polychromatic light source to illuminate a metallic 

diffraction grating [67]. In 1941, Fano was the first to conclude that Wood's anomalies were 

related to the excitation of electromagnetic waves on the surface of the diffraction grating 

[68]. In 1959, Turbadar observed a large drop in the reflection intensity when illuminating 

thin metal films on a substrate but he did not relate this effect to surface plasmon resonance 

(SPR) [69]. It was the work of Otto [70,71], Kretschmann and Raether [72] in the late 1960s 

that brought understanding and showed the versatility of the SPR technique. 

In the last two decades, SPR has advanced from a rather obscure physical phenomenon to an 

optical tool that is used extensively in physical, chemical and biological fields [62,73-76]. 

The main reason for SPR sensors to become a powerful tool for the characterization of 

biomolecules interaction is their capability for real-time monitoring and label-free sensing 

with high detection sensitivity and wide dynamic range. Recently, the field of SPR has been 

addressed using metallic sub-wavelength apertures (also called metallic nanostructures) 

which can be designed such that they can perform certain useful optical characteristics for a 

range of applications.  

The objective of this chapter is to provide an introduction to the SPR effect and available 

SPR techniques. The first section includes information about SPR theory and the basic optical 

properties of metals. The second section reviews the properties of propagating surface 

plasmon polaritons (SPPs) or surface plasmons (SPs) at a planar metal-dielectric interface by 

solving Maxwell's equations with the proper boundary conditions. The last section describes 

the main techniques that are currently employed in the SPR field such as prism and fibre 

configurations. A literature review regarding available SPR fibre-based sensors is also 

presented. 

3.1. SPR theory and optical properties of metals 

SPR refers to the optical excitation of surface plasmons (SPs) at the interface between a metal 

(e.g. gold or silver) and a dielectric (e.g. gas, liquid or solid) [2]. A plasmon is a collection of 

electrons that collectively oscillate in a piece of conducting material. When electrons are 
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displaced, the positive charge exerts an attractive force on the electrons and tries to pull them 

back to their original positions. Such interactions make the plasmons oscillate once they are 

excited. The oscillation frequency of collective electrons in a volume metal is called the 

plasma frequency and is defined as [77]: 

𝜔𝑝 =  �
𝑁𝑒2

𝜀0𝑚
   ,                                                            (3.1) 

where N is the conduction electron density, 𝑒 is the charge on the electron, 𝑚 is the electron 

mass and 𝜀0 is the permittivity of free space. 

Unlike bulk (or volume) plasmons, which oscillate through the metal volume, SPs are 

confined to the surface and interact strongly with light. Therefore, the SP field intensity at the 

metal/dielectric interface can be made very high, which is the main reason why SPR is such a 

powerful tool for many types of interface sensing studies. 

Surface plasmons can be excited only along the interface between a metal and a dielectric, 

which is dependent upon the response of the metal interacting with the incident 

electromagnetic wave. Over a wide range of frequencies, the dielectric properties of metals 

are usually described by the model that was first proposed by Drude in 1900, which assumes 

the metal is a free electron gas [78]: 

𝜀(𝜔) = 1 −  
𝜔𝑝2

𝜔2 + 𝑖𝛤𝑝𝜔
 .                                                    (3.2) 

where 𝛤𝑝  is the collision frequency. Typical plasma frequencies, 𝜔𝑝  are equivalent to the 

frequencies of visible light (i.e ~ 400 - 790 THz). In the Drude model, interactions between 

electrons are not taken into account. The electrons oscillating in response to the applied 

electromagnetic field are damped via collisions with nuclei at a collision frequency 𝛤𝑝 = 1/𝜏, 

where 𝜏 is known as the average collision time of free electrons. At room temperature, the 

typical value of 𝜏 is in the order of 10-14 s, corresponding to 𝛤𝑝  ~ 1014 Hz. The real and 

imaginary parts of 𝜀(𝜔) can be expressed as [77]: 

 𝜀𝑟 = 1 −  
𝜔𝑝2

(𝜔2 + 𝛤𝑝2)
   ,                                               (3.3) 
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𝜀𝑖 =  
𝜔𝑝2𝛤𝑝

[𝜔�𝜔2 + 𝛤𝑝2�]
   .                                                (3.4) 

The frequencies discussed here are limited to 𝜔 < 𝜔𝑝, where metals maintain their metallic 

characteristics. For high frequencies, i.e. 𝜔 ≫ 𝛤𝑝, which correspond to optical frequencies, 

damping can be ignored, and 𝜀𝑟  can be approximated as 1 − 𝜔𝑝2/𝜔2 . Consequently, 𝜀𝑟  is 

negative and 𝜀𝑖 ≈  𝛤𝑝𝜔𝑝2/𝜔3 ≪ |𝜀𝑟|. For low frequencies, i.e. 𝜔 ≪ 𝛤𝑝, such as in the terahertz 

regime, 𝜀𝑟 is still negative, whereas, 𝜀𝑖 ≫ |𝜀𝑟|. 

The complex refractive index of a metal can be defined as [77]: 

𝑛 = √𝜀 = 𝑛𝑟 + 𝑖𝑛𝑖                                                            (3.5)  

where, 

𝑛𝑟 = �
1
2
��𝜀𝑟2 + 𝜀𝑖2 + 𝜀𝑟��

1
2

,                                                 (3.6) 

𝑛𝑖 = �
1
2
��𝜀𝑟2 + 𝜀𝑖2 − 𝜀𝑟��

1
2

.                                                (3.7) 

For 𝜔 < 𝜔𝑝, 𝑛𝑖 is larger than 𝑛𝑟, and the propagation of an electromagnetic wave in a metal 

is dominated by absorption, leading to rapidly exponential decay of electric field that could 

not penetrate through the metal. The distance through which the amplitude of an 

electromagnetic wave decreases by a factor of 1 𝑒� , and is defined as the skin depth 𝛿, which 

changes according to the frequency of applied electromagnetic waves. 

In order to fully account for the interband transition in real metals, permittivity values 

obtained from direct measurements are preferred. Johnson and Christy in [79] obtained such 

data. From reflection and transmission measurements on vacuum-evaporated thin films, the 

authors obtained the refractive index n and the optical absorption constant K of noble metals 

such as gold, silver and copper for the visible and near-infrared portions of the 

electromagnetic spectrum. From the definitions of complex refractive index and permittivity 

and from Equation (3.5), thus, 

𝑛(𝜔) = 𝑛 + 𝑖𝐾                                                            (3.8) 

𝜀(𝜔) = 𝜀′(𝜔) + 𝑖𝜀′′(𝜔) = 𝑛2                                                  (3.9) 



 

Chapter 3: Surface plasmon resonance (SPR) and SPR-based optical fibres Page 19 
 

the measured quantities can be readily translated into a complex permittivity via 𝜀′ = 𝑛2 −

𝐾2 and 𝜀′′ = 2𝑛𝐾. The permittivity for a range of wavelengths are plotted in Figure 3.1. The 

refractive index and the absorption constant are also shown.  
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Figure 3.1: Data curves plotted for real metals (Au, Ag, and Cu) for their (a) refractive 

index n, (b) absorption constant K, (c) real, and (d) imaginary part of permittivity ε 

[79]. 

 

3.2. Properties of SPPs 

3.2.1. Dispersion relation of surface plasmons on a smooth metal surface 

Figure 3.2 shows a simple xy-plane geometry that sustains SPs in a single, flat interface 

between two half-infinite regions 1 and 2, which are composed of a dielectric, non-absorbing 
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half region (𝑧 > 0) with positive real dielectric constant 𝜀𝑑(𝜔) and an adjacent conducting 

half region (𝑧 < 0) described via a dielectric function 𝜀𝑚(𝜔), which can be described by the 

Drude model. The magnetic response is ignored and taken as 𝜇𝑑 = 𝜇𝑚 = 𝜇0 . When an 

incident electromagnetic wave travels from the dielectric region to the metal region, the 

electric field with a component normal to the interface is the primary condition of SP 

excitation, which induces a surface charge density 𝜎𝑠  along the interface as 𝜎𝑠 ∝

(𝜀𝑑𝐸𝑧1 − 𝜀𝑚𝐸𝑧2). As a result, SPs have p-polarized (parallel to the plane of incidence) wave 

characteristics on the flat interface and only a transverse magnetic (TM) polarized wave can 

be excited; no surface modes exist for the transverse electric (TE) polarization. 

 

Figure 3.2: Geometry of a single interface between a metal and a dielectric for surface 

plamon propagation. 

Considering a TM wave incident from a dielectric region to a metal region, the fields in the 

two media have the following expressions [2]: 

For the dielectric region where (𝑧 > 0), 

𝑯1 =  �0,𝐻𝑦1, 0�𝑒𝑖𝑘𝑧1𝑧𝑒𝑖(𝑘𝑥𝑥−𝜔𝑡),                                             (3.10) 

𝑬1 =  (𝐸𝑥1, 0,𝐸𝑧1)𝑒𝑖𝑘𝑧1𝑧𝑒𝑖(𝑘𝑥𝑥−𝜔𝑡).                                          (3.11) 

For the metal region where (𝑧 < 0), 

𝑯2 =  �0,𝐻𝑦2, 0�𝑒𝑖𝑘𝑧2𝑧𝑒𝑖(𝑘𝑥𝑥−𝜔𝑡),                                             (3.12) 

𝑬2 =  (𝐸𝑥2, 0,𝐸𝑧2)𝑒𝑖𝑘𝑧2𝑧𝑒𝑖(𝑘𝑥𝑥−𝜔𝑡).                                         (3.13) 
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These fields must satisfy Maxwell's equations, 

∇ × 𝑯 =  
𝜀
𝑐
𝜕
𝜕𝑡
𝑬,                                                            (3.14) 

∇ × 𝑬 =  −
1
𝑐
𝜕
𝜕𝑡
𝑯,                                                       (3.15) 

∇ ∙ 𝜀𝑬 = 0,                                                                      (3.16) 

∇ ∙ 𝑯 =  0,                                                                     (3.17) 

where c is the speed of light in vacuum; 

together with the continuity relations, 

𝐸𝑥1 =  𝐸𝑥2,                                                               (3.18) 

𝐻𝑦1 =  𝐻𝑦2,                                                              (3.19) 

𝜀𝑑𝐸𝑧1 =  𝜀𝑚𝐸𝑧2,                                                         (3.20) 

𝑘𝑥1 =  𝑘𝑥2 =  𝑘𝑥.                                                        (3.21) 

enables the dispersion relation of SPPs in the system to be obtained: 

𝑘𝑧1
𝜀𝑑

+
𝑘𝑧2
𝜀𝑚

= 0.                                                       (3.22) 

This dispersion indicates that SPs can only be excited when the dielectric constants of the two 

media of the interface are of opposite signs. 

Finally, the wave-number of SPs in the two media can be shown to be: 

𝑘𝑥 =
𝜔
𝑐
�

𝜀𝑑𝜀𝑚
(𝜀𝑑 + 𝜀𝑚)�

1
2

,                                                    (3.23) 

𝑘𝑧1 =
𝜔
𝑐
�

𝜀𝑑2

(𝜀𝑑 + 𝜀𝑚)�

1
2

,                                                    (3.24) 

𝑘𝑧2 =
𝜔
𝑐
�

𝜀𝑚2

(𝜀𝑑 + 𝜀𝑚)�

1
2

.                                                    (3.25) 
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The properties of SPs with an electric field propagating along the x-direction (parallel to the 

surface) and decaying along the z-direction (perpendicular to the surface) determine the 

complex value of 𝑘𝑥, as well as the purely imaginary values of 𝑘𝑧1 and 𝑘𝑧2. As a result, the 

condition of 𝜀𝑑 > 0, 𝜀𝑚 < 0, and 𝜀𝑑 < |𝜀𝑚| should be satisfied for SPP propagation. Also, 

the wave-number of SPs indicates that SPs possess both transverse and longitudinal 

components. 

Figure 3.3 shows the dispersion relation of SPs along the interface between the dielectric 

medium 𝜀𝑑 and metal 𝜀𝑚 [2]. When 𝜔 < 𝜔𝑝/�1 + 𝜀𝑑, the propagation of SPs is bound to the 

surface, corresponding to non-radiative evanescent surface waves. When 𝜔 > 𝜔𝑝, both 𝑘𝑥 

and 𝑘𝑧  transform to real values, with SPs radiating out of the surface, which is called 

radiative SPs. 

 

Figure 3.3: Dispersion relation of SPs at interface between the dielectric εd and metal εm 

[2]. 

3.2.2. Propagation length and skin-depth of SPs on a smooth surface 

Since the dielectric constant of a metal is complex, 𝜀𝑚 =  𝜀𝑚𝑟 + 𝑖𝜀𝑚𝑖, 𝑘𝑥 is also complex, i.e. 

𝑘𝑥 =  𝑘𝑥𝑟 + 𝑖𝑘𝑥𝑖 . As a consequence, SPs propagating along a metal/dielectric interface 

exhibit a finite propagation length, 𝐿𝑥, given by [2]: 

𝐿𝑥 = (2𝑘𝑥𝑖)−1 =
𝑐
𝜔
�
𝜀𝑚𝑟 + 𝜀𝑑
𝜀𝑚𝑟𝜀𝑑

�
2/3 2𝜀𝑚𝑟2

𝜀𝑚𝑖
                                 (3.26) 
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Wave vectors 𝑘𝑧1  and 𝑘𝑧2  are imaginary due to the relations 𝜔 𝑐⁄ < 𝑘𝑥  and 𝜀𝑚𝑟 < 0. The 

value of the skin depth at the field falls to 1/e, becomes 

in the dielectric medium: 

𝛿1 =
1
𝑘𝑧1

=
𝑐
𝜔
�
𝜀𝑑 + 𝜀𝑚𝑟

𝜀𝑑2
�

1
2

,                                              (3.27) 

in the metal medium: 

𝛿2 =
1
𝑘𝑧2

=
𝑐
𝜔
�
𝜀𝑑 + 𝜀𝑚𝑟
𝜀𝑚𝑟2

�
1
2

.                                               (3.28) 

The skin depth and propagation length show a strong dependence on frequency. As shown in 

Figure 3.4, in the visible regime, SPs exhibit large field confinement to the interface and a 

subsequent small propagation length due to increased damping. In the terahertz regime, 

however, SPs fields extend deeper into the dielectric region, which reveals small localization 

and a larger propagation length. In the terahertz and microwave regimes, SPP waves, which 

distribute along the surface loosely, are also known as Zenneck waves [80].  
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Figure 3.4: Schematic diagram of SPs propagating on a surface defined by the x-y plane 

at z = 0 along the x direction at (a) high and (b) low frequencies. Exponentially decaying 

electric field as a function of z shown in the x-z coordinate for both low and high 

frequencies, where z>0 is inside the dielectric and z<0 is inside the metal. 

3.3. Surface plasmons excitation by light 

In order to excite SPR by irradiation with light, a phase matching condition should be 

satisfied which states that the excitation of SPR is possible only if the propagation constant of 

the light vector matches the propagation constant of the SPs [81]. According to the plasmon 

dispersion relation [2] for any wavelength, SPs have a longer wave vector than light waves of 

the same frequency propagating at the surface. This condition makes it impossible to excite 

SPs directly by shining incident light onto a smooth metal surface. The wave vector of light 

can be adjusted to match the wave vector of the SP by launching it through the metal from a 

medium with a RI higher than the RI of medium at the boundary where a SP is going to be 

excited. Standard ways to excite a SPR are to couple light through a prism [72], grating [82] 

or waveguide [83]. However, in recent years there has been quite an interest to excite SPR on 

the surface of optical fibres and sub-wavelength holes [84]. Prism coupling is one of the first 

tested SPR configurations and is discussed in the subsequent section. 

3.3.1. Prism configuration 

One of the well documented prism configurations used to excite SPR, was first reported by 

Kretschmann and Raether in 1968 [72]. This configuration is shown in Figure 3.5,  where the 

setup employs a high RI prism (glass) with a metal layer on the prism’s bottom and a sample 

on the other side of the metal layer.  
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Figure 3.5: Kretschmann SPR configuration. 

Light propagating in the prism is reflected at the prism-metal layer interface by means of total 

internal reflection. The evanescent field of the reflected light at the first interface penetrates 

into the metal, and if the thickness of the layer allows, it reaches the second metal-sample 

interface. If the RI of the second sample is smaller than the RI of the prism and also if the 

propagation constant of light propagating in the prism matches the propagation constant of 

the SP then a plasmon resonance occurs and a plasmon wave propagates at the second metal-

sample interface. 

The phase-matching condition that was mentioned in the previous paragraph is: 

�𝜀𝑝 sin(𝜃) = 𝑅𝑒 ��
𝜀𝑚𝜀𝑑
𝜀𝑚 + 𝜀𝑑

�  ,                                      (3.29) 

where 𝜃  is the angle of incidence, 𝜀𝑝, 𝜀𝑚 and 𝜀𝑑  are the frequency-dependent dielectric 

functions of prism (glass), metal and sample medium (𝜀𝑝 > 𝜀𝑑). 

For specific refractive indices of the surrounding medium (sample medium 𝜀𝑑) and specific 

wavelengths of light propagating in the prism, there is only one such angle 𝜃 when the phase 

matching condition is satisfied and SPR can be excited. By changing the angle 𝜃 at which 

light propagates in the prism, it is possible to change the parallel component of the light’s 

wave vector, the propagation constant, and to find that the evanescent field at the metal-

dielectric layer couples to the SP. 
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If coupling occurs and the SP interacts with the light wave, some of the light wave’s 

parameters such as amplitude, phase, polarization, and spectral distribution can be altered. 

For instance, in the angle scanning mechanism, which is shown for the Kretschmann 

configuration, the SPR resonance will result in a strong decrease of the light reflected from 

the base of the prism. 

The measurement of these parameters (intensity, phase, etc.) makes it possible to track 

changes of the RI of the dielectric on that side of the metal where the SPR occurs. According 

to which parameter is going to be measured, SPR sensors can be classified as angle, 

wavelength, intensity, phase or polarization-modulation sensors. For example, in wavelength-

modulation based sensors, SPR can be measured by tracking the resonant wavelength at 

which SPR occurs at a fixed angle of incidence (Figure 3.6). 

 

Figure 3.6: Reflectivity for a light wave exciting a surface plasmon in the geometry 

versus wavelength for two different refractive indices of the dielectric (angle of 

incidence is 54º) [83].  Note that Δλr = change in reflectivity wavelength; ΔIr = change in 

reflectivity intensity; nD = refractive index of dielectric. 

The SPR sensor with a prism configuration as a platform for sensing was commercialized by 

several companies including: Biacore [4], Texas Instruments [85], Autolab [86], IBIS [87], 

Reichert [88] and XanTec [89]. The first commercialized SPR biosensors were developed for 

laboratory measurements and were rather bulky but today’s biosensing platforms based on 

the Kretschmann configuration can be compact, low cost and portable devices, which can 
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work not just in laboratories but also in the field [90]. The reported index resolution of the 

prism-based sensors is about 10−6 − 10−8 RIU (refractive index unit)[91,92]. 

3.3.2. Excitation of SPR in an optical fibre 

Even though sensors currently based on the Kretschmann configuration can be relatively 

small, there has been an attempt to realize SPR in optical fibre to produce a more compact 

sensor with remote sensing capabilities. Excitation of SPR in optical fibres is similar to the 

excitation of SPR in the prism configuration. Light propagating in the fibre core and cladding 

in the form of modes experience TIR at the cladding-core and cladding-exterior medium 

interfaces. Different modes hit the cladding-core and cladding-exterior medium interfaces at 

different angles. Similarity between light propagation in the optical fibre via total internal 

reflection and in prism configuration have led to many successful attempts to realize SPR 

sensors in optical fibres. 

Recently, remarkable progress has been made to SPR, localized SPR and photonic crystal 

fibre technologies, new types of optical fibre SPR-based sensors have attracted growing 

attention in the research community. Therefore, it is not feasible to review all information in 

these areas. The details and some excellent reviews on some of the studies can be found in 

the references [5,93-95]. Some of the general SPR fibre sensors are shown in Figures 3.7(a) - 

(e), and some of the currently used or explored SPR fibre sensors are shown in Figures 3.8(a) 

- (f). 
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Figure 3.7: General SPR optical fibre sensors include (a) D-shape fibre, (b) cladding-off 

fibre, (c) end-reflection mirror, (d) angled fibre tip, and (e) tapered fibre [95]. 
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Figure 3.8: Various SPR optical fibre configurations. (a) long period grating (LPG), (b), 

fibre Bragg grating (FBG), (c) LPG pair, (d) tilted grating, (e) metal surface grating, 

and (f) side-polished fibre [95,96]. 

Most of the realized fibre-based SPR sensors work in the transmission regime where light 

from a broadband source is launched into one end of the fibre and is detected at the other end. 

This configuration is shown in Figure 3.9(a). If surface plasmon resonance occurs and one of 

the modes couples to the SP detected power at a wavelength of this mode, the power will 

decrease resulting in a spike in the spectrum. To date, fibre SPR sensors work as wavelength 

encoding, rather than as angle encoding which occurs in the prism configuration.  

SPR fibre sensors can work in the reflection regime (fibre probe) as an alternative to the 

transmission regime. Figure 3.9(b) shows a sensor consisting of the fibre with a perfect 

cleave and a layer of gold or another reflecting material at one end of the fibre which reflects 

light back towards the detector at the opposite end. Light propagating in the fibre is being 

altered by coupling to the SP if SPR occurs. The reflected light from the cleaved side is 

detected when travelling back. The design of the probe allows the sensor to be extremely 

compact, user-friendly and practical for in situ measurements in small spatial volumes. 
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Figure 3.9: Diagram showing fibre SPR sensors working in the transmission mode (a) 

and reflection mode (b) [5]. 

Even though the sensors described here work in different modes, have different geometrical 

parameters and are suited for a variety of different applications, they have similar sensing 

mechanisms. The SPR sensing mechanism is the most important element of the sensor design 

and defines crucial sensing parameters such as sensitivity, compactness, and robustness. 

Unfortunately in standard telecommunications fibre (SMF 28 from Corning), the coupling 

mechanism corresponding to the prism configuration is not strong enough to excite a surface 

plasmon resonance. If the standard fibre is coated with gold, or another SPR active metal and 

the phase matching condition is satisfied by the core mode, SPR will not be excited on the 

fibre surface because the strength of the resulting evanescent field from TIR at the core-

cladding interface is too weak to cross the cladding and interact with the metal layer. 

Cladding modes can also be employed to excite SPR. However, a coupling mechanism must 

be provided to couple light from the core mode to cladding modes. Consequently, there are 

no SPR sensors based on the standard single mode fibre without deformations or 

modifications. Existing approaches are based on the excitation of SPR by means of enhancing 

the evanescent field near the metal layer and can be divided in two groups. 

In the first group of approaches, the fibre is deformed in such a way that the metal layer is 

located in proximity to the core and core-cladding interface. The evanescent field resulting 

from the core mode reflection at the core-cladding interface can excite a SPR if it is strong 

enough to reach the metal layer. The metal layer can be located in proximity of the core-



 

Chapter 3: Surface plasmon resonance (SPR) and SPR-based optical fibres Page 31 
 

cladding interface by partially or completely removing the cladding. Typically, this can be 

achieved by creating a deep cut in the cladding [62] or by bending the fibre and polishing one 

of the fibre’s sides [97-101] or by use of a non-standard fibre such as D-type optical fibre 

[45]. Another accepted approach is to use a tapered fibre [65]. In some approaches, as is the 

case for this work, it has been suggested that the plain metal coating can be replaced by 

nanoparticle layers [102,103], which may improve the performance of SPR fibre sensors. 

Primarily, the approaches mentioned here were proposed in the 1990s. The minimal 

detectable index resolution for these types of SPR sensors is in the range of 10−4 to 10−6 

RIU, which is close to but does not exceed the resolution of prism-based SPR sensors. 

However, some researchers achieved extremely high resolution for fibre SPR sensors of 

approximately 10−7RIU by precise control of the polarization of light and disturbances 

occurring during the experiment [104] and by precise control during metal deposition and the 

creation of semi-cylindrical metal coatings which are able to support different hybrid surface 

plasmon modes [105]. 

One of the disadvantages of the sensors mentioned here is the fact that the SPR is getting 

excited in both multimode and single mode based fibres by uncontrolled fields. As a result, 

experimental results show broad and ill-defined SPR resonances in the spectra that decrease 

the overall sensor performance. From another perspective, these sensors are based on 

modified, non-standard fibres that may result in a highly fragile sensor with possibly a higher 

cost compared to sensors made of unmodified standard fibres. 

The second group of approaches is relatively new. Fibre gratings are being used to couple 

light to a specific mode that generates an evanescent field at the core-metal or cladding-metal 

interface strong enough to excite SPR. He et al. [106] proposed a LPG for coupling of the 

core mode to the co-propagating cladding mode with a specific value of the wave vector such 

that it can excite a SPR. Nemova and Kashyap [107] proposed to use a FBG to couple light to 

a back-propagating core mode in a hollow core fibre and in a fibre with non-standard 

geometrical parameters (core diameter is 26 𝜇𝑚 and cladding diameter is 30 𝜇𝑚). A small 

cladding coupled with a large core radius allows strong field overlap between the reflected 

back core mode and the SP. 

Although these proposed approaches employing LPGs and FBGs show a promising level of 

sensitivity, predicting ~ 10-5 - 10-6 RIUs [107], they have a few drawbacks. Firstly, in the case 

of both LPG and FBG based sensors SPR excitation occurs because of coupling of only one 
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certain mode to the SP that can either be a forward propagating cladding mode or a backward 

propagating core mode. Use of only one mode limits the operating range of the sensor; 

however, this can be overcome by multiple writings of the gratings with different periods, 

making the sensor design more complicated. Secondly, the sensor’s design with a FBG 

requires a complicated fibre configuration. The length of FBGs in the proposed design by 

Nemova and Kashyap is long and can vary from 2 to 10 cm. Such parameters make the 

sensor's design not as compact and simple as it must be implemented with specialised optical 

fibres. Use of a tilted grating in the SPR sensor allows several (up to several hundred) 

cladding modes to be used for SPR excitation. This overcomes such problems occurring with 

LPGs and FBGs based sensors that have limited operating range and bulky sensor geometry. 

Experimental work [108] showed that a tilted FBG written in lapped fibre could achieve a 

high sensitivity of 3365 nm/RIU and wide operating range (∆𝑛𝑑 = 0.8 in aqueous media). 

Although this work is one of the most advanced in its field, it still possesses some 

disadvantages such as a wide SPR resonance (> 50 nm) and the use of a modified highly 

fragile fibre.  

For the design and analysis of the sensor responses, the values for the electric permittivity of 

the metal films are needed. These values depend on the wavelength of light. Most of the 

studied SPR optical fibre sensors have wavelength range covering from 400 nm to 800 nm or 

are in the 2nd or 3rd telecom bands [95]. Listed in Table 3.1 are performance parameters of a 

variety of optical fibre and SPR-based optical fibre sensors documented in the literature. 
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(a) 

Sensor type 
Detection RI 

range 
Sensitivity Ref. 

SPR MMF - bare core, Au coating ~ 1.33 - 1.37 ~ 2 × 10-4 RIU [109] 

SPR SMF - side-polished, Au coating, Al 

mirror, Ta2O5 overlayer 
~ 1.328 - 1.338 ~ 4 × 10-5 RIU [110] 

FBG - side-polished 
~ 1.445,  

~ 1.455 

~ 1.4 × 10-5 RIU,  

~ 4 × 10-6 RIU  
[101] 

PCF FBG - Ge-doped core ~ 1.33 - 1.44 
~ 4 × 10-3 -  

~ 2 × 10-5 RIU 
[111] 

PCF - tapered ˃ 1.440 ~ 1 × 10-5 RIU [112] 

LPG ~ 1.330 - 1.426 ~ 2.1 × 10-5 RIU [113] 

D-type - Au coating ~ 1.332 - 1.337 ~ 1 × 10-5 RIU [45] 

SMF - thin cladding, Ta2O5 overlayer ~ 1.329 - 1.353 ~ 5 × 10-7 RIU [104] 

SMF - semi-cylindrical, Au coating ~ 1.444 - 1.454 ~ 7 × 10-7 RIU [105] 

FBG - hollow core ~ 1.33 - 1.334 ~ 10-5 - 10-6 RIU [107] 

 

(b) 

Sensor type 
Detection RI 

range 
Sensitivity Ref. 

SPR SMF - cladding removed, Au coating ~ 1.35 - 1.42 ~ 5000 nm/RIU [95] 

SPR MMF - cladding removed, Au-Ag alloy 

nanoparticle 
~ 1.342 - 1.346 ~ 3000 nm/RIU [103] 

SPR MMF - cladding removed, Au coating, surface 

roughness 
~ 1.3335 - 1.4018 ~ 1600 - 3000 nm/RIU [6] 

LPG - 3µm planar, Au coating ~ 1.329 - 1.340 ~ 1100 nm/RIU [114] 

FBG - tilted grating, Au coating ~ 1.3 - 1.38 ~ 3365 nm/RIU [108] 

MMF - modified end-face ~ 1.33 - 1.376 ~ 533 nm/RIU [13] 

MMF - Tapered, Au coating ~ 1.333 - 1.343 ~ 2700 - 4900 nm/RIU [115] 

MMF - Tapered, Au coating ~ 1.33 - 1.343 ~ 2750 - 15000 nm/RIU [116] 

MMF - flat tip, Ag mirror, SiO layer ~ 1.3365, ~1.4126 ~ 3800 nm/RIU [117] 

 

Table 3.1 (a) and (b): Documented performance parameters of various optical fibre 

refractive index sensors. Note that Δλ/Δn <=> nm/RIU and Δn <=> RIU. 
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Since the initial discovery of Extraordinary Optical Transmission (EOT) (Chapter 4), 

significant interest has arisen, both for potential applications in novel nanophotonic devices, 

and also for understanding the underlying physical mechanism. Various types of 

configurations for multimode fibre SPR sensors based on EOT have been proposed. At the 

time that this research was conducted, a report on nanostructures based on sub-wavelength 

apertures for chemical and biological sensing applications was presented by Dhawan et al. 

[13]. It describes experimentally the use of periodic arrays of nanostructures with sub-

wavelength dimensions and submicron periodicity fabricated by focused ion beam milling on 

gold-coated tips of silica optical fibres. Nanoparticles attached to the fibre end-faces have 

also been used for RI sensing [14]. The optical properties of coupled metallic nanorods 

fabricated on the end-face of a fibre have also been reported [12].  

In general, most of the proposed optical fibre SPR sensors based on metallic nanostructure 

technology do not have a proper theoretical understanding. Generally, the published 

experimental results were used to provide solutions for the optical fibre SPR sensors. 

Complications occurring during the manufacturing of sensors may result in changes to the 

SPR phase matching condition and possibly a widening of SPR and, as a consequence, a 

reduced sensitivity. The research conducted to date has shown that much has been 

accomplished in this field. However, more work can be done to develop new approaches and 

to improve the performance of the proposed sensors, in order to make them more robust and 

simplified. 

This thesis investigates the current state of the art in the fields of surface plasmon resonance 

(SPR) and sub-wavelength apertures. Together, these can be used to apply on the end-face of 

an optical fibre to produce a liquid refractive index sensor. In the next Chapter, the various 

properties of metallic sub-wavelength apertures will be covered. 
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Chapter 4. Metallic Sub-wavelength Apertures 

4.1. Introduction 

The interaction of light with metal surfaces has become an exciting area of optics since the 

discovery of Enhanced Optical Transmission (EOT) through thin metallic films perforated 

with sub-wavelength apertures [8]. In this area of optics, the physical dimension of 

components for optical measurements is on a nanometre scale. Interestingly, the optical 

properties of sub-wavelength structures are different from classical electromagnetic theory 

[9]. This new field of research has enabled the possibility of controlling light via 

nanostructures. This capability of manipulating light attracts numerous applications in 

various fields of science and technology, for example, Raman spectroscopy, photonic 

circuits, display devices, nanolithography and biosensors [118-121]. 

The physical mechanism behind the EOT is still under investigation. Some authors have 

focused on the critical role of surface plasmon polaritons (SPPs) in EOT [84,122-127], while 

others have suggested that EOT is contributed by several diffractive and interference 

phenomena such as a composite diffractive evanescent wave (CDEW), Wood's anomalies, 

localized surface plasmons (LSPs), and quasi-bound modes [128-131]. The main reason for 

this debate is that the surface plasmon polariton model shows a discrepancy between 

calculated and measured data [122]. A transmission model explaining the enhanced 

transmission seeks to unify both the surface plasmon and the diffraction model [132,133]. 

This model proposes an analysis using a Fano profile in transmission spectra which is 

attributed to a superposition of the resonant process and non-resonant process. Borisov et al. 

[134] proposed a diffraction model for the enhanced transmission of sub-wavelength 

structures. This group suggested that the enhanced transmission of sub-wavelength hole 

arrays is due to interference of diffractive and resonant scattering. The contribution of the 

resonant scattering comes from the electromagnetic modes trapped in the vicinity of 

structures. This trapped electromagnetic mode is a long-lived quasi-stationary mode and 

gives an explanation of extraordinary resonant transmission. Recently, Jiang et al. [135] 

verified the effect of Wood's anomalies on the profile of extraordinary transmission spectra 

when the periodic metal arrays perforated with sub-wavelength rectangular holes was used. 

The group confirmed that Wood's anomalies play an important role in shaping the spectral 

profile of the transmission peak. 
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Most studies have focused on unusual high transmission resonances through a thin metallic 

film with sub-wavelength apertures arrays in the optical [130,136], microwave [137], infrared 

[138], and terahertz (THz) [139,140] regions. The high transmission can be affected by the RI 

of the adjacent medium [141], the shape and orientation of the apertures [142,143], lattice 

geometry [8,139] and film thickness [144]. As stated above, in all these measurements, the 

true influence of the shape of the apertures on the extraordinary transmission still remained 

unclear, particularly on the peak position shifts and changes associated with the intensity. 

This thesis is part of an Australian Research Council (ARC) project [145] to investigate the 

extraordinary light transmission through nanostructure materials and its application in 

sensing. 

This chapter begins with the theory of surface plasmon excitation on periodic arrays of sub-

wavelength apertures. Then, the mechanism of transmission via surface plasmon coupling in 

a periodic nanohole array is discussed. The chapter concludes with a brief discussion of the 

CDEW method, Fano analysis, an analysis of Fabry-Perot resonances in a cross-shaped array 

and a summary of the currently investigated sub-wavelength apertures.  

4.2. Surface plasmon excitation on a periodic array of sub-wavelength apertures. 

There are two ways to excite the SP optically on an interface of a dielectric and a metal. First, 

one can use a dielectric prism (Chapter 3) to make coupling between the incident photons and 

the surface plasmon on an interface between the prism and the metal. Second, one can use 

periodic structures (grating) on the metal surface. When light is incident on the grating 

surface, the incident light is scattered. The surface component of the scattered light gets 

additional "momentum" from the periodic grating structure. This additional momentum 

enables the surface component of the scattered light to excite the surface plasmon on the 

metal surface. 

 

Consider a one dimensional gratings as shown in Figure 4.1(a). When light with a wave 

number 𝑘0 is incident on a periodic grating on a metal surface with an incident angle 𝜃0, the 

incident light excites the surface plasmon on the metal surface. The momentum conservation 

equation allows this surface plasmon to have a wave vector, 𝑘𝑠𝑝 , equal to a sum of the 

𝑥-component of the incident wave vector and an additional wave vector which is the Bragg 

vector associated with the period of the structure: 
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𝑘𝑠𝑝 = 𝑘0 sin 𝜃0 + 𝑞
2𝜋
𝑃

,    𝑘0 =
𝜔
𝑐

                                      (4.1) 

 

where 𝑘0 is the wave number of the incident light, and 𝑃 is the period of the grating structure, 

and 𝑞 is an integer. 

 
Figure 4.1: Schematic diagrams of (a) the excitation of the surface plasmon by the 

incident photon on a metallic grating surface and (b) the dispersion curves of the 

incident photon and the surface plasmon. 

 

As shown in Figure 4.1(b), this additional wave vector shifts the dispersion line of the 

incident light to the dispersion line of the diffracted photon. This light line crosses the 

dispersion curve of the surface plasmon. This crossing means that the incident light couples 

with the surface plasmon on the metal grating surface. 
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Next, consider an incident beam of light on a 2D grating (metal with 𝜀𝑚) surrounded by a 

dielectric medium 𝜀𝑑 (see Figure 4.2), 

 

 

 
Figure 4.2: 2D grating with incident photon having wave-vector kl. 

 

where î and  ĵ are vectors along the coordinate axis, 𝑘�⃗ 𝑥 and 𝑘�⃗ 𝑦 are the reciprocal lattice wave-

vectors for a square lattice with 𝑘𝑥 = 𝑘𝑦 = 2𝜋/𝑃 (P is periodicity of the array) and 𝑘𝑙 sin𝜑 

is the in-plane component of the light's wave-vector.  

 

The effective light's wave-vector due to the additional momentum that was gained by 

coupling to the grating's momentum is [122]: 

 

𝑘�⃗ eff = 𝑘�⃗ 𝑙 sin𝜑 + î𝑘𝑥 + ĵ𝑘𝑦 .                                                     (4.2) 

 

The condition (at resonance) for exciting the SPs requires, 𝑘�⃗ sp = 𝑘�⃗ eff , where 𝑘�⃗ sp is the surface 

plasmon wave-vector. This yields, 

 

𝑘�⃗ sp = 𝑘�⃗ 𝑙 sin𝜑 + î𝑘𝑥 + ĵ𝑘𝑦 .                                                   (4.3) 

 

In particular, this thesis will mainly cover light at normal incidence, i.e. 𝜑 = 0. This gives, 

𝑘�⃗ sp = î𝑘𝑥 + ĵ𝑘𝑦 .                                                               (4.4) 

 

From Equation (3.20) gives, 
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𝑘sp =
𝜔
𝑐 �

𝜀𝑑𝜀𝑚
𝜀𝑑 + 𝜀𝑚

=
2𝜋
𝜆 �

𝜀𝑑𝜀𝑚
𝜀𝑑 + 𝜀𝑚

  ,                                       (4.5) 

 

where 𝜔 𝑐 = 2𝜋 𝜆⁄⁄ , is the wave-vector of light. 

 

Combining Equations (4.4) and (4.5) while noting that 𝑘𝑥 = 𝑘𝑦 = 2𝜋/𝑃 gives, 

 

𝑘�⃗ sp = (î + ĵ)
2𝜋
𝑃

 ⟺  
2𝜋
𝜆 �

𝜀𝑑𝜀𝑚
𝜀𝑑 + 𝜀𝑚

= �𝑖2 + 𝑗2
2𝜋
𝑃

 .                             (4.6) 

 

Re-arranging Equation (4.6) and solving for 𝜆max (the wavelength at which a transmission 

peak is observed) gives, 

 

𝜆max =
𝑃

�𝑖2 + 𝑗2
�

𝜀𝑑𝜀𝑚
𝜀𝑑 + 𝜀𝑚

 .                                                (4.7) 

Equation (4.7) allows for the calculation of transmission peak positions, 𝜆max , at normal 

incidence for light interacting with a periodic array of nanometre size apertures. Notice that 

by changing the periodicity, P, or the respective dielectric constants, 𝜀𝑑 or 𝜀𝑚, one would 

change the observed transmission peak positions. This is an important equation for this thesis 

and will be considered in more detail in Sections 5.4 and 6.1. 

 

4.3. Mechanism of transmission via surface plasmon coupling in a periodic 

nanohole array 

As previously mentioned, the surface plasmon is a collective excitation of the free electrons 

at the interface between a metal and a dielectric. This surface plasmon can couple to photons 

incident on the interface of the metal and insulator if there exists a periodic grating structure 

on the metal surface. The coupling between photon and surface plasmon forms the surface 

plasmon modes on the interface. If both sides of the metallic film have the same periodic 

structure (i.e. an array of nanoholes, as shown in Figure 4.3(a)), the surface plasmon modes 

on the input and exit sides couple and transfer energy from the input side to the exit side. The 

surface plasmon modes on the exit side decouple the photons for re-emission. In this optical 
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transmission process, the energy transferred by the resonant coupling of the surface plasmon 

on the two sides is a tunnelling process through the sub-wavelength apertures. Therefore, the 

intensity of the transmitted light decays exponentially as the film thickness increases. A 

transmission mechanism in a sub-wavelength hole array is shown in Figure 4.3(b). 

 
 

Figure 4.3: Schematic diagram of: (a) a 5 × 5 array of nanoholes; (b) transmission 

mechanism in a sub-wavelength nanohole array: (1) excitation of surface plasmon by 

the incident photon on the front surface, (2) resonant coupling of surface plasmons of 

the front and back surfaces, (3) re-emission of photon from surface plasmon on the back 

surface. 

Further to the above, there is another element which is called the localized surface plasmon 

polariton (LSPP) or localized surface plasmon (LSP) [130,146,147] that plays an important 

role in this process. The LSPP is a dipole moment formed on the edges of a single aperture 

due to an electromagnetic field near the aperture and it depends mainly on the geometrical 

parameters of each hole. The LSPP makes a very high electromagnetic field in the aperture 

and increases the probability of transmission of the incident light. LSPPs will be discussed in 

the next section. 

4.4. Localized surface plasmon polaritons (LSPPs) 

In addition to the propagating SPs at the metal/dielectric interface, the geometries on the 

metal film, such as nanoparticles or nanoholes, will involve the localized surface plasmon 

polaritons (LSPPs), which are confined to the boundary of the metal structures of sub-

wavelength dimensions. LSPPs, also called localized shape resonance, are non-propagating 

excitations and are characterized by discrete, complex frequencies depending on the size and 
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the shape of the objects and the dielectric constant of the constituent materials. Different from 

the propagating SPs, LSPPs only possess a longitudinal component, as the transverse 

component vanishes due to localization of the electrons around the edge of nanoparticles or 

nanoholes. 

4.4.1. LSPPs of metallic nanoholes 

When electromagnetic waves impinge on sub-wavelength nanoholes, electrons accumulating 

around the edge of the nanoholes enable excitation of LSPPs. Recent theoretical and 

experimental studies show that LSPPs, which depend on the dimensions and geometry of the 

nanoholes, also contribute to the enhanced transmission through a sub-wavelength metallic 

nanohole array in addition to SPs [148,149].  

In order to exclude the effect of SPs excited in the periodic nanohole arrays, single nanohole 

and random hole arrays have been used to study the transmission properties of LSPPs 

[150,151]. In Figure 4.4(a), a plane wave is incident normally to a single sub-wavelength 

rectangular hole with 𝐸 ∥ 𝑦  (long axis) and 𝐻 ∥ 𝑥  (short axis). The surface current 𝐼𝑠  is 

induced along the surface of the metal. In the vicinity of the hole, 𝐼𝑠  distorts the current 

distribution to avoid the hole. Also, the induced charges accumulate at the opposite side along 

the y axis. In Figure 4.4(b), the magnetic field above the aperture, without the support of the 

underlying surface current, enters into the aperture on one side and emerges from the other 

side. The aperture can be regarded as an equivalent magnetic dipole that oscillates along the x 

axis. The equivalent electric dipole of the aperture is shown in Figure 4.4(c), which is 

induced by the accumulated charges confined at the edges of the aperture. As the parallel 

component of the electric field cannot exist on a conducting surface, the electric field in the 

vicinity of the aperture originates and terminates at the edge of the aperture. In the far field of 

the hole, the electric field along the z-axis plays an important role and can be regarded as 

equivalent to an electric dipole along the z-axis. When an incident plane wave impinges on 

the aperture, the incident magnetic field along the x-axis excites the magnetic dipole 

resonance. However, the electric dipole resonance does not exist due to the perpendicular 

incident electric field. As a result, the single sub-wavelength aperture can be regarded as a 

magnetic dipole resonance normal to the incident electric field direction [136,150]. 
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Figure 4.4: (a) Schematic of the surface current Is and accumulated charges along edge 

of the hole induced by normally incident plane wave. (b) The equivalent magnetic dipole 

of the hole. (c) The equivalent electric dipole of the hole. 

 

4.5. Composite diffractive evanescent wave (CDEW) 

The CDEW [129,152-154] is a description that assists in explaining the enhanced 

transmission by periodic structures. The CDEW describes the constructive interference of 

electromagnetic waves diffracted by a periodic sub-wavelength structure which is considered 

responsible for the enhanced transmission phenomenon. This diffraction model can explain 

the enhanced transmission of an array of apertures in a perfect conductor or in non-metallic 

materials which the surface plasmon model cannot explain. 
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4.5.1. The principle of the CDEW 

The CDEW method originates from scalar near-field diffraction. An electromagnetic wave 

diffracted by a two dimensional structure can be separated into two contributions: radiative 

(homogeneous) and evanescent (inhomogeneous) [155]. The diffracted wave equation for the 

two dimensional structure is based on the solution to the two dimensional Helmoltz equation: 

 

(𝛻2 + 𝑘2)𝐸(𝑥, 𝑧) = 0                                                         (4.8) 

 

where 

∇2=
𝜕2

𝜕𝑥2
+

𝜕2

𝜕𝑦2
,     𝑘 =

2𝜋
𝜆

 

 

and  

𝐸(𝑥, 𝑧) = 𝐸0𝑒𝑖(𝑘𝑥𝑥+𝑘𝑧𝑧) 

 

Consider an electromagnetic wave propagating in the 𝑥 and 𝑧  directions. As mentioned 

above, the diffracted wave is a sum of the radiative (homogeneous) and the evanescent 

(inhomogeneous) contributions: 

 

𝐸(𝑥, 𝑧) = 𝐸𝑟𝑎(𝑥, 𝑧) + 𝐸𝑒𝑣(𝑥, 𝑧)                                                (4.9) 

 

Note here that the radiative and the evanescent components separately satisfy the Helmoltz 

equation. 

 

Consider an incident plane wave where a wave vector 𝑘0 impinges on a single slit of width 𝑑 

in an opaque screen, as shown in Figure 4.5(a). The momentum conservation of the incident 

wave and the diffracted wave should satisfy: 

 

𝑘𝑧 = �𝑘02 − 𝑘𝑥2                                                               (4.10) 

 

where 𝑘𝑥 and 𝑘𝑧 are the wave vectors of the diffracted wave in the 𝑥 and 𝑧 directions. If 𝑘𝑥 is 

real and if 𝑘𝑥 > 𝑘0, then 
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𝑘𝑧 = 𝑖�𝑘𝑥2 − 𝑘02                                                             (4.11) 

 

This result means that the diffractive wave propagates in the 𝑥 direction while being confined 

and evanescent in the 𝑧 direction. This evanescent mode of the diffracted wave emerging 

from the aperture grows as 𝑑/𝜆 becomes smaller. In contrast, for 𝑘𝑥 < 𝑘0, 𝑘𝑧 remains a real 

quantity and the light is diffracted into a continuum of the radiative, homogeneous mode. In 

Figure 4.5, the diffraction by an aperture is described in real space (a) and 𝑘-space (b). The 

blue lines represent the radiative modes (𝑘𝑥 < 𝑘0) , whereas the red lines represent the 

evanescent mode (𝑘𝑥 > 𝑘0). The surface plasmon mode in this picture is the green line which 

is one of the evanescent modes diffracted by the aperture. 

 

 
Figure 4.5: Geometry of optical scattering by a hole in a real screen in (a) real space and 

(b) k-space for a range that kx is close to zero [129]. 

 

In order to find the specific solutions for the radiative and evanescent modes, one needs to 

solve Equation (4.8). The solution for 𝐸𝑒𝑣 at 𝑧 = 0 is 
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𝐸𝑒𝑣(𝑥, 0) = −
𝐸0
𝜋
�Si �𝑘0 �𝑥 +

𝑑
2
�� − Si �𝑘0 �𝑥 −

𝑑
2
���         for |𝑥| >

𝑑
2

                         (4.12) 

 

𝐸𝑒𝑣(𝑥, 0) =
𝐸0
𝜋
�Si �𝑘0 �𝑥 +

𝑑
2
�� + Si �𝑘0 �𝑥 −

𝑑
2
���         for |𝑥| ≤

𝑑
2

                         (4.13) 

 

where 𝐸0 is the amplitude of the incident plane wave and Si(𝛽) ≡ ∫ sin 𝑡
𝑡

𝛽
0 𝑑𝑡. 

 

The surface wave on the metallic film, Equation (4.12), can be simplified, to a good 

approximation, as [129], 

 

𝐸𝑒𝑣 ≈  
𝐸0
𝜋
𝑑
𝑥

cos �𝑘0𝑥 +
𝜋
2
�                                                    (4.14) 

 

From the expression of the CDEW in Equation (4.14), one should notice that the amplitude of 

the CDEW decreases as 1/𝑥 with the lateral distance, 𝑥, and its phase is shifted by 𝜋/2 from 

the propagating wave at the centre of the slit. These results are different to the surface 

plasmon results. The phase of the surface plasmon is equal to that of the incident wave and its 

amplitude is constant if absorption is not considered [129]. Figure 4.6 shows the lateral field 

profile of the CDEW. 

 

 
Figure 4.6: Composite diffractive evanescent wave lateral field profile at the z=0 

boundary, a plot of Equation (4.13) [152]. 
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4.5.2. The CDEW for an aperture with a periodic corrugation 

Consider the periodic corrugation around a single aperture as shown in Figure 4.7(a). The 

corrugations are on both input and output surfaces and actually play a role as CDEW 

generating points. Each individual corrugation also becomes a radiating source. 

 

 
 

Figure 4.7: Schematic diagram showing: (a) a periodic corrugation around a single hole 

aperture; (b) the CDEW for an aperture with periodic corrugations on the input and 

output surfaces. Red arrows indicate the CDEWs generated on the input and output 

surfaces. 

 

As is depicted in Figure 4.7(b), when a plane wave impinges on the periodically corrugated 

input surface with an aperture at the centre, only a small part of the incident light is directly 

transmitted through the aperture. Of the rest, part of incident light is directly reflected by the 

metal surface and part of the incident light is scattered by the corrugations. This scattering 

produces CDEWs on the input surface (red arrows). The CDEWs propagate on the input 

surface and are scattered by the corrugations. The corrugations on the input surface act as 

point sources for the scattered light which is radiating back to the space. Part of the CDEWs 

propagating on the input surface is scattered at the aperture and transmitted to the output 

surface along with the light directly transmitted through the aperture. When the transmitted 

light (directly transmitted light and CDEWs) arrives at the output surface, a small part of the 

light radiates directly into space and the rest of the light is scattered again by the aperture and 

corrugations on the output surface. The output surface CDEWs are now produced by the 

scattering of the transmitted light and it propagates on the output surface between the aperture 

and the corrugations. These propagating CDEWs on the output surface are scattered again by 

the corrugations and radiated into the front space. This means that each corrugation on the 

output surface also becomes a radiation source. Thus, the transmitted light can be observed 
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from all over the corrugation structure at the near field. At the far field, the radiation from the 

corrugations and the transmitted light from the aperture are superposed and interfere with 

each other. As discussed before, the CDEW has a 𝜋/2-phase difference from the transmitted 

light. Therefore, the CDEWs and the directly transmitted light make an interference pattern. 

The interference pattern of these two waves at the far field has been observed experimentally, 

see [154]. 

 

4.5.3. The CDEW for an array of sub-wavelength apertures 

The CDEW model for the periodic apertures array (Figure 4.8(a)) is similar to that of an 

aperture with periodic corrugations, except there are many apertures rather than one.  

 

As depicted in Figure 4.8(b), a plane wave is incident on the input surface of a periodic 

aperture array. The incident wave is partially reflected, diffracted, and transmitted. 

 

 
 

Figure 4.8: Schematic diagram of: (a) a 5 by 5 array of circular sub-wavelength 

apertures; (b) a CDEW for a periodic array of sub-wavelength apertures. Red arrows 

indicate the CDEWs generated on the input and output surfaces. 

The reflected wave consists of a direct reflection by the metal surface and the back scattering 

from the aperture, similar to the case of the aperture with corrugations in the previous section. 

Like the corrugations in Figure 4.7(b), each aperture acts as a point for scattering and 

radiation of the CDEWs on the input surface. The CDEWs on the input surface are partially 

scattered back to space and partially transmitted along with the directly transmitted wave 

through the apertures to the output surface. Thus, the transmitted wave is a superposition of 

the CDEW and the wave directly transmitted through the apertures. When the transmitted 

light arrives at the output surface, it is partially scattered (generates CDEWs on the output 
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surface) and partially radiated into space. The CDEWs generated on the output surface 

propagate on the surface, and are partially scattered and radiated into space. In the front 

space, the directly transmitted wave from the apertures and the radiation from the CDEWs 

are superposed to be the total transmission of the aperture array for detection at the far field 

observation point . 

4.6. Fano profile analysis 

Genet et al. [133] proposed that the Fano line shape in transmittance of a periodic sub-

wavelength aperture array is strong evidence of an interference between a resonant and a non-

resonant process. Figure 4.9 shows schematic diagrams for the coupling of the resonant and 

non-resonant processes in a sub-wavelength aperture array. In Figure 4.9, the period of the 

array is 𝑎0, the thickness is ℎ and the hole radius is 𝑟. As shown in this figure, there are two 

different scattering channels: one open channel 𝜓1corresponding to the continuum of states 

and one closed channel 𝜓2 with a resonant state which is coupled to the open channel which 

is called “direct” or “non-resonant” scattering process. The other possible transition is that the 

input state transits to the resonant state (sometimes called quasibound state) of the closed 

channel and then couples to the open channel via the coupling term V. The “non-resonant” 

scattering process simply means the direct scattering of the input wave by the sub-wavelength 

hole array. This scattering can be called Bethe’s contribution. Bethe’s contribution is the 

direct transmission through the holes in the array which is proportional to (𝑑/𝜆)4 and will be 

detected as a background in transmittance. In contrast, the “resonant” scattering process is a 

contribution from the surface plasmon excitation. This resonant scattering process basically 

consists of two steps:  

(1) the excitation of the surface plasmon on the periodic structure of metal surface by the 

input wave, 

 and  

(2) the scattering of the surface plasmon wave by the periodic structure.  

The surface plasmon wave can be scattered into free space (reflection) or into the nanoholes 

in the array (transmission). A simple transmission diagram of this model can be described via 

Figure 4.10. The total transmission amplitude is decided with the interference of the non-
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resonant contribution (Bethe’s contribution) and the resonant contribution (surface plasmon 

contribution). 

 

 
Figure 4.9: Schematic diagrams showing Fano profile analysis. (a) formal 

representation of the Fano model for coupled channels and (b) physical properties of 

the scattering process through the nanohole array directly (straight arrows) or via SP 

excitation [133]. 

 
 

 
Figure 4.10: Schematic diagram of the non-resonant transmission (Bethe's contribution) 

and the resonant transmission (surface plasmon contribution) [156]. 

4.7. Fabry-Perot resonance on periodic arrays of sub-wavelength apertures 

An array of cross-shaped structures [157] was employed to investigate the Fabry-Perot like 

cavity effect from the metallic structures due to the refractive index at the exits forming 

reflectors.  
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The model of the light propagating through these sub-wavelength aperture arrays can be 

described in three steps, (as follows):  

Firstly, the impinge plane wave is trapped on the metal film as a localized surface plasmon by 

the sub-wavelength apertures; secondly, these localized surface plasmon polaritons (LSPPs) 

propagate in the sub-wavelength apertures; the process of surface plasmons propagating in 

these sub-wavelength apertures is as some SPs pass through them and some SPs are reflected 

back to the aperture at the exit surfaces, due to the RI difference of the aperture and that of 

the two surfaces of the metal film, therefore, the two surfaces of the metal can be viewed as 

two reflectors of the apertures, as a result, the sub-wavelength apertures of the metal film 

form Fabry-Perot like cavities; Finally, light emits from the other side of the metal film. 

4.8. Types of metallic sub-wavelength apertures 

As stated previously, many researchers have studied the transmission properties of sub-

wavelength aperture arrays in metal films by changing the film material, film thickness, 

geometry symmetry, lattice constant, aperture size, and aperture shape, in the visible, near 

infrared, and terahertz range. Many interesting phenomena have been discovered and the 

underlying physical mechanisms have been explored. A considerable amount of literature has 

been published concerning the physics of light transmission through either a single sub-

wavelength aperture or an array of sub-wavelength apertures in a metal film. Due to the scope 

of the subject, this section aims to provide a summary of various aperture shapes and the 

physical explanations which have appeared in the literature.  

The first metallic sub-wavelength apertures that were investigated for the study of 

extraordinary optical transmission (EOT) were arrays of periodic circular or square apertures 

[8], as shown in Figure 4.11(a) and (b). 
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Figure 4.11: (a) Zero-order transmission spectrum of an Ag array. The lattice spacing 

a0 was 900 nm, the nanoholes diameter was 150 nm and the thickness was 200nm. (b) 

Spectra for two identical Ag arrays with different thicknesses (Solid line: t = 200 nm; 

dashed line: t = 500 nm); for both arrays: period (a0) = 0.6 µm; diameter (d) = 150 nm. 

Images were taken from [8]. 

 

Figure 4.11(a) shows a typical zero-order transmission spectrum for an array of silver 

nanoholes with a diameter of 150 nm, a period a0 of 900 nm and a 200 nm film thickness. 

The spectrum shows a number of distinct features. The narrow peak observed at λ ~ 326 nm 

comes from the bulk silver plasmons which disappears as the film becomes thicker. The 

remaining peaks originate from the transmission enhancement associated with the nanohole 

array. For a square array, the thickness dependence of the spectra is displayed in Figure 

4.11(b) for 200 and 500 nm thick silver film. While the intensity of the bulk silver plasmon 

peak decreases rapidly in this range, that of the longer-wavelength peaks decreases 

approximately linearly with thickness. 

Other sub-wavelength apertures, such as rectangular [158,159], triangular [160],  annular 

[161-163], C-shaped [164], bowtie-shaped [165], I-shaped [166], cross-shaped [167-169], 

etc. have also been studied in a single aperture or an array of apertures. The distribution of 

electric field intensity for the single apertures are shown in Figure 4.12 
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Figure 4.12: Distribution of electric field intensity around various apertures: (a) square, 

(b) rectangular, (c) L-shaped, (d) bowtie-shaped, (e) C-shaped, (f) I-shaped, (g) 

triangular, (h) annular, and (i) cross-shaped. Figures (a)-(f) were taken from [170] and 

(g) was taken from [160]. 

As pointed out by Lee et. al. [170] it is very difficult to compare the characteristics of the 

sub-wavelength apertures accurately for the following reasons: different aperture shapes, and 

the same aperture shapes with different parameters (i.e. length, width, etc.), have different 

longitudinal (z-directional, i.e. along the light propagation direction) locations for the beam 

minimum spot and peak intensity. Most of the studies in the literature assume free-standing 

metals with apertures but in reality the performance of these apertures change with factors 

such as the existence of a substrate, its thickness, dielectric constant, and the existence of 
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filling material within the aperture and its dielectric constant. Table 4.1 provides a summary 

of some sub-wavelength apertures reported recently. This table shows a good guideline 

concept on how much the light intensity can be enhanced. The power throughput is defined as 

the total power measured divided by the input power of a plane wave corresponding to the 

aperture cavity area. The power throughput should be larger than 1 for applications. The 

normalized peak intensity is the time-averaged maximum intensity of light at an appropriate 

point after the aperture, normalized to the input light intensity. For a more in depth discussion 

on the topic, readers can refer to [170]. 

Aperture Wavelength 

(nm) 

Metal 

Type 

Power 

throughput 

Normalized 

peak 

intensity 

Ref. 

Circular 700 Ag  >1 [144]a 

Square 1000 PEC 0.0078 0.19 [164] 

C 1000 PEC 4.41 36 [164] 

Rectangular 780 Ag 4.5 - 4.7  [171] 

Bow-tie 633 Au 1.3 801 [170] 

L 633 Au  568 [170] 

H 488 PEC 2.14 3.39 [172] 
aThis result is for an array of circular apertures, not for a single circular aperture. 

Table 4.1: A summary of typical characteristic of single apertures reported. Au ≡ gold, 

Ag ≡ silver, PEC ≡ perfect electrical conductor. 

In conjunction with the single sub-wavelength apertures, arrays of sub-wavelength apertures 

have also been studied. Wang et. al. [173] employed a cross-shaped array to study the 

interplay between surface plasmon polaritons (SPPs) and localized surface plasmon 

resonances as a promising photo-coupler for a GaAs quantum well photodetector. Arrays of 

rectangular, circular and trapezoidal apertures have been investigated recently for their 

influence on enhanced optical transmission [159]. An ultrasensitive label-free biodetection 

device achieved a figure of merit (refractive index sensitivity/the resonance width) as high as 

162 with an array of circular apertures [174]. Listed in table 4.2 are some of the currently 

used arrays of sub-wavelength apertures in the literature and their details of investigation.  
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Aperture Details of investigation Ref. 

Cross-shaped A plasmonic coupler in 

optoelectronic devices. 

[173] 

Rectangular, circular and 

trapezoidal 

Transmission peak and 

dip in the near-infrared 

wavelength. 

 

[159] 

 

Circular 

Label free biodetection 

devices with figures of 

merits (FOMs) ~ 162. 

 

[174] 

 

Circular 

SPR sensor - Sensitivity 

resolution of  

~ 6.4x10-6 RIU. 

 

[175] 

 

Rectangular 

Transmission spectra 

exhibit strong 

polarization-sensitive 

enhancement. 

 

[176] 

 

Annular 

A colour filter - 

wavelength: visible 

regime 

 

[163] 

 

Annular 

Localized surface 

plasmon resonance 

enhancement. 

 

[177] 

 

Table 4.2: A summary of currently investigated array of sub-wavelength apertures 

 

Although there are indeed a variety of apertures that have been fabricated and tested it is 

believed that analysis of a limited set of aperture types can be relied on to adequately analyse 

the potential of the technique as applied to optical fibre sensors. 

Consequently this thesis focused on cross-shaped, circular, annular and rectangular array of 

apertures. 
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Chapter 5. Numerical Modeling Techniques 

5.1. Introduction 

In order to fully appreciate the physics of extraordinary optical transmission and reflection in 

metallic sub-wavelength structures and how they could be embedded into the end-face of an 

optical fibre to get the best sensitivity, a systematic study was investigated. There are many 

parameters that may be varied, including the type of metal film and its thickness, the aperture 

shape, size and the periodicity of the array of apertures. It is not feasible to explore all 

possible combinations in a single thesis. However, with the help of the field of computational 

electromagnetics it is possible to make a significant contribution to our current knowledge. 

Numerical modeling is a fast and cost-effective method for designing metallic sub-

wavelength structures and optimizing their performance. There are a number of different 

numerical approaches to explore optical transmission and reflection from the metallic sub-

wavelength structures each with unique advantages and disadvantages. This chapter briefly 

describes and compares the two commercially available software that were used in this thesis, 

finite-domain time-difference FDTD (Lumerical FDTD) and finite element method FEM 

(COMSOL Multiphysics).  

5.2. Finite-difference time-domain (FDTD) 

The FDTD method solves Maxwell's time-dependent curl equations by initially converting 

them into finite-difference equations. The equations are then solved in a time-marching 

sequence by alternately calculating the electric and the magnetic fields in an interlaced spatial 

grid. The FDTD method was first proposed in 1966 by Yee [178] for the analysis of the 

scattering of an electromagnetic pulse by a perfectly conducting cylinder. It has since become 

a useful tool in electromagnetic waves, interference, radiation and surface plasmon modeling 

[179-186]. Recently, interest has been growing in applications of the technique to the analysis 

of dielectric optical devices [187-189]. The primary reasons for the expansion of interest in 

FDTD for solving Maxwell's equations can be summarized as follows [190]. FDTD: 

1. Uses no linear algebra. Being a fully explicit computation, FDTD avoids difficulties 

with linear algebra. 

http://search.proquest.com.www.ezplib.ukm.my/pqdtft/docview/305104391/132A8686BB82108DA80/9?accountid=41453
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2. Is accurate and robust. The sources of error in FDTD calculations are well 

understood, and can be bounded to permit accurate modeling for a very large variety 

of electromagnetic wave interaction problems. 

3. Treats impulsive behaviour naturally. A single FDTD simulation can provide either 

ultra wideband temporal waveforms or the sinusoidal steady state response at any 

frequency within the excitation spectrum. 

4. Treats nonlinear behaviour naturally. Being a time domain technique, FDTD directly 

calculates the nonlinear response of an electromagnetic system. 

5. Is a systematic approach. With FDTD, specifying a new structure to be modeled is 

reduced to a problem of mesh generation rather than the potentially complex 

reformulation of an integral equation. For example, FDTD requires no calculation of 

structure-dependent Green's functions. 

Computer memory capacities are increasing rapidly. While this trend positively influences all 

numerical techniques, it is of particular advantage to FDTD methods which are founded on 

discretizing space over a volume, and therefore inherently require a large random access 

memory (RAM). Computer visualization capabilities are increasing rapidly. This is an 

advantage to FDTD methods which generate time-marched arrays of field quantities suitable 

for use in colour videos to illustrate the field dynamics. 

The FDTD method has been used in the solution of various problems and many publications 

are based on this method. This dissertation is also based on the FDTD method and the 

method has been used to solve Maxwell's equations in the time domain with constituting 

relations describing the sensitivity of a metallic sub-wavelength array embedded on an optical 

fibre end-face. In this section, the basics of the method are introduced so that the reader may 

be better equipped to appreciate the material presented in subsequent chapters. The details of 

the method can be found and studied from many other sources [190-192]. 

5.2.1. Finite difference approximation 

The FDTD method is based on approximating the spatial and temporal derivatives by finite 

differences. The derivative of a function 𝑓(𝑥)  at point 𝑥0  (see Figure 5.1) can be 

approximated in different ways, for example: 
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𝑑𝑓(𝑥0)
𝑑𝑥

= 𝑓′(𝑥0) ≈
𝑓(𝑥0 + ∆𝑥) − 𝑓(𝑥0)

∆𝑥
                                             (5.1) 

𝑑𝑓(𝑥0)
𝑑𝑥

= 𝑓′(𝑥0) ≈
𝑓(𝑥0) − 𝑓(𝑥0 − ∆𝑥)

∆𝑥
                                       (5.2) 

 

𝑑𝑓(𝑥0)
𝑑𝑥

= 𝑓′(𝑥0) ≈
𝑓(𝑥0 + ∆𝑥) − 𝑓(𝑥0 − ∆𝑥)

2∆𝑥
     .                        (5.3) 

 

 

Figure 5.1: Function f(x) at discrete points. 

 

Equation (5.1) is the forward difference scheme while (5.2) is the backward difference 

scheme and (5.3) is the central difference scheme. 

 

Considering the Taylor series expansions of 𝑓(𝑥 + ∆𝑥) and 𝑓(𝑥 − ∆𝑥), 

𝑓(𝑥 + ∆𝑥) = 𝑓(𝑥) + ∆𝑥𝑓′(𝑥) +
(∆𝑥)2

2
 𝑓′′ +

(∆𝑥)3

6
 𝑓′′′ +  ⋯                    (5.4) 

 

𝑓(𝑥 − ∆𝑥) = 𝑓(𝑥) − ∆𝑥𝑓′(𝑥) +
(∆𝑥)2

2
 𝑓′′ −

(∆𝑥)3

6
 𝑓′′′ +  ⋯                    (5.5) 
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and by taking the difference of Equations (5.4) and (5.5), and by dividing by 2∆𝑥 , one 

obtains, 

𝑓′(𝑥) =
𝑓(𝑥 + ∆𝑥) − 𝑓(𝑥 − ∆𝑥)

2∆𝑥
−
∆𝑥2

6
𝑓′′′(𝑥) + ⋯   .                       (5.6) 

The first term on the right side of Equation (5.6) is the central difference approximation to 

𝑓′(𝑥) as given in Equation (5.3) and the other terms are the error between the approximation 

and the exact value of the derivative 𝑓′(𝑥). The error is proportional to the square of the 

finite difference ∆𝑥 ; therefore the central difference scheme is considered second order 

accurate. In a similar manner, it can be shown that the forward difference and backward 

difference schemes are first order accurate. While it is possible to obtain and use more 

accurate schemes, the second order accurate central difference scheme is sufficiently accurate 

to use in most of the practical electromagnetic (EM) applications. 

5.2.2. The Yee cell 

The first step in the construction of an FDTD algorithm is the discretization of the 

computation space into cells and definition of the locations of the electric and magnetic field 

vectors on each cell. Yee [178] developed an algorithm in which the electric and magnetic 

field vector components are located in a staggered fashion as shown in Figure 5.2. In each 

cell, three electric field vectors and three magnetic field vectors are defined. Electric and 

magnetic fields are not defined at the same locations. The magnetic field components are 

located at the centres of the faces and are normal to the faces. The electric field components 

are located at the centres of the edges and are parallel to the edges. This special configuration 

depicts Faraday's Law and Ampere's Law. In Figure 5.2, it can be seen that electric field 

vectors are forming loops around magnetic field vectors, simulating Faraday's Law; and 

magnetic field vectors are forming loops around electric field vectors, simulating Ampere's 

Law. 
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Figure 5.2: Positions of the electric and magnetic field vector components on a cubic 

unit cell of the Yee space lattice. 

 

The FDTD algorithm is based on the computation of the electric and magnetic field values at 

every cell in the computation space iteratively in time. At every iteration time step, six new 

values of field vectors are calculated at every cell. In the Yee algorithm electric and magnetic 

fields are offset not only in space but also in time as the electric fields and magnetic fields are 

not calculated at the same time instant. If electric fields are calculated at time instant 2∆𝑡 then 

magnetic fields will be calculated at time instant (𝑙 + 0.5)∆𝑡 where l is the time step iteration 

index and ∆𝑡 is the duration of a time step. This is why this algorithm is called a leap-frog 

algorithm. This entire process of iterations fits to the equations when the second order 

accurate central difference scheme is used to discretize the time and space derivatives in 

Maxwell's curl equations. For more details of the FDTD method, readers can refer to [190-

192]. 
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5.2.3. Lumerical FDTD solutions 

Lumerical FDTD SolutionsTM is a commercially available software package [193]. It 

provides a state-of-the-art method for solving Maxwell's equations in complex geometries. It 

is a fully vectorial method that naturally gives both time domain, and frequency domain 

information to the user, offering unique insight into all types of problems and applications in 

electromagnetics and photonics. Lumerical FDTD solutionsTM method is discrete in both 

space and time. The electromagnetic fields and structural materials of interest are described 

on a discrete mesh made up of so called-Yee cells. Maxwell's equations are solved discretely 

in time, where the time step used is related to the mesh size through the speed of light. 

Structures to be simulated can have a wide variety of electromagnetic material properties. 

Lumerical FDTD solutionsTM is used to calculate how the electromagnetic fields propagate 

from the source through the structures. Subsequent iterations provide the electromagnetic 

field propagation in time. Typically, the simulation is run until there are essentially no 

electromagnetic fields left in the simulation region. More detailed information about 

Lumerical FDTD solutionsTM can be found in reference [193]. 

5.3. Finite element method (FEM) 

The finite element method (FEM) or finite element analysis (FEA) is fundamentally a method 

for obtaining a numeric approximation to a governing differential equation, subject to 

prescribed boundary conditions, over some geometric domain [194-196]. The domain is 

divided into a finite number of smaller non-overlapping regions referred to as elements. All 

of the elements taken together completely cover the domain of interest like the pieces of a 

puzzle. Historically, the division of a domain into discrete elements to solve problems in 

elasticity began with Argyris et al. [197] and Turner et al. [198]. Since then, the finite 

element method has continued to evolve, driven by increasingly powerful computers, and the 

application of the technique to an ever broadening range of scientific and engineering 

problems. 

Each element contains some number of points referred to as nodes. For example, a 2D 

problem may use triangular elements, and each element will have at least three nodes, 

corresponding to the vertex points of the triangle. The elements and nodes together are 

referred to as the mesh. The dependent variable is approximated over each element by some 

interpolating function, generally a polynomial. The number of nodes in each element must be 
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equal to the number of parameters to be determined in the interpolating function, so more 

may be added if necessary. More details regarding the mathematical details of FEM can be 

found in [199]. 

5.3.1. Comsol Multiphysics 

Comsol MultiphysicsTM is also a commercially available software package, which evolved 

from the FEMLABTM finite element analysis tools. It provides a CAD interface to define the 

geometry, a sophisticated mesh generation capability, and a wide array of numeric solver and 

post-processing tools. 

In addition to its general partial differential equation (PDE) solver capability, Comsol offers 

application specific modules, each tailored to solving specific types of physics and 

engineering problems including Chemical Engineering, Acoustics, Earth Science, and many 

others. The modules in turn contain application modes, which specify the form of the 

governing PDE to be solved, and allow the user to specify all coefficients, boundary 

conditions, and initial conditions. The coefficients may be functions of the spatial 

coordinates, functions of the dependent variable for which one is solving, or in the case of a 

multi-physics model dependent on the output of another coupled application mode. 

The application specific module used for this study is the radio frequency (RF) Module. This 

module offers many different application modes, each of which formulates its governing PDE 

based on Maxwell's equations and the equation of continuity. More details of Comsol 

MultiphysicsTM 3.5a RF module can found in [200]. 

5.4. Lumerical FDTD solutionTM versus Comsol MultiphysicsTM 

All computational methods have drawbacks. For example, in all time-domain methods, one 

of the most important issues is the technique used to approximate time derivative equations. 

This approximation is responsible for the accuracy of the numerical solution as it evolves in 

time. Developing high accuracy approximations to these derivatives is challenging, because 

mathematically better approximations often end up degrading the physical solution, such as 

dissipating of the energy density of an electromagnetic wave in free space. 

In order to decide which method is suitable for modeling of the sensor application in this 

thesis, one should verify results obtained from Lumerical FDTD solution and Comsol 

Multiphysics numerical methods with that of the analytical theory presented in Section 4.2. 
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Consider the end-face of a gold-coated optical fibre, Figure 5.3(a). The simulation geometry 

in which an optical wave is incident on an optically thick (i.e. ~ 180 nm) metallic gold film 

where it transmits through the z-direction is shown in Figure 5.3(b). 

 

Figure 5.3: (a) An illustration of an incident plane wave travelling through an optical 

fibre to a flat gold film layer, and (b) the equivalent simulation set-up. 

From the analytical theory shown in Chapter 4, the transmission peak positions, 𝜆max, at 

normal incidence for light interacting with a gold metal layer is calculated to be 

approximately 500 nm. This is simply the optical properties of the gold layer and is not 

related to any structures that might be used as will be discussed in the subsequent Chapters. 

This result has also been confirmed by Dhawan et al. [13] and McMahon et al. [201]. To 

verify this value with the numerical modeling techniques with the RI of sample and fibre core 

were taken as air ≈ 1 and glass ≈ 1.5, respectively. The results obtained from the simulations 

are shown in Figure 5.4(a) and Figure 5.5(a). These results reveal the difference between 

𝜆max calculated by Comsol Multiphysics and Lumerical FDTD solutions is nearly 100 nm. 

The reflection spectra seen in conjunction with these transmission peaks of the two 

techniques are also different, as shown in Figures 5.4(b) and 5.5(b). A possible reason for this 

discrepancy in the two techniques is the database of the Comsol Multiphysics package does 

not provide materials properties as a function of wavelength. To calculate the plasmonic 

properties of a gold material, one would manually use the data from an appropriate reference 

such as [79]. Figures 5.6(a) and (b), are the transmission and reflection spectra resulting from 

a 180 nm thick layer of gold placed on the end-face of a multimode fibre having a core 

diameter of 62.5 µm. Comparing this with the results from the FDTD and COMSOL 
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simulations supports the use of FDTD technique, particularly for use at around this 

wavelength region. 

 

Wavelength (nm)
300 400 500 600 700 800

N
or

m
al

iz
ed

 tr
an

sm
is

si
on

0.0

0.1

0.2

0.3

0.4
(a)

  Wavelength (nm)
300 400 500 600 700 800

N
or

m
al

iz
ed

 re
fle

ct
io

n
0.0

0.2

0.4

0.6

0.8

1.0
(b)

 

Figure 5.4: FDTD calculations of (a) transmission and (b) reflection of a flat (180 nm) 

thin gold film on an optical fibre end-face. 
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Figure 5.5: Comsol (FEM) calculations of (a) transmission and (b) reflection of a flat 

(180 nm) thin gold film on a optical fibre end-face. 
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Figure 5.6: Measured (a) transmission and (b) reflection of a layer (180 nm) thin gold 

film on multimode fibre end-face 

There are many advantages that Lumerical FDTD solutionsTM has to offer. One is that it has a 

simple, and straightforward formulation, as outlined in Section 5.2. Perhaps the biggest 

advantage is its applicability to a wide range of problems; any structure can be modeled by 

simply specifying ε (permittivity) and µ (permeability) over a computational domain which is 

periodic or non-periodic, and arbitrary incident fields can be easily inserted into the 

simulations. Because of these advantages, FDTD is preferred and therefore has been used to 

model a reflection-based sensor that includes as integrated an array of metallic sub-

wavelength apertures on the end-face of an optical fibre.  
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Chapter 6. Fabrication and Experimental Techniques 

6.1. Introduction 

Various experimental data showing the measurement of the RI using a multimode optical 

fibre surface plasmon resonance sensor based on a metallic array of sub-wavelength apertures 

show a shift features in optical transmission spectra [13,202,203]. The shift in the optical 

transmission wavelength peaks is a result of change in the index of refraction of the liquid 

solution. This chapter adopts both an analytical solution and the FDTD approach to simulate 

an optical transmission-based setup used in the experiments. The FDTD technique is also 

used to explore the shift in optical reflection spectra for a reflection-based sensor used in the 

experiments. 

It is considered important to establish the reliability of the simulation technique used against 

experimental data, thereby enabling the simulations to explore the likely sensitivity of a range 

of possible designs and configurations without the need for countless arrays to be fabricated 

and tested. 

6.2. Transmission-based configuration 

The OFS configuration assumed in this section is similar to the OFS explored in three 

previous studies [13,202,203], as shown schematically in Figure 6.1. Optical transmission 

measurements were performed by using a white light source (300 - 800 nm) that was focused 

onto the fibre end-face. The sensing part (C) was placed inside the sensor chamber 

specifically fabricated for the transmission experiments and allowing liquids of various RI to 

fill the chamber. The optical transmission was collected by a collector fibre (D) that was 

aligned to the gold-coated fibre end-face with a space, approximately 300 µm between the 

fibre end-faces. 
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Figure 6.1: Schematic of the setup employed for evaluation of the spectrum of the array 

of nanoholes in a transmission-based configuration which included a sensor chamber 

(A), a liquid injection system (B), a sensing fibre (C), and a collecting fibre (D)[13]. 

6.2.1. Analytical solution 

The analytical theory from Section 4.2 and Section 5.4 of this thesis show the transmission 

peak positions, 𝜆max, at normal incidence for light interacting with a gold metal layer is 

calculated to be approximately 500 nm. The Equation (4.7) governing this result is 

𝜆max =
𝑃

�𝑖2 + 𝑗2
�

𝜀𝑑𝜀𝑚
𝜀𝑑 + 𝜀𝑚

 .                          

6.2.2. FDTD simulation 

To simulate the optical properties of the FIB fabricated metallic nanostructure arrays on the 

fibre end-face, electromagnetic simulations using commercial FDTD software (Lumerical 

FDTD Solution Inc., Canada) [193] were carried out. The dimensions of each metallic 

nanostructure array are set the same as those in the actual experiments [13]. The array is 

taken as a 24 by 24 nanohole array. The diameter of the circular nanohole and the thickness 

of the gold layer are taken as 200 and 180 nm. The periodicities between the nanoholes are 

taken as 400 and 600 nm. According to the experiment in [13], the diameter of the fibre core 

is taken as 100 µm.  

In FDTD Solutions, a unit cell (periodic unit) is a representation of an infinite array, as shown 

in Figure 6.2. This allows the use of a large array in the analysis and reduces the computation 

time. A noteworthy aspect of FDTD Solutions is its ability to perform parallel computation 

on multiple cores, multiprocessors and clusters. This enables large-scale and rapid simulation 
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of optical components, by distributing computational load and memory requirements. The 

FDTD Solutions package also offers an integrated scripting environment to customize 

simulation and analysis for design automation, and a movie generation feature for recording 

simulation field/intensity dynamics. 

 

Figure 6.2: An interpretation of a unit cell used in FDTD Solutions. 

Figure 6.3 shows a screen shot of a unit cell of the considered sensor simulated under FDTD 

Solutions. The script file which calculates the transmission spectra is located in Appendix A. 
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Figure 6.3: Screen shot from the FDTD Solutions of a unit cell of an array of circular 

nanholes with periodicity of 600 nm in a 180 nm thick gold layer. The four individual 

frames depicted in the screen shot show (left to right, top to bottom), XY plane, 

Perspective view, XZ plane and XY plane. 

The simulation settings were: 

- minimum mesh step = 0.25 nm, 

- maximum mesh step = 5 nm, 

- mesh accuracy = 5, 

- mesh type = auto non-uniform, 

- boundary conditions = periodic for sides and perfect match layer (PML) for    

  top and bottom layers, 

- default dielectric properties of gold. 
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As stated above, a unit cell is a representation of an infinite array in the simulation and that a 

24 by 24 nanohole array may be considered infinitely periodic with respect to one nanohole. 

Therefore, the transmission focused solely on the effects of the nanohole. However, there is 

an issue in the experiment as the 24 by 24 nanohole array covers an area of 207.4 µm2 (for 

periodicity = 600 nm), which is only a small fraction of the fibre core's 7854 µm2 (100 µm 

diameter). Thus, in order to calculate the response from the entire fibre core, the effect of the 

nanohole and the effect of the gold are scaled according to their relative area. Therefore, a 

more accurate method of simulation would be to run two simulations, one with the nanohole 

and one without the nanohole. Then the results would be added together with the correct area 

weighting factors. For example, �207.4×100
7854

�  = 2.64% of the core's area covered by the 

nanoholes and (100% − 2.64%) = 97.36% covered by the gold for the case of the 600 nm 

periodicity above.  

6.2.3. Experimental and simulation results comparison 

The experimental transmission spectra taken from [13], are shown in Figure 6.4(a) and (b) for 

two different periodicities, 400 and 600 nm. The simulated transmission spectra are shown in 

Figure 6.5(a) and (b) for 400 and 600 nm period, respectively. 

 

Figure 6.4: Measured transmission spectra of a 24 by 24 circular nanohole array in a 

gold film on the end-face of a multimode optical fibre, having a 100 µm core. The 

thickness of the gold film was 180 nm. The diameter of each nanohole was 200 nm. The 

spacing (periodicity) between the nanoholes was (a) 400 and (b) 600 nm. Graphs were 

taken from [13]. 
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Figure 6.5: FDTD simulated transmission spectra of a 24 by 24 circular nanohole array 

in a gold film on the end-face of a multimode optical fibre, having a 100 µm core. The 

thickness of the gold film was 180 nm. The diameter of the nanohole was 200 nm. The 

periodicity between the nanoholes was (a) 400 and (b) 600 nm. 

For a periodicity of 400 nm, Figures 6.4(a) and 6.5(a) display a broad maxima near λ = 500 

nm. For periodicity of 600 nm, Figures 6.4(b) and 6.5(b) also display a peak at ~ 500 nm. 

This peak occurs due to electron transitions between the d-bands of gold and the Fermi level 

in the conduction band [204]. This peak is characteristic of the gold film layer and is not 

related to any nanohole or array properties [201,205]. The peak at ~ 660 nm in Figures 6.4(b) 

and 6.5(b) can be attributed to a combination of a localized surface plasmon resonance in 

each hole and the (1, 1) scattering order with optical fibre (silica) as the medium next to the 

gold film. The agreement between simulations and measurements is quite good, the only 

discrepancy being a small difference in the transmission resonance strength. As for the 

purpose of designing a reflection-based sensor in this thesis, the resonant dip is an important 

parameter to be considered in the testing of a liquid RI. Therefore, one can consider the 

results of the simulations to be sufficiently equivalent to experiments. 

6.3. Reflection-based configuration 

As analyzed above, a single mode fibre is the preferred choice when it comes to fabrication 

as it has smaller core size. Therefore the time taken to mill the arrays onto the gold-coated 

fibre end-face is greatly reduced. In this section and subsequent sections, single mode optical 

fibres are to be considered. The experimental setup of a reflection-based configuration is 
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shown in Figure 6.6. A sensing fibre is connected to one side of a standard 2×1 single mode 

optical fibre coupler. A tungsten halogen light source (HL-2000, wavelength range: 360 nm - 

2000 nm, Ocean Optics) and an optical spectrum analyzer OSA (AQ-6317B, resolution 10 

pm, Ando) are connected to the other two coupler ends. Light is coupled via the coupler into 

the fibre device, where it interacts with the nanohole array. The reflected spectrum, modified 

by the array, is detected by the OSA. To investigate the effect of changing the RI of the 

medium surrounding the fibre end-face, distilled water, acetone and iso-propyl alcohol 

solutions were prepared for the measurement. 

 

Figure 6.6: A reflection-based OFS experimental setup for determining RI. 

6.3.1. Simulation 

To simulate for the reflection spectra of the FIB fabricated cross-shaped array on the fibre 

end-face, electromagnetic simulation was carried out using FDTD. The simulation for a 

reflection-based sensor was similar to the transmission-based sensor above. The incident light 

is a plane wave propagating along the z-direction. Periodic boundary conditions were 

implemented on the sides and perfectly matched layers were used to eliminate reflections at 

the upper and lower surfaces. A unit cross-shaped simulated structure and the electric field 

around the cross-shaped are shown in Figures. 6.7(a) and (b). The reflected power was 

determined by integrating the z-component of the Poynting vector over the lower surface. 

Values were normalized to the incident power. All settings were the same as the 

transmission-based sensor except the script file which calculates the reflection spectra was 

different and is located in Appendix B. 

Figure 6.8 shows a screen shot of the of a unit cell of the considered sensor simulated under 

FDTD Solutions. 
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Figure 6.7: (a) The cross-shaped structure simulated in FDTD; (b) The intensity of the 

electric field around the cross-shaped: the cross-shaped is centered at the origin and the 

film boundaries are outlined in dashed lines. 
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Figure 6.8: Screen shot from the FDTD Solutions of a unit cell of an array of cross-

shape apertures with periodicity, width and length of 400, 20 and 300 nm, respectively, 

in a 140 nm thick gold layer. The four individual frames depicted in the screen shot 

show (left to right, top to bottom), XY plane, Perspective view, XZ plane and YZ plane. 

6.3.2. Fabrication 

There is evidence from the literature [201-203] that if the direct Au sputtering process was 

performed correctly, and the samples were situated properly in the focused ion beam 

chamber, issues such as distortion of the etched parameters can be avoided. 

The fabrication process for an optical fibre surface plasmon resonance sensor based on an 

array of metallic sub-wavelength apertures includes the following steps: 

Step 1. Preparing optical fibres for fabricating 

The standard single mode optical fibres employed in this study were obtained from 

Australian Fibre Works (AFW) Technologies and had a 8 µm core and a 125 µm cladding 
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diameter. The fibre end-face was prepared by stripping the outer jacket, which was followed 

by cleaving the fibre end-face perpendicularly to obtain a flat end-face with a commercial 

handheld fibre cleaver. The fibre end-face was then cleaned with isopropyl alcohol to achieve 

a smooth mirror-like surface. 

Step 2. Placing optical fibres into a special fibre holder 

To form metallic nanostructures on the optical fibre end-faces, a special fibre holder that can 

be used in the gold depositing process and fitted in the focused ion beam (FIB) mounting-

stage was fabricated by using the stainless steel material, as shown in Figure 6.9. 

 

Figure 6.9: Schematic illustration of a special optical fibre holder with (a), (c), (d) are 

the side, bottom, 3D views and (b) dimension of a fibre retainer. 
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Step 3. Gold depositing 

After the insertion of the optical fibres into the fibre holder, a gold layer was deposited on the 

fibre end-faces by using a Thermionics VE-180 e-beam/thermal vacuum evaporator (Figure 

6.10(a)). During the evaporation process as shown in Figure 6.10(b), the optical fibre end-

faces (substrate) faced the metal source, where the plume of evaporated gold particles 

(evaporant) radiating from the crucible to ensure that the fibre side walls and the fibre end-

faces were completely covered with a 140 nm thick gold layer. Gold was chosen as the metal 

since it is highly conductive and resistant to oxidation. The sample mount was rotated to 

improve uniformity and the thickness of the gold was monitored by a quartz crystal detector. 

The deposition rate was kept constant at ~ 0.2 nm  𝑠−1  at a chamber pressure of ~ 3 ×

10−6 torr. 

 

      

Figure 6.10: (a) A Thermionics VE-180 e-beam/thermal vacuum evaporator [206], and 

(b) Schematic diagram of an evaporation process. 

Step 4. Designing of sub-wavelength apertures  

Before carrying out FIB milling, the nanostructure designs were laid out in QCad version 2.1 

(RibbonSoftTM). Within the FIB milling software, the structure layout is imported as a 24 bits 

bitmap pattern. The imported pattern can be rescaled to any desired dimensions. When 

(a) (b) 
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drawing a bitmap it is recommended to use black for non-milling points and white for the 

milling points. Figures 6.11 shows a QCad layout of a cross-shaped nanostructure array. 

 

Figure 6.11: A QCad graphic software layout design - The black and white colour 

scheme of a 5×5 cross-shaped array structure. The layout is scaled to the desired 

dimensions within the FIB milling software. 

Step 5. FIB milling 

The nanofabrication of sub-wavelength apertures on the fibre end-face was performed using a 

FEI Nova DualbeamTM  FIB and SEM system (Figure 6.12). 

 

Figure 6.12: xT FEI Nova Dualbeam FIB and SEM system [207]. 

The FIB/SEM system is a combination of a high resolution 30 keV field emission SEM 

electron column (with beam spot sizes ranging from 2 to 10 nm) and a 30 keV Ga+ FIB 
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column (with a minimum beam spot size of 7 nm) integrated into one (Figure 6.13).The FIB 

column is tilted by 52o from the electron beam column. Both beams can be aligned to hit the 

same spot by 'eucentric height' (the height adjustment of the specimen) adjustment of the 

sample stage. In this study, the FIB with settings of 30 keV Ga+ ions, 30 pA current were 

used to pattern the nanostructure array. 

 

Figure 6.13: Schematic illustration of a dual-beam FIB-SEM instrument. Expanded 

view shows the electron and ion beam sample interaction [208] 

It is important to note that FIB milling in nonconductive materials (optical fibres) normally 

imposes an extra degree of complexity, i.e. not all the fibre side walls are coated with gold 

and this can cause random deflection of the ion beam. The acceleration of positive ions into 

the sample induces the emission of backscattered and sputtered ions as well as secondary 

electrons with varying rates. These electrons only partially compensate the net injection of 

positive Ga+ ions, this leads to charge building up on the surface if the fibre side walls have 

not been grounded correctly. Such a problem is often overcome by coating a 200-300 nm 

layer of carbon [209] or using a double sided carbon tape on the fibre side walls and the 

grounded sample holder. Therefore, this carbon layer minimizes sample charging, increases 

beam stability and improves image quality. Figure 6.14 shows the actual fibre holder which 

was mounted into the FIB sample mounting stage. Figure 6.15 depicts a summary of the 

fabrication process. 
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Figure 6.14: A special fibre holder mounted to a FIB vacuum chamber where a double 

sided tape (black band) is being used.  

 

Figure 6.15: A fabrication process of a cross-shaped apertures array on the end-face of 

a single mode fibre. 

 

An SEM image of a single mode fibre having an array of cross-shaped apertures milled in a 

140 nm thick gold on its end-face is presented in Figure 6.16. The parameters of the cross-

shaped were: length (h) = 300 nm, width (w) = 20 nm, and periodicity (P) = 400 nm.  

As shown in Figure 6.16 (c). The milled crosses were a good match with the simulation in 

terms of the ratio of the parameter dimensions. Variances in the parameters were of the order 

of 2 nm and this would not be expected to cause a significant discrepancy between the 

experimental data and the simulation. However the broadening of the peak is not inconsistent 

with such a variation.  
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Figure 6.16: (a) an SEM image of a 30 × 30 array of cross-apertures milled on the gold-

coated end-face of the fibre; (b) a zoom-in image of the array; (c) actual fabrication 

dimensions of the cross-shaped apertures. 

6.3.3. Experimental and simulation results comparison 

As can be seen from Tables 7.1 and 7.2, a better fit can be achieved when the periodicity (P) 

of the array changed. Hence, the cross-shaped nanostructure array performed best with the 

following parameters: T = 140 nm, P= 400 nm, w = 20 nm, and h = 300 nm.  

The experiments were carried out using the reflection-based configuration as described in 

Section 6.3. The overlaid experimental and simulated reflection spectra as function of 

wavelength for a 30 × 30 array of cross-apertures milled on the gold-coated end-face of the 

fibre, with h = 300 nm, w = 20 nm, and P = 400 nm are shown in Figures 6.17 to 6.20 for 

different liquid refractive indices. 
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Figure 6.17: FDTD simulated (---) and experimental (—) reflection spectra of the OFS 

when the medium surrounding the fibre end-face was air. The cross-shaped array 

parameters were: h = 300 nm, w = 20 nm, P = 400, and T = 140 nm. 
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Figure 6.18: FDTD simulated (---) and experimental (—) reflection spectra of the OFS 

when the fibre end-face was immersed into water. The cross-shaped array parameters 

were: h = 300 nm, w = 20 nm, P = 400, and T = 140 nm. 
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Figure 6.19: FDTD simulated (---) and experimental (—) reflection spectra of the OFS 

when the fibre end-face was immersed into acetone. The cross-shaped array parameters 

were: h = 300 nm, w = 20 nm, P = 400, and T = 140 nm. 
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Figure 6.20: FDTD simulated (---) and experimental (—) reflection spectra of the OFS 

when the fibre end-face was immersed into isopropyl-alcohol (IPA). The cross-shaped 

array parameters were: h = 300 nm, w = 20 nm, P = 400, and T = 140 nm. 
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It can be seen from Figure 6.17, for a 30×30 cross-shaped with length (h) = 300 nm, width 

(w) = 20 nm, periodicity (P) = 400 nm and gold film thickness = 140 nm, a dip in reflection 

wavelength was measured at ~ 1270 nm, while the FDTD simulated model predicted ~ 

1275.86 nm. There is a small spectral difference between the simulated and experimental 

results. This could possibly be due to small imperfections in the fabricated device.  

When the medium surrounding the single mode fibre end-face was changed from air to water, 

acetone and IPA, spectral variations were observed as shown in Figures 6.17 to 6.20. The 

spectral difference associated with the reflection dips between the simulated and 

experimental results are widen, as listed in Table 6.1. To repeat this experiment, one would 

need to have the same testing environment as stated in section 6.3. The reproducibility of the 

results can be effected due to fabrication variability and wetting ability. Therefore some 

minor spectral changes in the reflectance are expected.  

Refractive index Reflection dip 
Measured (nm) 

Reflection dip 
FDTD simulated (nm) 

Difference in 
reflection dip (nm) 

Air = 1.00 ~ 1270 ~ 1275.86 ~ 5.86 

Water = 1.33 ~ 1520 ~ 1608.70 ~ 88.70 

Acetone = 1.36 ~ 1570 ~ 1632.35 ~ 62.35 

IPA = 1.38 ~ 1575 ~ 1656.72 ~ 81.72 

 

Table 6.1: The difference in reflection spectra when the medium surrounding the single 

mode fibre end-face was changed from air to water, acetone and IPA. 

From Table 6.1, it can be seen that there are large spectral differences between the measured 

and simulated results especially when the medium surrounding the fibre end-face was 

changed to water, ethanol and IPA. These discrepancies may be due to imperfections in the 

fabrication process. It has been shown that several kinds of fabricating artefacts, such as 

aperture length and width variation may significantly alter the reflection spectra [210]. 

Overall, there is an agreement between theoretical simulations and experimental reflection 

curves. As expected, the reflection spectrum does shift to a longer wavelength as the RI of the 

liquid increases. The dip around 900 nm corresponds to the first Fabry-Perot resonance. 

The minimum dip wavelength of the measured reflectance for each liquid was plotted against 

the RI, as shown in Figures 6.21. A linear straight line could be fitted to the measured points. 

A linear fit between the shift of minimum in the reflection spectrum and the change of RI of 
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the medium surrounding the optical fibre end-face was obtained, with a sensitivity of 

approximately 1210.2 nm/RIU. 
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Figure 6.21: A plot of the measured SPR dip wavelengths versus the index of refraction 

of various liquids. The results of a linear fit are shown. 

Similarly, for the FDTD simulated data, the sensor shows a sensitivity of approximately 

985.22 nm/RIU, as shown in Figure 6.22. 
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Figure 6.22: A plot of the FDTD simulated SPR dip wavelengths versus the index of 

refraction of various liquids. A Linear relationship between the minimum reflected 

wavelengths and the refractive indices is obtained with the indicated parameters. 

y = 1210.2x - 85.841 

          R2 = 0.9171 
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6.3.4. Surface tension between liquids and sub-wavelength apertures 

For the samples prepared in this thesis an ultrasonic bath was used to clean the sample in 

order to minimize wetting issues. 

There is evidence that under certain conditions the liquid interacting with an array of sub-

wavelength apertures cannot penetrate into the array due to the surface tension between the 

liquid and the metal [211-214]. Hence the sub-wavelength apertures are not totally immersed 

in the solutions. A body of research has been conducted to discover ways to control the 

surface wettability and liquid spreading on patterned surfaces for a broad range of 

applications, including DNA microarrays, inkjet printing and thin film lubrication. For an in 

depth discussion on the subject readers are referred to reference [212]. 

The aim here is to determine if this might explain the results discussed in the previous 

section, that is the large discrepancy between the measured and simulated reflection spectra 

of the array of cross-shaped apertures with parameters: length (h) = 300 nm, width (w) = 20 

nm, period (P) = 400 nm and gold thickness (T) = 140 nm embedded on the end-face of an 

optical fibre. By considering the case where the liquids cannot penetrate into the apertures, a 

new set of FDTD simulation results have been generated as depicted in Figures 6.23 - 6.25 

for the reflection-based OFS. 
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Figure 6.23: FDTD simulated (---) and experimental (—) reflection spectra of the SPR 

OFS by assuming that the water was not inside the apertures. The cross-shaped array 

parameters were: h = 300 nm, w = 20 nm, P = 400, and T = 140 nm. 
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Figure 6.24: FDTD simulated (---) and experimental (—) reflection spectra of the SPR 

OFS by assuming that the acetone was not inside the apertures. The cross-shaped array 

parameters were: h = 300 nm, w = 20 nm, P = 400, and T = 140 nm. 
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Figure 6.25: FDTD simulated (---) and experimental (—) reflection spectra of the SPR 

OFS by assuming that the isopropyl-alcohol (IPA) was not inside the apertures. The 

cross-shaped array parameters were: h = 300 nm, w = 20 nm, P = 400, and T = 140 nm. 
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Figure 6.26 depicts a plot of minimum dip wavelengths versus refractive indices of the FDTD 

simulated from Figures 6.23 to 6.25. A linear relationship can be seen here with a sensor 

sensitivity of 162.28 nm/RIU. This is much smaller than the previous result of the case when 

liquids were presented inside the apertures. 
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Figure 6.26: A plot of the FDTD simulated SPR dip wavelengths versus the index of 

refraction of various liquids which were not presented inside the apertures. A linear 

relationship between the minimum reflected wavelengths and the refractive indices is 

obtained with the indicated parameters. 

Clearly, there is a discrepancy between the simulation and experiment results. By assuming 

that the liquid does not enter the array, the dip in the reflectance spectrum generated by the 

simulation matches more closely the experimental data however the sensitivity predicted by 

the simulation is greatly reduced. It is therefore possible to speculate that the real situation 

may be quite complex interplay between the metallic surface, trapped pockets of air and the 

liquid. This does not auger well for the development of a robust OFS based on sub-

wavelength arrays. 

Due to high fabrication cost of these sensors, it is not feasible to explore the sensor sensitivity 

experimentally for the multitude nanostructures and configurations. In the next chapter, this 

thesis focuses on FDTD modeling and simulations as they have proven to be reliable for both 

transmission- and reflection-based configurations.  
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Chapter 7. Simulations, Comparison and Discussion  

7.1. Introduction 

In previous chapters the reliability of using the FDTD method to predict the behaviour of an 

OFS based on an array of metallic sub-wavelength apertures has been established through 

comparison with published and current experimental data.  

There are many types of sub-wavelength apertures that have been studied for the enhanced 

optical transmission (EOT), which can be classified by some of the most common aperture 

shapes, for examples, circular [175,215], rectangular [158,159], annular [161-163], and some 

unconventional aperture shapes, such as C [164], bowtie [165], I [166], and cross [167-169]. 

Four types of sub-wavelength apertures have selected for intensive simulation: the circular, 

cross, annular and rectangular apertures.  

This chapter compares sensor sensitivities from all four sub-wavelength apertures, so as to 

establish the validity of building such sensors by comparison of the determined sensitivity 

with currently used technologies. All experimental (from Chapter 6) and FDTD results were 

obtained by using the linear polarized incident light source. If un-polarized light is 

considered, as is the case in many experiments, the affect would be to reduce the sensitivity 

of the sensor. 

7.2. Reflection spectra from an array of circular apertures (nanoholes) 

The simulation of reflection properties of an array of circular apertures embedded on the end-

face of an optical fibre has been described in Section 6.3.1 of this thesis. In a similar manner, 

for a single mode fibre having a core diameter of 8 µm (~ 50.2 µm2 area), an array of 15×15 

nanoholes with the following parameters: P = 500 nm, D = 300 nm, which is equated to ~ 56.2 

µm2 in area, should sufficiently cover the entire fibre core, as shown in Figure 7.1.  A 

simulation setup for a unit nanohole structure is shown in Figure 7.2(a), while the electric field 

intensity (|E|2=|Etotal|2/|Eincident|2) in the vicinity of the nanohole is shown in Figure 7.2 (b), 

where |Etotal|2 and |Eincident|2 denote the electric field intensity of the total field and the incident 

field, respectively. Initially the sample around the fibre end-face was assumed to be air, n = 1. 
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Figure 7.1: A 15 × 15 gold array of sub-wavelength circular apertures.  

 

 

Figure 7.2: (a) A unit cell of the fibre end-face sensor simulated in FDTD; (b) The 

intensity of the electric field (|E|2) around the nanohole: the nanohole is centered at the 

origin and the film boundaries are outlined in dashed lines. 

 

Initially, the refractive indices for the regions of optical fibre and sample were taken as 1.5 

and 1 (air). Subsequently, the RI of the sample was varied corresponding to a set of liquids or 

solutions. This enabled the sensitivity of the proposed OFS to be explored. 

|E|2 
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Figure 7.3: FDTD calculations of the reflectance intensity through a circular nanohole 

array with (a) the gold film thickness, T, varying from 140 to 220 nm while P and D 

remained at 500 and 300 nm, respectively; (b) the nanohole diameter, D, varying from 

220 to    320 nm while P and T remained at 500 and 140 nm, respectively. 

Figure 7.3(a) shows the reflection as a function of wavelength for circular nanoholes of a 

fixed periodicity of 500 nm and a diameter of 300 nm. It can be seen that increasing the 

thickness of the metal film leads to a narrower resonant dip and a near-uniform increase in 

the reflection intensity at longer wavelengths. 

Figure 7.3(b) shows the reflection as a function of wavelength for nanoholes of a fixed 

thickness of 140 nm and a periodicity of 500 nm. It indicates that increasing the diameter of 

the nanoholes from 220 to 320 nm leads to a wider resonant dip and a non-uniform decrease 

in the reflection intensity at longer wavelengths. 
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Figure 7.4: FDTD calculations of the reflectance intensity through a circular nanohole 

array with the periodicity, P, varying from 440 to 520 nm while D and T remained at 

300 and 140 nm, respectively. 

 

Figure 7.4 shows that by increasing the periodicity of the nanoholes from 440 to 520 nm, a 

red-shift in the resonant dip wavelength is observable from around 760 to 880 nm. 

These findings suggest that a potential sensing device can be established, in which case a 

standard 2 × 1 single mode fibre coupler can be employed. The configuration is similar to 

that shown in Figure 6.6 of this thesis. The resonance spectra of the circular arrays were 

simulated as the index of the material interacting with the sensing area of the fibre end-face 

was varied from 1.33 to 1.47. As shown in Figure 7.5, the simulated resonances underwent a 

red-shift as the index surrounding them was increased. 
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Figure 7.5: FDTD calculations of the reflected power spectra for the fibre sensor 

(circular apertures) in various liquids with the gold film thickness T = 140 nm, 

periodicity P = 500 nm and hole diameter D = 300 nm. 

When the minimum dip wavelength for each liquid was plotted against the RI, as shown in 

Figure 7.6, a straight line could be fitted to the calculation points. This linear relationship 

between the shift of minimum in the reflection spectrum λmin and the assuming change of RI 

(from 1.33 to 1.47) of the surrounding medium would be obtained, with a sensitivity of 

approximately 373 ± 16 nm/RIU. 
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Figure 7.6: Dependence of SPR dip wavelength on the index of refraction of various 

liquids, showing the linear fit. The circular parameters: T = 140 nm, P = 500 nm and  D 

= 300 nm 
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7.3. Reflection spectra from an array of cross-shaped apertures 

In a similar manner to the above, various reflection spectra from a cross-shaped array with 

different sizes, thicknesses and periodicities were calculated. A representation of a 15 × 15 

cross-shaped array is shown in Figure 7.7. A unit cross-shaped aperture for simulation 

purposes is shown in Figure 7.8. Once again, the initial sample surrounding the fibre end-face 

was air. 

 

Figure 7.7: An illustration of a 15 × 15 cross-shaped array with a zoom-in 5 × 5 array. 

 

Figure 7.8: A unit cell representation for cross-shaped apertures for simulation 

purposes. 

The simulation of reflection properties of an array of cross-shaped apertures embedded on the 

end-face of an optical fibre has been described in Section 6.3.1 of this thesis. Figure 7.9(a) 
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shows the reflection as a function of wavelength for a cross-shaped array of a fixed 

periodicity of 500 nm, a width of 20 nm and a thickness of 140 nm. It can be seen that 

increasing the arm length of the cross-shaped array leads to a stronger resonant dip and a red-

shift in the resonant wavelength.  

On the other hand, Figure 7.9(b) shows the reflectance as a function of wavelength for a 

cross-shaped array of a fixed thickness of 140 nm, an arm length of 300 nm and a periodicity 

of 500 nm. It clearly indicates that as the width of the cross decreases, leads to a weaken of 

the resonant dip coupled with a strong red-shift in the resonant wavelength. 

Wavelength (nm)
600 800 1000 1200 1400 1600 1800

R
ef

le
ct

an
ce

0.0

0.2

0.4

0.6

0.8

1.0

h = 100
h = 150
h = 200
h = 250
h = 300 

(a)

 Wavelength (nm)
600 800 1000 1200 1400 1600 1800

R
ef

le
ct

an
ce

0.0

0.2

0.4

0.6

0.8

1.0

w = 10
w = 20
w = 30
w = 40
w = 50 

(b)

 

Figure 7.9: FDTD calculations of the reflectance intensity through a cross-shaped array 

with (a) the length, h varying from 100 to 300 nm while w, T and P were kept constant 

at 20, 140 and 500 nm, respectively; (b) the width, w varying from 10 to 50 nm while h, 

T and P were kept constant at 300, 140 and 500 nm, respectively. 

The simulation considered the case with a normal incident plane wave. Polarization of the 

wave when the electric field vector points perpendicular to vertical axis of the cross-shaped 

array is designated as transverse electric (TE), while the designated transverse magnetic (TM) 

refers to the case when the electric field vector is parallel to the vertical axis of the array, as 

shown in Figure 7.10. 
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Figure 7.10: Geometry of a 5 by 5 array of cross-shaped apertures used in analysis of 

the reflection profiles. The analysis considers a normally incident plane wave with 

either TE or TM polarization. 

Figures 7.11 and 7.12 show the electric field intensity distribution for TE and TM 

polarizations in the vicinity of the cross aperture with the following parameters: T = 140 nm, P 

= 500 nm, h = 300 nm and w = 10 nm. 

 

Figure 7.11: TE-polarization - (a) Electric field intensity versus position [x, y], (b) 

Electric field intensity versus position [y, z]. 

 

 

|E|2 |E|2 
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Figure 7.12: TM-polarization - (a) Electric field intensity versus position [x, y], (b) 

Electric field intensity versus position [y, z]. 

Figure 7.13(a) shows the reflectance as a function of wavelength for a cross-shaped array of  

fixed w, h, and P of 20, 300, and 500 nm, respectively as the thickness varied. It can be seen 

that increasing the thickness of the metal film leads to a narrower resonant dip and a stronger 

change in the reflection intensity. 

Figure 7.13(b) shows the reflectance as a function of wavelength for a cross-shaped array of 

fixed T, w, and h of 140, 20, and 300, respectively as the periodicity varied. It indicates that 

increasing the periodicity of the array from 400 to 540 nm leads to a narrower reflection dip 

and an increase in the reflection intensity. 

 

 

|E|2 |E|2 
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Figure 7.13: FDTD calculations of the reflectance intensity through a cross-shaped 

array with (a) the thickness, T varying from 140 to 220 nm while w, h and P were kept 

constant at 20, 300 and 500 nm, respectively; (b) the periodicity, P varying from 400 to 

540 nm while w, h, and T were kept constant at 20, 300 and 140 nm, respectively. 

Similar to the above, for example a standard 2 × 1 single mode fibre coupler can be used here 

as a reflection-based sensor. The resonance spectra of the cross-shaped arrays were simulated 

as the index of the material interacting with the sensing area of the fibre end-face was varied 

from 1.33 to 1.47. As shown in Figure 7.14, the simulated resonances underwent a red-shift 

as the index surrounding them was increased.  
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Figure 7.14: FDTD calculations of the reflected power spectra for the fibre sensor in 

various liquids with the gold film thickness T = 140 nm, periodicity P = 400 nm, length h 

= 300 nm and width w = 20 nm 
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When the minimum dip wavelength for each liquid was plotted against the RI, as shown in 

Figure 7.15, a straight line could be fitted to the calculation points. This linear relationship 

between the shift of minimum in the reflection spectrum λmin and the assuming change of RI 

(from 1.33 to 1.47) of the surrounding medium would be obtained, with a sensitivity of 

approximately 1019 ± 30 nm/RIU. 
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Figure 7.15: Dependence of SPR dip wavelength on the index of refraction of various 

liquids, showing the linear fit. The cross-shaped parameters: T = 140 nm, P = 400 nm, h 

= 300 nm and w = 20 nm. 

Comparison of Figures 7.6 and 7.15 yield two differences in the sensor sensitivities between 

the optical fibre sensors with circular apertures and those with cross-shaped apertures. For an 

array of circular apertures, the sensitivity ~ 373 ± 16 nm/RIU whilst it was ~ 1019 ± 30 

nm/RIU for an array of cross-shaped apertures. The second difference concerns the dip 

wavelength range of the resonance when the sensors were to dip into liquids ranging from 

1.33 - 1.47. For the circular apertures the wavelength range was ~ 910 - 965 nm while the 

wavelength range for the cross-shaped apertures was ~ 1609 - 1748 nm. 

Understanding the effects of the fabricated sensor shape and size artefacts on sensor 

performance is crucial in sensor design. However, it is very time consuming and difficult to 

perform such investigations experimentally. This thesis adopts the FDTD method discussed 

above to perform investigations of minor changes in the apertures, e.g., the unavoidable 

rounded corners of cross-shaped apertures due to the fabrication process. This is analyzed in 

the next section.  
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7.4. Reflection spectra from an array of cross-shaped apertures with rounded 

corners 

Figure 7.14 depicts the cross-shaped apertures with rounded corners. The dimensions of the 

aperture and the periodicity are similar to the cross-shaped presented above (Figure 7.7): w = 

20 nm, h = 300 nm, T = 140 nm, and P = 400 nm. 

 

 

Figure 7.16: (a) An illustration of the dimensioning system used in a cross-shaped array 

with rounded corners on the end-face of a single mode fibre, (b) A unit cell 

representation for the simulation purposes. 

The resonance spectra of the cross-shaped (rounded corners) array were simulated as the 

index of the of the material interacting with the sensing area of the fibre end-face was varied. 

As shown in Figure 7.17, the simulated resonances underwent a red-shift as the refractive 

index surrounding them was increased from 1.33 to 1.47. 
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Figure 7.17: FDTD calculations of the reflected power spectra for the fibre sensor in 

various liquids of the rounded corners cross-shaped structure with T = 140 nm, 

periodicity P = 400 nm, length h = 300 nm and width w = 20 nm. 

When the minimum dip wavelength for each liquid was plotted against the RI, as shown in 

Figure 7.16, a straight line could be fitted to the calculation points. This linear relationship 

between the shift of minimum in the reflection spectrum λmin and the change of RI of the 

surrounding medium provided a sensitivity of approximately 1001 ± 29 nm/RIU. 
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Figure 7.18: Dependence of SPR dip wavelength on the index of refraction of various 

liquids, showing the linear fit. The rounded corners cross-shaped parameters: T = 140 

nm, P = 400 nm, h = 300 nm and w = 20 nm 
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Comparing Figure 7.14 with Figure 7.17, the effect of the rounded corners due the fabrication 

process on the sensor sensitivity is small but identifiable. The sensitivity is reduced from ~ 

1019 ± 30 nm/RIU for the sharper corners to ~ 1001 ± 29 nm/RIU for the rounded corners 

cross-shaped array, as shown in Figures 7.15 and 7.18, respectively. 

7.5. Reflection spectra from an array of annular apertures 

In a similar manner, the results of reflection spectra and sensor sensitivities can be 

determined with the annular array of sub-wavelength apertures for a RI range 1.33 - 1.47.  

Figure 7.19 depicts the annular apertures. The dimensioning system used for the annular 

array of apertures are as follow: gold thickness (T), inside (inner) diameter (Din), outside 

(outer) diameter (Dout) and periodicity (P). Air was chosen for the sample in the initial 

simulations. 

 

Figure 7.19: (a) An illustration of the dimensioning system used in an array of annular 

apertures on the end-face of a single mode fibre, (b) A unit cell representation for the 

simulation purposes. 
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Firstly, by varying the size of the inside diameter Din, the reflection spectra as a function of 

wavelength for an annular array of a fixed periodicity P of 500 nm, an outside diameter Dout 

of 200 nm and a thickness T of 100 nm were obtained, as shown in Figure 7.20(a). It can be 

seen also from Figure 7.20(a) that increasing the inside diameter of the annular array leads to 

a broader resonant dip and a red-shift in the resonant wavelength.  

By varying the size of the outside diameter Dout of the annular array, the reflection spectra as 

a function of wavelength of a fixed P of 500 nm, Din of 80 nm and T of 100, are shown in 

Figure 7.20(b). Although Figure 7.20(b) shows that as the outside diameter increases, the 

resonant dip becomes broader but the red-shift in with the resonant wavelength is less rapid. 
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Figure 7.20: FDTD calculations of the reflectance intensity through an annular array 

with (a) the inner diameter, Din, varying from 40 to 160 nm while P , Dout and T 

remained at 500, 200 and 100 nm, respectively; (b) the outer diameter, Dout, varying 

from 200 nm to 320 nm while P, T and Din remained at 500, 100 and 80 nm, 

respectively. 

Similarly, by varying the size of the periodicity of the array and the thickness of the gold 

layer, further reflection spectra were obtained, as shown in Figures 7.21(a) and 7.21(b), 

respectively.  

Comparison of Figures 7.20(a) and 7.21(a) shows one difference in the reflection profile and 

that is the resonant dip becomes narrower as the periodicity increases whereas the resonant 

dip becomes broader as the inside diameter increases. Comparison of Figures 7.20(b) and 

7.21(b) also yields a contrast and that is as the film thickness increases, the resonant dip 

becomes narrower and broader as outside diameter increases. 
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Figure 7.21: FDTD calculations of the reflectance intensity through an annular array 

with (a) the periodicity, P, varying from 350 to 600 nm while Din, Dout and T remained at 

80, 200 and 100 nm, respectively; (b) the thickness, T, varying from 100 to 220 nm while 

P, Dout and Din remained at 500, 200 and 80 nm, respectively. 

In a similar manner to the above, an investigation into the effect of this structure on the 

sensor sensitivity was carried out. Figure 7.22 shows the resonance spectra versus wavelength 

when the medium surrounding the fibre end-face interacted with various liquids (1.33 - 1.47). 
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Figure 7.22: FDTD calculations of the reflected power spectra for the fibre sensor in 

various liquids with the gold film thickness T = 100 nm, periodicity P = 500 nm, inner 

diameter Din = 100 nm and outer diameter Dout = 200 nm. 
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When the minimum dip wavelength for each liquid was plotted against the RI (between 1.33 - 

1.47), as shown in Figure 7.23, a straight line could be fitted to the calculation points. The 

linear relationship between the shift of minimum in the reflection spectrum λmin  and the 

assuming change of RI of the surrounding medium would be obtained, with a sensitivity of 

approximately 468 ± 11 nm/RIU. 
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Figure 7.23: Dependence of SPR dip wavelength on the index of refraction of various 

liquids, showing the linear fit. The annular parameters: T = 100 nm, periodicity P = 500 

nm, inner diameter Din = 100 nm and outer diameter Dout = 200 nm. 

Similarly, by increasing the inside diameter from 100 nm to 120 nm for an array of annular 

apertures with the following parameters: T = 100 nm, P = 500 nm, Din = 120 nm, and Dout = 

200 nm, a plot of reflection spectra versus wavelength would be obtained, as shown in Figure 

7.24. The linear relationship between the resonant dips and refractive indices is shown in 

Figure 7.25. 

Comparing Figures 7.22 and 7.24, one can observe that the wavelength range has been red-

shifted from (~ 950 - 1014 nm) to (~ 1023 - 1105 nm) as the inside diameter increases from 

100 nm to 120 nm. This diameter increase leads to an increase in the sensitivity from 

approximately 468 ± 11 nm/RIU to 567 ± 13 nm/RIU, as shown in Figures 7.23 and 7.25. 
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Figure 7.24: FDTD calculations of the reflected power spectra for the fibre sensor in 

various liquids with the following annular array parameters: T = 100 nm, P = 500 nm, 

Din = 120 nm and Dout = 200 nm. 
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Figure 7.25: Dependence of SPR dip wavelength on the index of refraction of various 

liquids, showing the linear fit. The annular array parameters: T = 100 nm, P = 500 nm, 

Din = 120 nm and Dout = 200 nm. 

7.6. Reflection spectra from an array of rectangular apertures 

The same procedure is again repeated, except, this time the arrays of rectangular apertures are 

considered. The FDTD simulation of an array of rectangular apertures on the end-face of an 

optical fibre begins with a setup as shown in Figure 7.26. 
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Figure 7.26: (a) An illustration of the geometry used in an array of rectangular 

apertures on the end-face of a single mode fibre, (b) A unit cell representation for 

simulation purposes. 

Figure 7.27 shows the reflection as a function of wavelength for an array of rectangular sub-

wavelength apertures of a fixed thickness of 140 nm, length of 300 nm and a periodicity of 

500 nm. It indicates that as the width of the rectangular aperture decreases, the resonant dip 

weakens and there is a strong red-shift in the resonant wavelength. 
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Figure 7.27: FDTD calculations of the reflectance intensity through a cross-shaped 

array with the width, w varying from 10 to 60 nm while h, T and P were kept constant 

at 300, 140 and 500 nm, respectively. 
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Comparing Figure 7.27 to Figure 7.9(b), one observes the similarity in the reflection spectra 

resulting from the fact that an array of rectangular apertures is similar to an array of cross-

shaped apertures with TE polarization.  

An investigation into the effect of this structure (with the following parameters: h = 300 nm, 

T = 140 nm, w = 20 nm, and P = 400 nm) on the sensor sensitivity was carried out. Figure 

7.28 shows the resonance spectra versus wavelength when the medium surrounding the fibre 

end-face interacted with various liquids (1.33 - 1.47). 
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Figure 7.28: FDTD calculations of the reflected power spectra for the fibre sensor in 

various liquids with the rectangular array parameters: T = 140 nm, P = 400 nm, h = 300 

nm and w = 20 nm. 

The linear relationship between the shift of minimum in the reflection spectrum λmin and the 

assuming change of RI of the surrounding medium is shown in Figure 7.29. A sensitivity of 

approximately 1027 ± 35 nm/RIU would be obtained. 
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Figure 7.29: Dependence of SPR dip wavelength on the index of refraction of various 

liquids, showing the linear fit. The rectangular array parameters: T = 140 nm,               

P = 400 nm, h = 300 nm and w = 20 nm. 

The above findings suggest that the sensitivity of the OFS would increase by ~ 8 ± 5 nm/RIU 

when an array of rectangular apertures is used instead of an array of cross-shaped apertures of 

the same periodicity, gold layer thickness, length, and width, as shown in Figures 7.18 and 

7.29. 

The performances of sub-wavelength apertures used on the optical fibre end-face are 

summarized in Table 7.1 for an RI range: 1.33 - 1.38, and for an RI range: 1.33 - 1.47 are 

summarized in Table 7.2 
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Aperture shape Aperture size 
(nm) 

Wavelength 
range 
(nm) 

Sensitivity 
(nm/RIU) 

 

T, P, w, h 
w changes: 

140, 500, 30, 300 
140, 500, 40, 300 

 
h changes: 

140, 500, 20, 150 
140, 500, 20, 200 

 
P changes: 

140, 400, 20, 300 
140, 440, 20, 300 
140, 500, 20, 300 

 
T changes: 

180, 500, 20, 300 
220, 500, 20, 300 

 
 

~1432 - 1480 
~ 1353 - 1387 

 
 

~ 961 - 987 
~ 1162 - 1200 

 
 

~ 1608 - 1657 
~ 1597 - 1644 
~ 1597 - 1644 

 
 

~ 1597 - 1644 
~ 1047 - 1078 

 
 

~ 996 
~ 694 

 
 

~ 541 
~ 796 

 
 

~ 985 
~ 1013 
~ 1013 

 
 

~ 971 
~ 644 

 

T, P, w, h 
140, 400, 20, 300 

 
 
 
 

 
~ 1586 - 1632 

 
 
 
 

 
~ 957 

 
 
 
 

 

T, P, D 
D changes: 

140, 500, 220 
140, 500, 280 
140, 500, 300 

 
P changes: 

140, 440, 300 
140, 460, 300 

 
T changes: 

180, 500, 300 
220, 500, 300 

 
 

~ 857 - 867 
~ 899 - 914 
~ 916 - 930 

 
 

~ 841 - 857 
~ 864 - 881 

 
 

~ 902 - 917 
~ 899 - 914 

 
 

~ 212 
~ 304 
~ 359 

 
 

~ 339 
~ 358 

 
 

~ 319 
~ 304 

 

T, P, Din, Dout 
Din changes: 
100, 500, 100, 200 
100, 500, 120, 200 
100, 500, 140, 200 

 

 
 

~ 949 - 969 
~ 1033 - 1057 
~ 1156 - 1187 

 

 
 

~ 433 
~ 513 
~ 645 

 
 

Table 7.1: Metallic sub-wavelength apertures investigated in this thesis and their 

performance with respect to sensor sensitivity for an RI range 1.33 - 1.38. 

P
h

w
T

P
h

wT
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Aperture shape Aperture size 
(nm) 

Wavelength 
range 
(nm) 

Sensitivity 
(nm/RIU) 

 

T, P, w, h 
 

140, 400, 20, 300 
140, 500, 20, 300 

 

 
 

~ 1609 - 1748 
~ 1597 - 1734 

 
 

~ 1019 ± 30 
~ 973 ± 20 

 

T, P, w, h 
 

140, 400, 20, 300 
 
 
 

 
 

~ 1586 - 1721 
 
 
 

 
 

~ 1001 ± 29 
 
 
 

 

T, P, w, h 
 

140, 400, 300, 20 

 
 

~ 1644 - 1793 

 
 

~ 1027 ± 35 

 

T, P,h 
 

140, 500, 300 

 
 

~ 957 - 1023 

 
 

465 ± 13 

 

T, P, D 
 

140, 500, 300 
 

 

 
 

~ 910 - 965 
 
 
 
 

 
 

~ 373 ± 16 
 
 
 
 

 

T, P, Din, Dout 
Din changes: 
100, 500, 100, 200 
100, 500, 120, 200 
100, 500, 140, 200 

 
 

~ 950 - 1014 
~ 1023 - 1104 
~ 1156 - 1254 

 
 

~ 468 ± 11 
~ 567 ± 13 
~ 715 ± 12 

 

Table 7.2: Metallic sub-wavelength apertures investigated in this thesis and their 

performance with respect to sensor sensitivity for an RI range 1.33 - 1.47. 

P
h

w
T

P
h

wT
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In this chapter, the spectral reflection properties of optical fibre surface plasmon resonance 

sensors based on a metallic sub-wavelength apertures were investigated. The properties of 

such a sensor were studied in details using the FDTD technique. The results showed that a 

tailored parameter (e.g. length, width, periodicity) combination may improve the sensitivity 

of a sensor and determine a design wavelength range. The effects of the fabricated sensor 

shape and size artefacts on sensor performance were also studied. The different in sensor's 

sensitivity between an artefact of fabrication and a true structure were identified, e.g. a 

sensitivity of approximately 18 nm/RIU difference between a cross-shaped array and a 

rounded cross-shaped array (Table 7.2), whereas an estimated 90 nm/RIU difference between 

a square array and a circular array having the same dimension and periodicities (Table 7.2). 

The highest sensitivity achieved were: 

• approximately 1027 ± 35 nm/RIU for an array of rectangular sub-wavelength 

apertures (RI range: 1.33 - 1.47), and    

• approximately 1013 nm/RIU for a cross-shaped array of sub-wavelength apertures (RI 

range: 1.33 - 1.38). 

Table 7.2 also indicated that an array of circular apertures with a diameter (D) = 300 nm 

produced a lower sensitivity (373 ± 16 nm/RIU) compared to an array of square apertures of 

similar length (h) = 300nm with a higher sensitivity (465 ± 13 nm/RIU). In both of these 

cases, a change in periodicity (P) led to a huge change in resonance wavelength. However 

when the length of one side of a square aperture was reduced, the aperture became a 

rectangular aperture. A rectangular aperture was a special case of a cross-shaped aperture due 

to the polarization effect as was discussed in section 7.3. This polarization was the main 

reason behind the switch in the parameters of an array that were responsible to a large change 

in resonance wavelength. 
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Chapter 8. Conclusion and Outlook 

This dissertation explored the possibility of developing optical fibre sensors based on the 

application of an array of metallic sub-wavelength apertures as a sensitive material placed at 

the end-face of an optical fibre. The unusual phenomenon of higher optical transmission than 

expected by the classical aperture theory makes these nanostructures a very attractive option 

for optical sensing. 

Metallic sub-wavelength apertures arranged in a periodic array pattern were examined in 

detail to provide design specification for optical fibre liquid RI sensors. These sub-

wavelength apertures were modelled using the commercial finite-domain time-difference 

software developed by Lumerical Solutions, Inc. Comparison of data calculated from the 

model with experimentally measured data confirmed the validity of the model for metallic 

sub-wavelength apertures embedded on the optical fibre end-face. Here the metal selected 

was a gold thin film with thickness much less than the wavelength under consideration. A 

sensor design for a liquid RI sensor with a sensitivity of ~ 985 nm/RIU, and a wavelength 

range of ~ 1520 - 1575 nm was undertaken and completed (Chapter 6). 

Due to the high FIB milling cost of these sensors, it is not feasible to explore the sensor 

sensitivity experimentally for the multitude sub-wavelength apertures and configurations.  

The FDTD simulation technique was employed to investigate the three most popular sub-

wavelength apertures (i.e. cross-shaped, annular, circular and rectangular) which recently 

have been shown to produce promising experimental results for the measurement of 

refractive index. The simulations performed were based on a detailed study of the 

experimental requirements of a real sensor taking into consideration the challenges of the 

fabrication process. Specifically, the geometrical parameters, such as shape, size, and array 

periodicity, that influence the optical properties of the array of metallic nanostructure when 

placed at the end-face of an optical fibre were analysed. In the case of the cross-shaped or 

rectangular arrays, by varying the width and length of the aperture, one would observe a 

significant shift in the resonant wavelength. However, for the case of circular or annular 

arrays, the changing of periodicity of the array was the main factor that produced a significant 

shift in the resonant wavelength. Other parameters also played an important role in 

determining the reflection profile. For example, if one needs to sharpen the resonance (i.e. 

reducing the full width at half maximum), an increase in the film thickness is necessary. 
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The rectangular nanostructure array produced the highest sensitivity of approximately 1027 ± 

35 nm/RIU according to the simulation (Table 7.2). However, the cross-shaped nanostructure 

array presented a favourable sensitivity of approximately 1013 nm/RIU according to the 

simulation (Table 7.1). Taking into account the uncertainties of the sensitivity slope, the 

cross-shaped nanostructure array performed the best out of the four nanostructures. These 

values are not as high as reported by some other groups [95,103,115-117] (Table 3.1) but are 

superior to some of the recently reported sensors [12-14] which had similar sensor 

configurations. 

The design of the optical fibre liquid refractive sensors consisted of an extensive systematic 

examination of sub-wavelength apertures in order to better understand the reflection spectral 

profiles that result from various shapes and dimensions, and array periodicities. This was 

done for an array embedded on the optical fibre end-faces. Water, propane, ether, acetone, 

hexane, IPA, octane, decane, propylene glycol and chloroform were considered as the 

medium surrounding the fibre end-face, thereby enabling the RI range from 1.33 to 1.47 to be 

considered. 

An important issue arose when comparing experimental data with the simulations for cross-

shaped apertures. It would appear that the significant difference between the two is best 

explained by considering the effect of surface tension in inhibiting a liquid from entering the 

apertures as was discussed in Chapter 6. This represents a serious limitation in the confidence 

that might be placed on the likelihood of developing a robust optical fibre sensor based on 

sub-wavelength apertures. 

Given: 

1. The sensitivity of proposed sensors are not superior to other existing optical fibre 

sensor technologies; 

2. The cost of fabrication and difficulties in manufacturing compared to other cheaper 

and simpler technologies, and; 

3. Difficulties with surface tension as outlined above; 

it is highly unlikely that this type of optical fibre sensor will be widely adopted. 

The employment of metal nanoparticles [216,217] instead of sub-wavelength apertures (nano 

cavities) which could reduce issues related to the surface tension between the liquid and the 

metal have been explored by some researchers and may represent a superior approach.  
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Appendix A 

########################################################################## 
# Script file: t180p400d200_nanoholes_array.lsf 
# 
# Description: This script calculates the transmission vs. wavelength 
# for the file t180p400d200_nanoholes_array.fsp. It also 
# creates plots of field profiles 
########################################################################### 
# calculate the transmission as a function of wavelength 
load("t180p400d200_nanoholes_array.fsp"); 
T1=transmission("transmission"); 
load("t180p400d200_nanoholes_array_reference.fsp"); 
T2=transmission("transmission"); 
f=getdata("transmission","f"); 
lambda=c/f; 
a=lambda*1e9; 
plot(a,T1,T2,T1*0.1+T2); 
data_to_print1=[a,T1]; 
data_to_print2=[a,T2]; 
data_to_print3=[a,(T1*0.012+T2*0.988)]; 
write("T1.txt",num2str(data_to_print1)); 
write("T2.txt",num2str(data_to_print2)); 
write("T3.txt",num2str(data_to_print3)); 
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Appendix B 

########################################################################## 
# Script file: t140p400h300w20_cross_shaped_array.lsf 
# 
# Description: This script calculates the reflection vs. wavelength 
# for the file t140p400h300w20_cross_shaped_array.fsp. It also 
# creates plots of field profiles. 
# 
########################################################################### 
# calculate reflection as a function of wavelength 
load("t140p400h300w20_cross_shaped_array.fsp"); 
R1=-transmission("reflection"); 
load("t140p400h300w20_cross_shaped_array _reference.fsp"); 
R2=-transmission("reflection"); 
f=getdata("reflection","f"); 
lambda=c/f; 
a=lambda*1e9; 
plot(a,R1,R2,R1*0.1+R2); 
data_to_print1=[a,R1]; 
data_to_print2=[a,R2]; 
data_to_print3=[a,(R1*0.012+R2*0.988)]; 
write("R1.txt",num2str(data_to_print1)); 
write("R2.txt",num2str(data_to_print2)); 
write("R3.txt",num2str(data_to_print3)); 
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